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Editorial on the Research Topic
 Evolving Virtual and Computational Paleontology

During the last few decades, the development of new technologies and methods, and increases in computational power, are widening Paleontology’s research frontiers, moving this discipline—situated halfway between Biology and Geology—toward increasing use of (paleo)biological and (paleo)ecological approaches, and providing the opportunity to fully explore quantitative aspects of phenotypic evolution as well as new clues to the history of life. The ever-increasing availability of 3D models obtained by CT, surface scanning (SC) and/or photogrammetry (PT) is increasing the visibility and accessibility of rare, difficult to handle, remains, and therefore the number of virtual fossil representations that feature in scientific papers, contributing to this “revolution” and leading to the dawn of the “Virtual and Computational Paleontology” era. The pioneering steps toward this new era were taken in the early 1980s, when Tate and Cann (1982) and Conroy and Vannier (1984) became the first research teams to apply CT to Vertebrate Paleontology. Almost two decades later, the first applications of SC and PT to Vertebrate Paleontology opened the door to many new ideas and approaches (Lyons et al., 2000; Breithaupt and Matthews, 2001). Since the beginning of this digital paleontological era, the number of scientists merging traditional techniques with virtualization and computational advances has greatly increased, a process that still continues (and the first comprehensive reviews were published a few years later - see Zollikofer and Ponce de Leon, 2005; Cardini and Loy, 2013; Sutton et al., 2014).
Virtual (digital) representations have a great variety of non-invasive applications, including but not limited to digital curation (based on 3D models libraries), virtual restoration of specimens, and anatomical studies of both external and internal morphological structures, and open up the opportunities for development of new analytical tools. Thanks to virtualization, many Computational analyses and techniques (including geometric morphometrics, finite element analysis, multibody dynamic analysis, computational fluid dynamics, machine-learning, etc.) have been widely applied in Vertebrate Paleontology. Furthermore, their use is currently rapidly increasing thanks to continuing efforts to create more and better 3D virtual models, which are the basis for new computational approaches. Despite these many benefits, Virtual and Computational Paleontology is still not prevalent as it might be. Virtual data are therefore not broadly shared and new methodologies and techniques usually do not easily reach the widest audience, in particular younger researchers who usually show an insatiable hunger for learning and acquiring new skills.
This Research Topic was conceived with the principal goal of spreading this technological knowledge and, by taking advantage of the Open Access format of Frontiers, was intended to reach the widest possible number of researchers. The volume includes 15 different papers on the use and analysis of virtual representations and new computational methods, applied to several vertebrate taxa.
3D models of external structures, obtained by means of SC and PT were the study subjects of several papers. Bartolini Lucenti et al. used a 3D visualization and digital imaging technique to study a new fossil canid from Georgia. They applied for the first time augmented reality to a few specimens through a simple web app. A new virtual reconstruction protocol, called Target Deformation, was applied by Cirilli et al., to 3D models of fossil horse skulls. This method allowed to virtually restore the strongly deformed holotype of Equus stenonis by using undeformed skull fragments of the same species found elsewhere. A caudal series of the dinosaur Giraffatitan was digitalized by Díez Díaz et al.via PT. The authors presented the first detailed 3D volumetric reconstruction of the caudal epaxial and hypaxial musculature of this sauropod. PT was at the core of Mujal et al.’s study, applied to Permian and Triassic tetrapod footprints. They used their 3D data to not only describe footprints but also to offer an initial qualitative interpretation of relative depth patterns within the tracks and their functional implications. Serio et al. combined PT and geometric morphometrics to study morphological convergence in the humerus of Xenarthra. The authors suggested that the highly specialized morphologies seen in digging taxa and tree sloths reflect major deviations from the plesiomorphic xenarthran body plan which occurred several times during the history of the group. Morphological convergence was the issue with Sansalone et al. who investigated the humeri of fossorial mammals by means of CT scans. They showed that fossorial mammals evolved multiple strategies to exploit the subterranean ecotope, characterized by different functional trade-offs rather than by convergence toward a single adaptive optimum.
Data on internal structures were obtained by means of CT scans of several fossil taxa, and 3D models and images were analyzed using several techniques. In Boscaini et al. endocranial features of giant sloths revealed by CT, helps elucidating the evolutionary history of sloths, whereas Iurino et al. described the first brain endocast of a juvenile fossil rhinoceros obtained via the CT method. Melchionna et al. used information on brain size and asymmetry in Homo species to argue that the emergence of handedness and early manifestations of cultural modernity nicely coincided with the emergence of the three species with the largest and most rapidly evolving brains among hominoids, namely Homo heidelbergensis, Homo neanderthalensis and Homo sapiens.
The variations in shape of stapes of Ruminantia was explored by Mennecart et al. on 3D tomographic data, whereas Pusch et al. reported endocranial data from Permo-Triassic therapsids, redescribing the skull of the therocephalian Lycosuchus on the basis of CT reconstruction. Püschel et al. studied a fossil primate from Cuba, Paralouatta, using 3D talar models and geometric morphometrics combined with machine-learning classification algorithms to argue for some degree of terrestriality in this extinct platyrrhine.
In addition, the Research Topic covers several other aspects of Virtual and Computational Paleontology, including methodological approaches and problems. Pérez Ramos and Figueirido focused on using virtual approaches to solve technical issues commonly encountered by paleontologists and evolutionary biologists. The authors proposed various solutions and used fossil skulls of the cave bears to test them. Piras et al. investigated visualization of local deformation in modern shape analysis, considering paleontological case studies and proposing new computational methods for evaluating and visualizing local deformations. Neutron microtomography was successfully used by Zanolli et al. to extract, three-dimensionally render and quantitatively assess the internal morphological details of fossil hominid material from different localities and strata; This Research Topic represents a new step in the development of methods for use of virtual representations of specimens by the scientific community. The Topic also explores how these models provide the basis for numerous applications, techniques and methodologies, providing new insights into vertebrate paleobiology. Finally, the Topic serves as both a meeting point for the new generation of paleontologists and evolutionary biologists, and an updated overview of Virtual and Computational Paleontology, a discipline that is rapidly evolving thanks to a never-ending stream of technological improvements.
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Therocephalia is one of the major therapsid clades and ranges from the middle Permian to Middle Triassic. The earliest therocephalians were large-bodied predators whose fossils are common in middle Permian rocks of South Africa, but have received little study. Here we present a redescription of the skull of the early therocephalian Lycosuchus based on a specimen from the middle Permian Tapinocephalus Assemblage Zone of the South African Karoo Basin. By using a computed tomographic (CT) reconstruction of this specimen, we describe for the first time several endocranial characters of this taxon including a highly ramified maxillary canal and the inner ear, which is characterized by a lengthened lateral semicircular canal, a feature previously only known from the anomodont Kawingasaurus among non-mammalian therapsids, and the presence of a cochlear recess, so far only known within Therocephalia from the highly specialized Triassic taxon Microgomphodon. We also provide new insights into patterns of tooth replacement in lycosuchids, which have proven controversial for this taxon. Craniodental characters generally support the placement of Lycosuchus as the most basal taxon in therocephalian phylogeny. The morphology of the maxillary canal and inner ear reveal a mosaic of features indicating a complex history of character acquisition and loss in Therocephalia, comparable to that of cynodonts.

Keywords: therapsida, computed tomography, endocranial anatomy, maxillary canal, bony labyrinth, mosaic evolution, mandible


INTRODUCTION

The advent of widely-used computed tomographic (CT) imaging on fossil specimens has allowed paleontologists unprecedented access to the once-obscure internal features of vertebrate crania. In the context of mammalian origins, these novel endocranial data have been instrumental in elucidating patterns of brain and ear evolution, facial innervation, and the evolution of endothermy in non-mammalian therapsids (e.g., Rodrigues et al., 2013, 2014; Crompton et al., 2015, 2017; Laaß, 2015a,b, 2016; Benoit et al., 2016a,b, 2017a,b,c, 2018, 2019; Araújo et al., 2017, 2018; Bendel et al., 2018; Pusch et al., 2019). As the therapsid clade ancestral to (and including) modern mammals, Cynodontia has been the primary focus for CT-assisted morphological studies in Synapsida (e.g., Rowe et al., 1993; Rodrigues et al., 2013, 2014; Crompton et al., 2015, 2017; Benoit et al., 2016a, 2019; Pavanatto et al., 2019; Pusch et al., 2019). By contrast, Therocephalia, generally considered the sister-group of Cynodontia (e.g., Hopson and Barghusen, 1986; Hopson, 1991; Huttenlocker, 2009; Huttenlocker and Sidor, 2016; Huttenlocker and Smith, 2017; but see Abdala, 2007; Botha et al., 2007), has received little study.

Therocephalia is a species-rich and ecomorphologically varied group ranging from the middle Permian to the Middle Triassic, with highest diversity in the late Permian (Abdala et al., 2008; Huttenlocker et al., 2011; Huttenlocker, 2014; Huttenlocker and Smith, 2017). The earliest known representatives of this group have been reported from the middle Permian Eodicynodon Assemblage Zone (AZ) in the Karoo Basin of South Africa (Abdala et al., 2008), and they are the most abundant group of predatory therapsids in the subsequent, middle–earliest late Permian Tapinocephalus and Pristerognathus AZs, with hundreds of known specimens (Smith et al., 2012). Despite their abundance, these early therocephalian taxa have received little study relative to their later Permo-Triassic relatives. Two families of early therocephalians are current recognized (Scylacosauridae and Lycosuchidae), both consisting of large-bodied (1–3 m body length) predators (van den Heever, 1994; Abdala et al., 2014a). Scylacosaurids exhibit long, comparably narrow snouts and include the oldest known therocephalians (both taxa reported from the Eodicynodon AZ are scylacosaurids; Abdala et al., 2008). By contrast, lycosuchids are characterized by relatively short, broad snouts and reduction of the postcanine dentition (van den Heever, 1994; Abdala et al., 2008, 2014a).

Abdala et al. (2014a) recently described new lycosuchid specimens and reviewed the family's taxonomy, recognizing only two valid species: Lycosuchus vanderrieti and Simorhinella baini. Simorhinella is restricted to the Tapinocephalus AZ, whereas Lycosuchus ranges from the uppermost Tapinocephalus AZ through the Pristerognathus AZ. Cladistic analyses have found that Lycosuchus occupies the most basal position in therocephalian phylogeny (e.g., van den Heever, 1994; Abdala, 2007; Botha et al., 2007; Huttenlocker, 2009; Huttenlocker et al., 2011; Huttenlocker and Sidor, 2016; Huttenlocker and Smith, 2017; Kammerer and Masyutin, 2018). The position of Simorhinella is less certain, and it has generally been excluded from phylogenetic analyses of Therocephalia. Abdala et al. (2014a) noted that Simorhinella shares some features with scylacosaurids to the exclusion of Lycosuchus (e.g., presence of a median vomerine crest, ventral extension of ridges from the transverse processes of the pterygoid), suggesting that Lycosuchidae may be paraphyletic. More recently, Liu and Abdala (2019) recovered Gorynychus masyutinae, a Russian taxon originally found to be the sister-taxon of Eutherocephalia (Kammerer and Masyutin, 2018), as the sister taxon of Lycosuchus. These variable results indicate substantial instability in basal (i.e., non-eutherocephalian) therocephalian phylogeny, probably associated with extensive homoplasy in this group (Kammerer and Masyutin, 2018) and necessitating a more detailed understanding of the anatomy of basal therocephalians.

Although the holotype of Lycosuchus vanderrieti consists of a complete, well-preserved skull and jaws (US D173, Figure 1), only superficial accounts of its anatomy have been published in the literature. Broom (1903) initially described the taxon, but discussed its anatomy only briefly. Boonstra (1964) described additional lycosuchid specimens, but primarily dealt with their postcranial anatomy. Not until the work of van den Heever (1980, 1987, 1994) was there extensive description of cranial morphology in the group. Because van den Heever (1994) based his description on semi-disarticulated lycosuchid crania (CGS C60 and CGS M793), he was even able to discuss portions of the anatomy rarely visible in therocephalian specimens (e.g., the medial surface of the snout wall). Nevertheless, he was unable to address many aspects of the endocranial anatomy in Lycosuchus due to technological limitations of the time (and rarity of the study taxon making serial sectioning inadvisable).


[image: Figure 1]
FIGURE 1. Type specimen of Lycosuchus vanderrieti (US D173) in (A) dorsal and (B) right lateral view. Black boxes highlighting the portions of the cranium preserved in MB.R.995. ang, angular; d, dentary; epi, epipterygoid; fr, frontal; ju, jugal; la, lacrimal; mx, maxilla; na, nasal; pa, parietal; pmx, premaxilla; po, postorbital; pof, postfrontal; prf, prefrontal; pro, prootic, sq, squamosal.


Olson (1944) first described internal skull anatomy in several purported basal therocephalians based on serial sections, but more recent research has demonstrated that some of these specimens instead represent gorgonopsians (van den Heever and Hopson, 1982). Hillenius (1994) described ridges on the internal ventral margin of the nasal bones in the basal therocephalian Glanosuchus, which he argued supported maxilloturbinals, though this has been disputed (Sigurdsen, 2006). Sigurdsen (2006) provided the first detailed description of many therocephalian endocranial characters on the basis of serial sections of an indeterminate akidnognathid. More recent, CT-based investigations by Sigurdsen et al. (2012) and Benoit et al. (2016a,b, 2017a,b) have shed additional light on therocephalian endocranial anatomy, providing new information on facial innervation and brain and inner ear morphology. Among this new data, Benoit et al. (2017b) presented the first instance of a cochlear recess in the inner ear of a therocephalian, in the highly specialized Triassic taxon Microgomphodon.

Here, we present new information on the skull of Lycosuchus vanderrieti based on MB.R.995 from the Tapinocephalus AZ, which consists of a partial snout, braincase and mandible. This specimen was initially described by Janensch (1952), but his description focused only on surface details of the lower jaw. By using a computed tomographic (CT) reconstruction of this specimen, we describe for the first time several endocranial characters of this taxon and also provide new insights into patterns of tooth replacement in lycosuchids, which have historically been controversial (Broom, 1903; Boonstra, 1969; van den Heever, 1980). MB.R.995 includes a complete, well-preserved lower jaw, an element rarely discussed in previous accounts of lycosuchid anatomy (van den Heever, 1994 provided a thorough generalized description of the jaw in early therocephalians, but not Lycosuchus specifically). Although the jaw of MB.R.995 has been discussed in the literature before, the brief description by Janensch (1952) provided little information beyond the shape of the reflected lamina of the angular. Our redescription of this element provides substantial new data on its anatomy and permits broader comparisons with other therocephalians. CT-reconstruction of the jaw and cranium of Lycosuchus allows us to evaluate the character support for Lycosuchus as the most basal taxon in therocephalian phylogeny and discuss character evolution in Therocephalia.



MATERIALS AND METHODS

The incomplete cranium and associated mandible of the specimen of Lycosuchus vanderrieti described herein (MB.R.995, Figures 2–4, 10, 12) are part of the collection of the Museum für Naturkunde Berlin. This specimen was collected by W. Janensch in the Tapinocephalus AZ of Letjesbosch near Beaufort West, South Africa in 1929, and later prepared by E. Siegert and J. Schrober (Janensch, 1952). Although fragmented, the existing parts of the skull of MB.R.995 are in relatively good condition. The bones forming the snout and parts of the palate are preserved up to the level of the pterygoid, of which only the anterior part is preserved. The total length of the partial snout is ~19.5 cm and its maximum width is 9.4 cm. The partially preserved braincase primarily consists of bones forming the occiput and is about 7.9 cm high and 12 cm wide. Both lower jaw rami are preserved, but the left one is more complete, with the postdentary bones missing on the right. We scanned only the left mandibular ramus, which is ~21.5 cm long.


[image: Figure 2]
FIGURE 2. Snout of MB.R.995 in dorsal view. (A) Photograph and (B) 3D reconstruction of the snout. ect, ectopterygoid; ju?, jugal?; la, lacrimal; mx, maxilla; na, nasal; pmx, premaxilla; pnp, prenasal process of the premaxilla; pt, pterygoid; smx, septomaxilla.
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FIGURE 3. Snout of MB.R.995 in left lateral view. (A) Photograph and (B) 3D reconstruction of the snout. ape, anterior process of the ectopterygoid; C1, first canine; ect, ectopterygoid; inp, intranarial process; Is, upper incisors; ju?, jugal?; la, lacrimal; mx, maxilla; na, nasal; PC, upper postcanine; pl, palatine; plp, posterolateral process of the palatine; pmx, premaxilla; pnp, prenasal process of the premaxilla; pt, pterygoid; smx, septomaxilla; vpe, ventral process of the ectopterygoid.
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FIGURE 4. Snout of MB.R.995 in right lateral view. (A) Photograph and (B) 3D reconstruction of the snout. ape, anterior process of the ectopterygoid; apt, anterior process of the pterygoid; C1, first canine; C2, second canine; dpe, dorsal process of the ectopterygoid; ect, ectopterygoid; inp, intranarial process; Is, upper incisors; la, lacrimal; mx, maxilla; na, nasal; pl, palatine; plp, posterolateral process of the palatine; pmx, premaxilla; pnp, prenasal process of the premaxilla; pt, pterygoid; smx, septomaxilla; vpe, ventral process of the ectopterygoid.


MB.R.995 was CT scanned in the CT-Laboratory of the Museum für Naturkunde Berlin using an YXLON FF35 X-ray CT scanner. The complete scan sets consist of 3,154 (for the snout), 3,147 (for the braincase), and 2,354 (for the left mandible) slices. The slices were generated in coronal planes with a voxel size of 0.0486 mm (for the snout), 0.0366 mm (for the braincase), and 0.0323 mm (for the left mandible). Tube voltage ranged from 130 to 200 kV, and tube current from 40 to 172 μA. The visualization of the slices, virtual 3D rendering, and segmentation of selected structures were performed using VGStudio Max 3.2 (Volume Graphics GmbH, Heidelberg, Germany) in the 3D Visualization Laboratory at the Museum für Naturkunde Berlin. The inner ear endocast was segmented from the sediment infilling the right bony labyrinth of the skull. Its measurements were taken using VGStudio Max and follow the protocol of Benoit et al. (2017b, Figure 2).



INSTITUTIONAL ABBREVIATIONS

CGS, Council for Geosciences, Pretoria, South Africa; MB.R., Museum für Naturkunde, Fossil Reptile Collection, Berlin, Germany; US, University of Stellenbosch, Stellenbosch, South Africa.



RESULTS


General Preservation

The left side of the snout of MB.R.995 is generally better preserved than the right one, with only the posterior portion of the snout better preserved on the right side. The portion of the palate consisting of the vomer and the palatine is well-prepared and its bone surface is in relatively good condition. The nasals are badly damaged, with the anterior portion of the right nasal bone almost completely missing. Both lacrimals are badly crushed, with only the anteromedial portions being relatively well-preserved (Figures 2–4, 5A, 7, 8, 9A). MB.R.995 is missing the prefrontals, frontals, postorbitals, postfrontals, zygomatic arches, most of the pterygoid and parabasisphenoid, the orbitosphenoid, epipterygoids, stapes, and the quadrate-quadratojugal complex. However, there seems to be at least a part of the posterior region of the parietal preserved in the damaged dorsal portion of the occiput. In addition, there are two small pieces of bone lateral to the left maxilla and lacrimal that may be parts of the jugal (Figures 2–4, 8, 10). Despite damage to the dorsal and anterior portion of the braincase, the occiput is generally in relatively good condition, but preserves only part of the left squamosal, with the right squamosal absent entirely (Figure 10). The reader is therefore directed to the descriptions of Broom (1903) and van den Heever (1987, 1994) for additional information on the exterior morphology of these elements, based on complete crania of Lycosuchus. The left mandible is long and fairly robust, as is typical of early therocephalians (van den Heever, 1987, 1994; Suchkova and Golubev, 2019). It is relatively well-preserved, with only the posterodorsal end of the coronoid process missing, broken above the dorsal margin of the surangular. However, enough of the coronoid process is preserved to show that it was free standing above the postdentary bones (Figure 12).
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FIGURE 5. The rostral nasal cavity of MB.R.995. (A) 3D reconstruction of the anterior portion of the snout left anterodorsolateral view. (B,C) Transverse CT sections through the rostral part of the nasal cavity. inp, intranarial process; la, lacrimal; mx, maxilla; na, nasal; o-smxc, opening of the septomaxillary canal; pdp, posterodorsal process of the septomaxilla; pmx, premaxilla; pnp, prenasal process of the premaxilla; smf, septomaxillary foramen; smx, septomaxilla; smxc, septomaxillary canal; vo, vomer.




Snout

The premaxilla forms the anterior portion of the snout and is characterized by a tall, strongly arched prenasal (intranarial) process projecting beyond the anterior margin of main body of the premaxilla (Figures 3, 4). The prenasal process continues posterodorsally as an elongate, narrow process extending between the nasals and the external naris (Figures 2–4, 5A, 7, 8A). This morphology is similar to that of the whaitsiid therocephalian Theriognathus microps (Huttenlocker and Abdala, 2015), although the posterior portion of the prenasal process of MB.R.995 is even longer than in Theriognathus. The facial surface of the premaxilla is broadly overlapped by the maxilla posteriorly, up to the level of I4 (Figures 3B, 4B, 5A, 8B). Each premaxilla bears five incisors (damaged to varying degrees), which are enclosed in a broad ventral alveolar plate. The alveolus of the left I1 is almost completely empty, with only a fragment of the root present; otherwise at least part of the crown is preserved for all other incisors (Figures 3, 4, 7, 8B, 12). Posteromedially, the premaxilla forms a short, posteriorly-located vomerine process, which underlies the anterior portion of the vomer (Figures 7A,C, 8, 13D). van den Heever (1987, 1994) questioned the presence of a vomerine process in Lycosuchus, because of the apparent absence of this feature in the specimen CGS M793. However, our results clearly show the presence of a vomerine process in MB.R.995, indicating that its absence in CGS M793 was a preservational artifact.

The septomaxilla is large and forms the posteroventral border of the external naris. Its footplate broadly contacts the premaxilla ventrally, making up the external narial floor (Figures 2B, 3B, 4B, 5, 7, 8A). The anterior portion of the footplate curves inward, resting on a medial platform of the premaxilla. It bears a well-developed, transversely-oriented intranarial process (only preserved on the left side) (Figures 3B, 4B, 5A, 7A,B). The dorsal tip of this process is just lateral to the anteriormost part of the nasal, nearly contacting it, though this extreme proximity is probably due to post mortem distortion, as it is broadly separated from the nasal in uncrushed skulls (see, e.g., van den Heever, 1994). The septomaxillary canal is clearly visible in section in the scan (Figures 5B,C). It enters the bone from the inside of the nasal cavity in the posterior region of the septomaxilla at the septomaxillary foramen. The latter is large and located on the lateral surface of the snout, bordered by the septomaxilla anteriorly and the maxilla posteriorly. The anterior opening of the septomaxillary canal is near the base of the intranarial process (Figure 4). Posterodorsal to the septomaxillary foramen, the septomaxilla has a facial (posterodorsal) process extending between the nasal and the maxilla (Figures 2B, 3B, 4B, 5A, 7A,B).

The nasal is a large bone forming the dorsal roof of the snout and the nasal cavity. Anteriorly, the nasal becomes wider and flatter in the region where it forms the dorsal margin of the external naris, but tapers at its anteriormost portion where it contacts the prenasal process of the premaxilla and nearly contacts the intranarial process of the left septomaxilla (Figure 2). The external naris appears unusually narrow in MB.R.995 (Figures 3, 4, 5A, 7A,B) as a result of dorsoventral crushing in this specimen. Laterally, the nasal is overlapped by the dorsal lamina of the maxilla. Posterolaterally, the nasal would usually contact the prefrontal and the anterior margin of the frontal (missing in this specimen). In this area the posterior margin of the nasals, which is V-shaped in better preserved skulls of Lycosuchus (e.g., Broom, 1903; van den Heever, 1987, 1994), is also slightly crushed and incompletely preserved (Figures 2B, 3B, 4B, 5A, 7A,B). Internally, the ventral margin of the nasal is posteriorly overlain by the anterior process of the lacrimal, which is in turn overlapped by the maxilla (Figures 7, 9C). Although badly damaged, the ventral surface of the nasal bones seems to be transversely concave, becoming flatter in the region where they usually contact the frontals and prefrontals. In this region, a pair of weakly preserved ridges occurs along the ventral surface of the nasal, parallel to the midline suture, which probably extended from the ventral surface of the frontals. These ridges probably would have stretched along the entire ventral surface of the nasals, although this cannot be seen in this specimen due to damage (Figure 9). These ridges may have served as attachment points for cartilaginous nasal turbinals, as has been described for several therapsids in recent years (e.g., Kemp, 1979; Hillenius, 1994; Crompton et al., 2015, 2017; Bendel et al., 2018; Pusch et al., 2019). In therocephalians in particular, cartilaginous turbinals attaching to the nasals have been proposed for the basal taxon Glanosuchus macrops (Hillenius, 1994; van den Heever, 1994), akidnognathids (Sigurdsen, 2006), and for the baurioid Tetracynodon darti (Sigurdsen et al., 2012). A median ridge on the midline suture of the nasals, as has been inferred to support the dorsal edges of a cartilaginous internasal septum in cynodonts (Crompton et al., 2017), could not be observed. However, given the incompleteness of the nasals, its absence in Lycosuchus should not be taken as definite.

The maxilla is a large element, which forms most of the lateral surface of the snout and much of the side wall of the nasal cavity. It has a very high and broad facial lamina that largely excludes the nasal from sight in lateral view (which probably is not just an artifact of crushing, as the same is true in the relatively undistorted holotype, Figure 1B), and a posterolateral process that tapers gradually beneath the orbit, where it usually underlies the jugal. However, both maxillae are damaged in that area, and other than two possible fragments, the jugals are not preserved. Posteriorly and posterodorsally, the maxilla contacts the lacrimal (Figures 2–4, 8). The external surface of the maxilla is finely rugose, especially in the dorsal region of the first canine where its root is exposed on the dorsal lamina of the maxilla. This rugosity is most clearly visible on the left maxilla, since the outer surface of the right maxilla is largely damaged. The internal surface of the facial portion of the maxilla is generally smooth and flat, but becomes substantially thicker anteriorly due to the large boss around the alveolus of the first canine. Immediately anterior to the canine boss and medioventral to the suture with the septomaxilla, the maxilla bears a small depression, the anterior maxillary fossa (Figure 7). This feature is also present in Glanosuchus (van den Heever, 1994) and the akidnognathid Shiguaignathus wangi (Liu and Abdala, 2017). By contrast, an anterior maxillary fossa is not known in the baurioid Tetracynodon darti (Sigurdsen et al., 2012). Posterior to the canine boss, there is a second depression, called the posterior maxillary fossa by van den Heever (1994) and the anterior maxillary sinus by Sigurdsen (2006). The anterior and posterior maxillary fossae seem to be simple artifacts of the extensive medial development of the canine boss. Along the majority of its ventral margin the maxilla contacts the palatine, starting anteromedial to the canine boss and ending posteriorly where the posterolateral process of the maxilla contacts the lateral margin of the posterolateral process of the palatine, which in turn contacts the anterior process of the ectopterygoid (Figures 3B, 4B, 7, 8). However, due to damage to the maxilla, there is a small gap between it and the palatine here (Figure 8). According to van den Heever (1987, 1994), the posterolateral process of the maxilla overlies the lateral margin of the contact between the palatal process of the palatine and the anterior process of the ectopterygoid in that area.

Posterior to the posterior maxillary fossa, in the region where the maxilla underlies the anterior margin of the lacrimal, the former appears slightly convex medially. A large, internal facial recess is present in this area of the maxilla, extending onto the medial surface of the anterior portion of the lacrimal (Figures 6A, 7, 9C, 13D). This recess corresponds to the posterior maxillary sinus of van den Heever (1994) and Sigurdsen (2006). Based on our examination of this feature in Lycosuchus and other theriodonts, we agree with van den Heever (1994) that the posterior maxillary sinus in therocephalians is homologous with the maxillary antrum in cynodonts (e.g., Fourie, 1974; Crompton et al., 2017; Pusch et al., 2019). At the anteroventral tip of the maxillary antrum, a branching maxillary canal extends forwards, starting at the level of the root of the second canine and ending at the posterior margin of the premaxilla at the level of the root of the fifth incisor (Figures 6, 13C). This maxillary canal would have housed the maxillary branch of the trigeminal nerve (CNV2), a branch of the facial nerve, and blood vessels (Benoit et al., 2016a). The caudal part of the maxillary canal, which is connected to the maxillary antrum, ramifies into two of the three branches for the alveolar rami of the CNV2 (probably the caudal and medial alveolar rami), as in the baurioid Choerosaurus dejageri (Benoit et al., 2016b). Both rami radiate from the same point within the maxillary canal. As in Choerosaurus, the caudal part of the maxillary canal appears relatively long (Benoit et al., 2016a,b). Its diameter is generally larger than that of the rostral part of the canal, but narrows posteriorly where it disappears into the maxillary antrum (Figure 6). The rostral part of the maxillary canal, which is the homolog of the tube for the infraorbital ramus (ION) (Benoit et al., 2016a) begins immediately anterior to the bifurcation of the alveolar rami. It is highly ramified in MB.R.995 with three main ramifications: the external nasal rami, internal nasal rami, and superior labial rami. At the posterior portion of the rostral part, a complex of canals for the external nasal rami of the ION diverge dorsally at the level of the root of the large C1, consisting of a long, nearly vertically-directed major ramus, which has a robust base within the maxillary canal and further smaller, strongly ramified anterodorsally-directed ramifications diverging ventrally near its base. Anterior to this complex there is a further small, anteriorly-directed canal for the external nasal ramus diverging from the main branch of the maxillary canal (Figure 6). Just anterior to the complex of external nasal rami, a narrow ramus diverges ventrally from the maxillary canal, which bears a small anteriorly-directed ventral ramification. This ramus might have housed the superior labial ramus of the ION. There are two further ventral ramifications for the superior labial rami diverging anterior to the ramified ventral ramus, consisting of a small anteroventrally-directed ramus and a long anteriorly-curved ramus near the anterior tip of the maxillary canal (Figure 6). The latter terminates anteriorly as an internal nasal ramus lateral to I5. Two further canals that probably housed internal nasal rami of the ION diverge dorsally from the maxillary canal toward the superior labial rami. The posterior one is small and anteriorly directed, whereas the anterior one curves anterodorsally (Figures 6B,C). A definite rostral alveolar canal cannot be discerned in this specimen. Benoit et al. (2019) recently discussed whether the posteriormost branch of the superior labial canal is homologous with the rostral alveolar canal of the CNV2 in cynodonts; we consider this possible, but uncertain pending additional data on facial innervation in eutheriodonts.
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FIGURE 6. 3D reconstructions of the maxillary canal (in green), maxillary antrum (in pink), and the lacrimal (in turquoise) of MB.R.995 in (A) right anterodorsolateral view with the snout transparent, (B) left lateral view with the snout transparent, (C) left lateral view, and (D) right posterodorsolateral view with the snout transparent. Dotted line illustrates the caudal extremity of the infraorbital nerve. avr, alveolar rami of the CNV2; C1, first canine; C2, second canine; ena, external nasal rami of the ION; ina; internal nasal rami of the ION; ION, infraorbital nerve; Is, upper incisors; la, lacrimal; mxa, maxillary antrum; PC, upper postcanine; slr, superior labial rami of the ION.
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FIGURE 7. Mid-sagittal section through the reconstructed snout of MB.R.995 to show its internal morphology. (A,B) Internal view of the left nasal region with the vomer, palatine, and ectopterygoid digitally removed in (B) to expose the internal structure. (C) Internal morphology of the right nasal region in posterodorsolateral view with the nasal digitally removed to expose the internal structure. amf, anterior maxillary fossa; apl, anterior process of the lacrimal; apt, anterior process of the pterygoid; C1, first canine; cb, canine boss; dpe, dorsal process of the ectopterygoid; ect, ectopterygoid; inp, intranarial process; Is, upper incisors; ju?, jugal?; la, lacrimal; lpr, lacrimo-palatine ridge; mx, maxilla; na, nasal; PC, upper postcanine; pl, palatine; plp, posterolateral process of the palatine; pmf, posterior maxillary fossa; pmx, premaxilla; pnp, prenasal process of the premaxilla; pt, pterygoid; smx, septomaxilla; vo, vomer; vpe, ventral process of the ectopterygoid.


The plate-like lacrimal is positioned at the anterior wall of the orbit. Both lacrimals are badly damaged. They show unusually expansive lateral exposure for a therocephalian, due to external wear to the snout surface exposing portions that normally would have been covered by the maxilla, prefrontal, and jugal (Figures 2–4, 7, 9B). In more intact skulls of Lycosuchus, the dorsal portion of the maxilla and the prefrontal exclude the lacrimal from contacting the nasal externally (Broom, 1903; van den Heever, 1987, 1994), as is the case in almost all therocephalians except lycideopids (e.g., Sigurdsen et al., 2012). However, since the prefrontal is not preserved in MB.R.995, the anterodorsal part of the lacrimal is exposed where it contacts the nasal internally. In this area, the lacrimal has a slender anterior process extending out from its anterodorsal portion onto the medial surface of the posteroventral margin of the nasal, which is overlapped by the maxilla laterally (Figure 7). An anterior process of the lacrimal contacting the nasal internally has also been described for akidnognathids (Sigurdsen, 2006), Tetracynodon (which has a relatively short anterior process; Sigurdsen et al., 2012), and is also observed in Glanosuchus (van den Heever, 1987, 1994; Hillenius, 1994). van den Heever (1987) questioned the presence of an anterior process of the lacrimal in Lycosuchidae, since this feature appeared absent in the specimen CGS C60. Later, van den Heever (1994) countered that interpretation, stating that both scylacosaurids and lycosaurids possess an anterior process of the lacrimal, although still basing his conclusions on CGS C60, in which the lacrimal is damaged. Our reconstruction of MB.R.995 confirms van den Heever's (1994) inference that this feature is present in lycosuchids. On its medial surface, the lacrimal exhibits a distinct ridge, the lacrimo-palatine ridge, which contacts the dorsolateral margin of the palatine and forms the posterior border of the maxillary antrum (Figures 6A, 7). The lacrimal has a further ridge, the lacrimo-ectopterygoidal ridge, which is posteroventrally oriented (van den Heever, 1987, 1994). This ridge is poorly preserved on the right lacrimal, which is more completely preserved posteriorly than the left, and contacts the dorsal process of the ectopterygoid and the posterolateral process of the palatine ventrally on the floor of the orbit (Figures 2B, 4B, 7C). Broom (1903) and van den Heever (1987, 1994) described a single lacrimal foramen in the anterior edge of the orbit in Lycosuchus. However, our CT-scans of MB.R.995 show that two foramina are present in the anterior region of the orbit (Figure 9B). Although the exact point where the canal opens anteriorly cannot be determined with certainty, it probably opened below the base of the anterior process of the lacrimal, above the maxillary antrum (Figures 6A, 7, 9C), as suggested by Sigurdsen (2006), rather than at the anteriormost tip of the anterior process as described by Hillenius (1994) for Glanosuchus. Hillenius (1994) described a further ridge in Glanosuchus, immediately anterior to the anterior process of the lacrimal and below the nasoturbinal ridge, that may have supported maxilloturbinals. In contrast, Sigurdsen (2006) proposed that maxilloturbinals were absent in therocephalians. No internal snout ridges other than those on the nasals (described above) can be observed in MB.R.995 (Figure 7), indicating that cartilaginous maxilloturbinals were probably not present in Lycosuchus.



Palate

The paired vomer is a broad, elongated element with a long interchoanal process (Figures 7A,C, 8). This process expands anteriorly and becomes widest where it contacts the vomerine process of the premaxilla. In ventral view, the anterior process of the vomer is deeply vaulted. An equally long but much narrower trough is present on the dorsal surface of the interchoanal process. Anterior to this trough, the vomer tapers toward its tip, which overlies the vomerine process of the premaxilla (Figure 8). A slight median ridge separating two shallow grooves is present on this attenuate anteriormost part of the vomer (Figure 8A). Similar grooves on the dorsal surface of the vomer have been described for several therapsids and are interpreted as the location for a pair of vomeronasal organs (e.g., Hillenius, 2000; Crompton et al., 2017; Kammerer, 2017; Liu and Abdala, 2017; Bendel et al., 2018; Pusch et al., 2019). Posteriorly, where the vomer contributes to the posterior margin of the choana, the vomer becomes a broad plate-like element, which is bordered laterally by the palatine. At its posteriormost end, the vomer constricts in transverse width and terminates in a contact with the anterior process of the pterygoid. In dorsal view, the broadened posterior portion of the vomer appears to form two short “wings” that project laterally, overlying the palatines (Figures 7C, 8A). This winged structure of the posterior portion of the vomer slightly resembles the condition described for cynodonts, in which the laterally directed wings form a transverse lamina with the transverse processes of the palatine (e.g., Crompton et al., 2015, 2017; Pusch et al., 2019). The dorsal surface of the posterior portion of the vomer has a median ridge that continues onto the anterior process of the pterygoid. Our reconstruction of the position of the vomerine-pterygoid suture is based on examination of the external surface of the specimen and comparisons with other lycosuchids, as this suture is indeterminable in our scans. The dorsal margin of this ridge bears a slight groove medially and might have supported the ventral edge of the cartilaginous nasal septum as suggested by van den Heever (1987, 1994), similar to the condition in cynodonts (Fourie, 1974; Crompton et al., 2015, 2017; Pusch et al., 2019). Lateral to the median ridge, there are a pair of more weakly-developed ridges, running anteromedially to posterolaterally on the wings of the vomer and slightly extending onto the dorsal surface of the palatines, which are covered by the dorsal laminae of the maxillae in this area (Figure 8A, arrows).
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FIGURE 8. 3D reconstruction of the snout of MB.R.995. (A) Snout in dorsal view with the nasals and lacrimals digitally removed to expose the internal structure. Arrows indicate the weakly-developed ridges on the posterior portion of the vomer. (B) Ventral view of the palate. ape, anterior process of the ectopterygoid; apt, anterior process of the pterygoid; C1, first canine; ch, choane; fpp, foramen palatine posterior; ju?, jugal?; la, lacrimal; mx, maxilla; pl, palatine; plp, posterolateral process of the palatine; plr, palatine ridge; pmx, premaxilla; pnp, prenasal process of the premaxilla; pt, pterygoid; smx, septomaxilla; sov, suborbital vacuity; VNO, channel housing the vomeronasal organ; vo, vomer.


The palatine is a large bone that forms much of the palate and consists of two portions, an anterior process and a raised posteromedial boss. The anterior process is narrow, contacting the canine boss of the maxilla laterally and the vomer medially. It forms the posterolateral margin of the choana (anteromedially) and the lateral borders of the maxillary sinus (posteriorly) and the maxillary antrum (further posteriorly). Close to its contact with the maxilla, its lateral portion is rugose and bordered by a distinct, medially-situated ridge, the palatine ridge, which stretches posteriorly until it contacts the dorsal margin of the suborbital vacuity. Anterior to the latter, the palatine is pierced by a pronounced posterior palatine foramen (Figures 7A,C, 8B). At the level of the posterior border of the maxillary antrum, the palatine contacts the lacrimo-palatine ridge of the lacrimal and widens to form the posteromedial boss, an elongated element that contacts the narrow posterior portion of the vomer and the anterior process of the pterygoid medially, the anterior margin of the pterygoid posteromedially, and forms the anteromedial margin of the suborbital vacuity. The posteromedial bosses of the palatines and the anterior process of the pterygoid are slightly damaged in MB.R.995 due to a large crack starting anterolaterally on the left palatine and ending posterolaterally near the anteromedial margin of the right suborbital vacuity (Figures 8). The ventral surface of the posteromedial boss bears the anterior portion of the pterygo-palatine ridge, which extends onto the anteromedial portion of the pterygoid (Figure 8B). Posterolaterally, the palatine bears a posterolateral process (damaged on the left side), which contacts the anterior process of the ectopterygoid posteriorly, the posterior process of the lacrimal dorsally, and forms the anterolateral margin of the suborbital vacuity (Figures 3B, 4B, 7A,C, 8). The dorsal surface of the palatine is generally flat and smooth (Figure 8A), but seems to be slightly concave medially.

The ectopterygoid is a narrow, vertically oriented strut situated at the lateral margin of the transverse flange of the pterygoid and forming the posterolateral margin of the suborbital vacuity. It bears three processes: a ventral process at the edge of the transverse flange of the pterygoid, an anterior process contacting the lateral process of the palatine, and a dorsal process contacting the poorly-preserved lacrimo-ectopterygoidal ridge of the right lacrimal (Figures 2B, 3B, 4B, 7A,C, 8). In dorsal view, the ectopterygoid only has a small, triangular exposure, since its dorsal surface is mostly covered by the lateral margin of the transverse flange of the pterygoid (Figures 2B, 8A).

Only the anterior part of the pterygoid is preserved, consisting of a relatively long and slender anterior process and parts of the pterygoid transverse flanges. The anterior process extends between the posteromedial bosses of the palatines and contacts the narrow posterior end of the vomer (Figures 2B, 7A,C, 8). The dorsal surface of the anterior process exhibits a distinct median ridge, which extends from the posterior portion of the vomer and continues along the anterior portion of the pterygoid until it reaches a slight narrow slit posteriorly, separating the transverse processes (Figures 8A, 9B). This slit probably represents the anterior opening of the interpterygoid vacuity, which extends posteriorly to the base of the processus cultrifomis of the parasphenoid (van den Heever, 1987, 1994). Such a median ridge on the dorsal surface of the anterior part of the pterygoid, which is continuous with that of the vomer, has also been described by van den Heever (1987, 1994) for basal therocephalians, Liu and Abdala (2017) for Shiguaignathus, and Sigurdsen (2006) for an indeterminate South African akidnognathid. The pterygoids form the posterior margin of the suborbital vacuity and define the posterior portion of the transverse process (Figure 8). This transverse process is usually dentigerous in Lycosuchus, bearing a row of teeth erupting directly from its ventral margin (van den Heever, 1987, 1994; Kammerer and Masyutin, 2018). However, these teeth are not preserved in MB.R.995.
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FIGURE 9. (A) 3D reconstruction of the nasals in ventrolateral view. (B,C) Transverse CT sections through posterior nasal region. apt, anterior process of the pterygoid; la, lacrimal; lac, lacrimal canal; maxilla; mxa, maxillary antrum; na, nasal; PC, upper postcanine; pl, palatine; rnt, ridges for cartilaginous nasal turbinals; vo, vomer.




Braincase

The prootic lies in front of the ear region and contributes to the anterior border of the inner ear and the sidewall of the braincase. It is bounded dorsally by the supraoccipital, posterodorsally by the tabular, posteroventrally by the opisthotic, and anteroventrally by the basioccipital and the parabasisphenoid (Figures 10B,C,E,F, 11D,E). Anteriorly and anterodorsally it would usually contact the epipterygoid (missing in this specimen) and posterolaterally the squamosal, which is only partly preserved in MB.R.995 (Figures 10B,C,E) (van den Heever, 1987, 1994). The anterior portions of the prootics, which broadly contact the posterodorsal part of the basisphenoid and the anterolateral portion of the dorsal surface of the basioccipital, curve medially and near (but do not contact) one another. The medial processes of the prootics form the lateral border of the small dorsum sellae of the basisphenoid, which occupies the narrow space between them (Figures 10C,E, asterisk). Lateral to the medial process, the prootic usually bears an elongated pila antotica, which extends anterodorsally (van den Heever, 1987, 1994). However, the pila antotica is not preserved in MB.R.995, since the anterior part of both prootics is slightly crushed and not completely preserved. The dorsal surface of the prootic is characterized by a distinct lateral flange, which curves posterolaterally toward the supraoccipital and tabular and contacts them (Figures 10B,C,E). In scylacosaurids and eutherocephalians, the lateral flange of the prootic encloses, together with the prootic process of the squamosal, the pterygo-paroccipital foramen. This foramen and a prootic process of the squamosal are absent in lycosuchids (e.g., van den Heever, 1987, 1994; Huttenlocker et al., 2011; Huttenlocker and Abdala, 2015; Huttenlocker and Sidor, 2016).
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FIGURE 10. Braincase of MB.R.995. (A) Photograph of the partial braincase in posterior view. (B) Posterior view of the reconstructed occiput. (C) 3D reconstruction of the braincase in anterior view. Asterisk indicates the location of the dorsum sellae. (D) Anterior view of the reconstructed occiput to illustrate the position of the inner ear within its bony housing with the parabasisphenoid, prootic and squamosal digitally removed. (E) Reconstructed braincase in dorsal and (F) ventral aspect, with the squamosal, tabular, supraoccipital, postparietal and parietal digitally removed in (E) and the squamosal digitally removed in (F). Asterisk indicates the location of the dorsum sellae in (E). aps, anterodorsal process of the supraoccipital; bo, basioccipital; cr, cochlea recess; ex, exoccipital; fv, fenestra vestibuli; jf, jugular foramen; lfl, lateral flange of the prootic; lsc, lateral semicircular canal; op, opisthotic; pa, parietal; pbs, parabasisphenoid; pp, postparietal; pro, prootic; so, supraoccipital; sq, squamosal; ta, tabular.



[image: Figure 11]
FIGURE 11. The inner ear labyrinth of MB.R.995. Virtual cast of the right inner ear labyrinth in (A) posterior, (B) lateral, and (C) anterior views. (D) Transverse and (E) horizontal CT section through the otic region. asc, anterior semicircular canal; bo, basioccipital; cc, crus commune; cr, cochlear recess; ex, exoccipital; fv, fenestra vestibuli; lsc, lateral semicircular canal; op, opisthotic; pbs, parabasisphenoid; pp, postparietal; pro, prootic; psc, posterior semicircular canal; scc, secondary crus commune; so, supraoccipital; ta, tabular; uz, unossified zone; ve, vestibule.


Only parts of the posterior portion of the fused parabasisphenoid complex are preserved. The dorsal surface of this portion is almost completely covered by the anterior portion of the prootics. At its posteriormost part, the small dorsum sellae is situated at the suture with the basioccipital, immediately in front of a narrow unossified space, the unossified zone (Figures 10E, 11E) mentioned by Olson (1944). The dorsum sellae is laterally bordered by the medial processes of the anterior part of the prootics and forms the posterior border of a shallow depression, the sella turcica, which housed the hypophysis. However, the sella turcica is only poorly preserved in MB.R.995 (Figures 10C,E). In ventral view, the parabasisphenoid meets the basioccipital posteriorly in a jagged suture and simultaneously overlaps much of its anterior part. In addition, the parabasisphenoid contributes to the anterior margin of the cochlear recess (Figure 10F).

The basioccipital is a short, stout bone, which forms the floor of the braincase posterior to the parabasisphenoid and part of the occipital condyle. Its dorsal surface is anterolaterally almost completely covered by the medial processes of the anterior portions of the prootics, which leave only a narrow space posterior to the dorsum sellae. Posterior to the medial processes of the prootics, the dorsal surface of the basioccipital is marked by a slight depression, which contributes to the floor of the hindbrain region. Laterally, it contacts the opisthotic and posterolaterally the exoccipital, which covers much of its dorsal surface in that area, so that the basioccipital just appears as a narrow strip of bone posteriorly (Figures 10B–F, 11D,E). Only a small portion of the basioccipital is visible in occipital view, forming the ventral border of the foramen magnum (Figures 10B–D). The ventral surface of the basioccipital is slightly damaged. It is concave medially but becomes convex laterally, with a process that slightly curves around the ventromedial margin of the opisthotic and contributes to the medial border of the cochlear recess (Figures 10B–D,F, 11D).

The opisthotic consists of a robust paroccipital process, which is crushed on both sides. The right paroccipital process lacks much of its lateral portion, while the left one is more complete but is marked by a large crack and lacks part of its ventral portion. The lateral margin of the left opisthotic is concave and lies in a medially facing fossa of the squamosal. Anterodorsally, the opistothic broadly contacts the prootic, and posteromedially it has a sutural contact with the exoccipital above the jugular foramen housing cranial nerves IX, X, and XI, of which it forms the lateral margin. Its medial portion contacts the basioccipital, where its ventral margin is slightly overlapped by the lateral process of the latter. The opisthotic also forms the posterior and lateral border of the inner ear and cochlear recess and encompasses the fenestra vestibuli (Figures 10, 11D,E).

The supraoccipital appears as a broad element in occipital view, which forms the dorsal border of the foramen magnum. Ventrolaterally, it contacts the dorsal process of the opisthotic, ventrally the exoccipital, dorsolaterally the tabular, and dorsally the postparietal. However, the dorsal surface of the occiput is badly damaged and incomplete, leaving some uncertainties concerning the sutures between the supraoccipital, tabular, and postparietal (Figures 10A,B, 11D). The tabular usually covers part of the supraoccipital, but is damaged on the left side such that much of the underlying supraoccipital is visible. In anterior view, the supraoccipital contacts the dorsal portion and part of the lateral flange of the prootic. The internal surface of the supraoccipital is generally smooth, forming the roof of the posterior region of the brain cavity and the foramen magnum. It bears an anterodorsal process that contributes to the side wall of the braincase and contacts the parietal, prootic, and usually also the squamosal and the epipterygoid (van den Heever, 1994) (Figures 10C,D).

The paired exoccipitals form the lateral portion of the foramen magnum and the occipital condyle. The exoccipital has an expanded dorsal process forming sutures with the supraoccipital dorsally and the paroccipital process of the opisthotic laterally. Ventrally, it has a long lateral process that meets the posterolateral margin of the basioccipital laterally and the posterior part of the paroccipital process dorsomedially, forming the dorsal and medial margins of the jugular foramen (Figures 10A,B,E,F, 11E).

The paired tabulars are flat bones forming the dorsolateral portion of the occiput. Both tabulars are damaged, but the right one is better preserved, while the left tabular lacks portions that would otherwise cover the underlying supraoccipital. Dorsally and dorsolaterally, the tabular contacts the postparietal and the parietal, and medially the supraoccipital. Laterally, the tabular usually supports the squamosal in better preserved skulls, and between the foramen magnum and the posterodorsal margin of the post-temporal fenestra, the tabular usually exhibits a ridge (van den Heever, 1987, 1994). However, the tabular ridge is not preserved in MB.R.995 due to poor preservation. In anterior view, the tabular has a process that extends ventrolaterally and contacts the lateral flange of the prootic (Figure 10C).

The dorsal portion of the occiput is badly damaged, but the large complex of bones at its top probably consists of both postparietal and parts of the parietal (Figures 9A–D, 10D). The postparietal is a median element, which is situated within a large depression where it is bounded between the parietal dorsally, the tabulars laterally and the supraoccipital ventrally. There seems to be a weakly preserved median ridge on the posterior surface of the bone, which divides the depression into two nuchal fossae (Figures 10A–D).

The left squamosal is only partially preserved, where it forms the posterolateral portion of the temporal region. It lacks several parts: e.g., the dorsal process that overlies the parietal dorsolaterally, the quadrate process, and the anterolaterally located zygomatic process, which overlies the posterior portion of the jugal (Figures 10B,C) (van den Heever, 1987, 1994). The squamosal bears a medially-located fossa for the paroccipital process of the opisthotic. On its posterior surface the dorsoventrally directed squamosal sulcus seems to be preserved, which is medially bordered by the squamosal ridge lateral to its contact with the opisthotic (Figures 10B,C).



Inner Ear

As in other therapsids, multiple bones of the basicranium contribute to the formation of the inner ear housing in MB.R.995, consisting of the opisthotic, prootic, supraoccipital, exoccipital and basioccipital (Figures 10C,D,F, 11C,D) (e.g., Olson, 1944; Fourie, 1974; Sigogneau, 1974; Luo et al., 1995; Luo, 2001; Kielan-Jaworowska et al., 2004; Pusch et al., 2019). At greatest height, the inner ear of MB.R.995 is 22.95 mm tall. Its semicircular canals are surrounded by the exoccipital, supraoccipital, opisthotic, and prootic. Medially, both anterior and posterior semicircular canals derive from the crus commune, where they emerge dorsally at the same level from its posterior apex and curve downward to join the anterior and posterior ampullar recess, respectively. The posterior semicircular canal is smaller than the anterior with a height of 6.20 mm and a width of 5.52 mm, while the anterior canal is 7.21 mm tall and 7.69 mm wide. The lateral (horizontal) semicircular canal appears to be the longest of the three semicircular canals, with a height of 3.81 mm and a width of 10.88 mm (Figures 10C,D, 11). This situation is unusual, because in most non-mammalian therapsids and mammals the anterior semicircular canal is the longest (e.g., Olson, 1944; Sigogneau, 1974; Luo, 2001; Kielan-Jaworowska et al., 2004; Rodrigues et al., 2013; Laaß, 2016; Araújo et al., 2017, 2018; Benoit et al., 2017b,c; Bendel et al., 2018; Pusch et al., 2019). Among therapsids, a lateral semicircular canal larger than the anterior and posterior one has only previously been reported for the fossorial anomodont Kawingasaurus fossilis (Laaß, 2015a). The lateral and posterior canal share a secondary crus commune (Figure 11B), as in most non-mammalian therapsids (e.g., Olson, 1944; Sigogneau, 1974; Castanhinha et al., 2013; Rodrigues et al., 2013; Laaß, 2015a, 2016; Araújo et al., 2017, 2018; Benoit et al., 2017b,c; Bendel et al., 2018; Pusch et al., 2019). The curved vestibule has a length of 13.59 mm and is surrounded by the opisthotic and the prootic, of which the opisthotic constitutes its posterior and lateral border and the prootic its anterior border. The fenestra vestibuli faces ventrolaterally and is exclusively bordered by the opisthotic. Of particular note is the presence of a small, globular cochlear recess, which is ventrally differentiated from the main part of the vestibule and located medial to the fenestra vestibuli. It is posteriorly bordered by the opisthotic and medially bordered by the basioccipital (Figures 10C,D,F, 11A–D). The parabasisphenoid also indirectly contributes to the anterior margin of the cochlear recess by overlapping the basioccipital (Figure 10F). Among therocephalians, a distinctive cochlear recess has so far only been described in the specialized baurioid Microgomphodon oligocynus (Benoit et al., 2017b).



Lower Jaw

The left mandible of MB.R.995 consists of seven bones: the dentary, splenial, angular, surangular, one coronoid (likely homologous to the posterior coronoid in early tetrapods [sensu Ahlberg and Clack, 1998]), prearticular and articular. The dentary represents its largest element, composing roughly two-thirds of the anteroposterior jaw length (Figure 12). The lateral surface of the dentary is smooth up until the region below the canine, then becomes rugose on the symphysis. The mandibular symphysis was interpreted by van den Heever (1987, 1994) as a relatively loose contact—a feature that sets apart therocephalians from gorgonopsians and cynodonts. In eucynodonts the dentaries are fused at the symphysis (Hopson and Kitching, 2001), but even in earlier cynodonts where the dentaries remain separate elements they are tightly sutured. Anteriorly, the dentary is swollen laterally, with the greatest expansion positioned at the level of the canine (Figure 12C). A pronounced shelf runs medially along the tooth row. The ventral margin of the dentary is generally flat, in contrast to the gradually sloping ventral margin in Gorgonopsia and later Therocephalia (van den Heever, 1987, 1994). At the symphysis, it curves gently upwards anteriorly, unlike the sharply-sloping symphysis in Gorgonopsia. Posteriorly, the dentary terminates at a near-perpendicular angle to the vertical posterior margin, which curves smoothly posterodorsally to form the free-standing edge of the coronoid process (Figure 12A). A substantial portion of the medial dentary surface is covered by the splenial, resting on an anteroposteriorly directed gutter (Figure 12B), which together cover the Meckelian canal (van den Heever, 1987, 1994). Posteriorly, the dentary articulates with the angular and the surangular at the same point. Part of the anterior portion of the angular is visible through a crack at the dentary angle. The base of the coronoid process is posteromedially covered by the anteriormost part of the prearticular and the coronoid.
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FIGURE 12. Left mandible of MB.R.995. (A) Photograph (top) and 3D reconstruction (bottom) of the left mandible in lateral view. (B) Photograph (top) and 3D reconstruction (bottom) of the left mandible in medial view. (C) Dorsal view of the reconstructed left mandible. Asterisk indicates the location of the glenoid fossa. ang, angular; art, articular; C, lower canine; cor, coronoid; cp, coronoid process; d, dentary; Is, lower incisors; PCs, lower postcanines; pra, prearticular; rla, reflected lamina of the angular; sp, splenial; sur, surangular.


The splenial is present as an anteroposteriorly elongate element positioned medial to the dentary, extending from the root of the canine to a level in line with the apex of the coronoid process (Figures 12B,C). It has no lateral exposure. The dorsoventral height of the splenial is roughly conserved through its length, but does decrease slightly posteriorly, similar to what has been described for Gorynychus (Kammerer and Masyutin, 2018). According to van den Heever (1987, 1994), the splenial contributes to the symphysis in early therocephalians. As only the splenial of the left hemimandible is well-preserved in MB.R.995 and the posterior symphyseal region is slightly damaged, this condition can neither be confirmed nor disputed for this specimen. At its posterior end, the splenial medially overlies the anteriormost portion of the angular and the anteroventral part of the prearticular (Figure 12B).

The angular is a transversely thin, dorsoventrally tall bone positioned posterior to the dentary and is mostly exposed laterally (Figures 12A,B). Its ventral margin is somewhat damaged, but the lateral surface is intact. In lateral view, the angular obscures most of the surangular. The reflected lamina covers the posterior half of the angular. It is smooth and well-developed, forming a roughly circular, thin sheet of bone that, as a result of diagenesis, is closely pressed against the main body of the angular (Figure 12B). The ridges on the lateral surface of the reflected lamina could not be discerned in our reconstruction, but have been described in MB.R.995 by Janensch (1952). The angular is embedded in and supported anteriorly by a trough in the posteroventral margin of the dentary, where it is further covered medially by the splenial and the prearticular. Posteriorly, it supports the ventral part of the articular.

The surangular forms the posterodorsal region of the mandible, curving smoothly toward the glenoid fossa and forming a strongly convex dorsal surface (Figures 12A,B). It is a fairly robust bone, equal in width to the dentary that lies against the medial side of the angular. The angular covers most of the surangular in lateral view, leaving only a thin, sickle-shaped strip visible (Figure 12A). In MB.R.995, the ventral margin of the surangular is slightly damaged. A postdentary foramen between the surangular and prearticular has been described in US D173 (van den Heever, 1987), but could not be confirmed for MB.R.995. Anteriorly, the bone narrows dorsoventrally until it touches the dentary, where it is also covered medially by the coronoid and prearticular. At the posterior end, it overlies the dorsal part of the articular. At this contact, the surangular widens mediolaterally to form the dorsal roof of the glenoid fossa (Figures 12A,B, asterisk).

A small, flat and roughly triangular-shaped bone that sits medially to the base of the coronoid process of the dentary is interpreted as representing the coronoid bone (Figure 12B). The coronoid has not been described in US D173 (Broom, 1903), and is typically damaged, obscured or missing in other therocephalians. The coronoid cannot be seen in the ventral view of the jaw, unlike the condition in Microgomphodon (Abdala et al., 2014b). The coronoid borders the anterodorsal part of the prearticular and covers the anterior portion of the surangular and the posteroventral portion of the coronoid process of the dentary medially (Figure 12B).

The prearticular is an elongated strut, extending from the posterior part of the dentary to meet the anteromedial side of the articular (Figure 12B). It lies medially to the angular and ventral part of the surangular. Anteriorly, it defines the ventral margin of the coronoid, and it is overlain medially by the posterodorsal portion of the splenial. A small process extends anteriorly to contact the base of the coronoid process of dentary. Posteriorly, at the level of the apex of the surangular, a medial expansion is present (Figures 12B,C), ultimately terminating at a posteromedially oriented suture with the articular. An anteroposteriorly-oriented fossa on the dorsal surface of the prearticular is located anterior to this suture (Figure 12C).

The articular is the posteriormost element of the mandible, and bears the ventral and anterior boundaries of the glenoid fossa (Figures 12A,B). In MB.R.995, a fragment of the quadrate seems to be preserved inside the left glenoid. The articular is a robust bone, extending significantly beyond the dentary medially in an extended contact with the prearticular (Figure 12C). Anterolaterally, it contacts the posterior portions of the surangular and angular.



Dentition and Tooth Replacement

The teeth in the left dentary are generally well-preserved, while those in the upper jaw are mostly damaged, albeit slightly better preserved on the right side than on the left. All teeth in both the upper jaw and the left dentary are preserved in place, except for the first incisor of the left premaxilla, which has fallen out with only a fragment of its root preserved in its alveolus (Figures 3, 4, 7, 8B, 12–14). Serrations are probably present on both the mesial and distal margins of all teeth (Figures 13A,B, 14A) (see also van den Heever, 1987, 1994), although damaged on much of the upper dentition in MB.R.995.
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FIGURE 13. Dentition and tooth replacement in the upper jaw of MB.R.995. (A) Three-dimensional rendering of the left and (B) right upper tooth rows in medial view. (C,D) Virtual horizontal CT sections through the upper jaw. Replacement canines in yellow; replacement incisors and postcanines in red. Arabic numerals indicate the teeth positions. Arrows mark the positions of the replacement teeth. C1, first canine; C2, second canine; I, upper incisor; mx, maxilla; mxa, maxillary antrum; mxc, maxillary canal; PC, upper postcanine; pl, palatine; pmx, premaxilla; vop, vomerine process of the premaxilla.



[image: Figure 14]
FIGURE 14. Dentition and tooth replacement in the left mandible of MB.R.995. (A) Three-dimensional rendering of the left lower tooth row in medial view. (B,D) Virtual horizontal CT sections through the left mandible. (C) Sagittal CT section through the left mandible to show the positions of the replacement teeth as seen in (A). Replacement incisors and postcanines in red; old remnant root of the canine in brown. Arabic numerals indicate the teeth positions. Arrows mark the positions of the replacement teeth and the remnant root of the old canine. C, lower canine; I, lower incisor; d, dentary; PC, lower postcanine.


MB.R.995 has five upper and three lower incisors. They have a simple conical shape and are slightly recurved, except for the third lower incisor, which is markedly smaller than all other incisors (Figures 3, 4, 6D, 7, 8B, 12–14). The upper incisors are located in a broad ventral plate of the premaxilla (Figures 7, 8B). van den Heever (1987, 1994) related incisor size in Lycosuchus to the height of the premaxilla at each tooth position, noting an increase in size from the first to the fourth upper incisor, which lies at a point where the bone is deepest, then a decrease in size to the fifth tooth, which is the smallest. In MB.R.995, there is indeed an increase in upper incisor size from the first to the fourth, but this is probably not related to the height of the premaxilla, as the premaxilla is not appreciably deeper at the position of the fourth incisor than anteriorly (Figures 7, 8B). There are replacement teeth for upper incisors two and four on both sides, and for the upper third and fifth incisors on the right side. The replacement teeth are located either posterior (I2) or medial (I3, I4, I5) to the functional tooth. There is a coalescence between the alveoli of the functional and replacement teeth of the right I2 and the left I4, with the new incisor for I2 penetrating the root, and the new tooth for I4 eroding the root of the functional incisor. No evidence of replacement teeth or replacement pits can be observed for the first incisors on both sides and the third and fifth incisor on the left side (Figure 13). In the left dentary there are replacement teeth for all three lower incisors, which are positioned posterior to the functional teeth. The replacement teeth of I1 and I3 are still incipient, while that of I2 is much better developed. There is also a marked coalescence between the alveoli of the functional and replacement teeth, with the big replacement tooth behind I2 eroding the root of the functional tooth (Figures 14A–C).

Each maxilla bears an anterior and posterior canine alveolus. The anterior canines are fully erupted on both sides of the skull and are very large and nearly crescent-shaped. The right anterior canine is well-preserved; the left is broken at several places along its length and lacks the tip. A posterior canine is located immediately behind and slightly lateral to the anterior one in the right maxilla. The right posterior canine is not fully developed (the root has not fully formed) and its crown is only partially erupted (Figures 3, 4, 6D, 7, 8B, 13). The root of a posterior canine is also present in the left maxilla, but its crown is missing entirely. Two unerupted developing canines are present in the left maxilla: a small, poorly-developed canine tip is present medial to the anterior canine and a large, well-developed tooth (consisting of most of the crown) is present medial to the broken posterior canine root. The incipient left anterior replacement canine has not yet eroded the root of the erupted canine. By contrast, the incipient left posterior replacement canine has penetrated the root of the old posterior canine tooth and is almost erupted. The anterior canine in the right maxilla has a medially located replacement tooth as well, which is comparable in proportions and state of development to its counterpart on the left. The posterior canine alveolus in the right maxilla is not fully occupied by the erupting tooth, indicating that the previous tooth was shed and the erupted canine is the replacing tooth in the process of development (Figure 13). The lower canine has a broader base than the upper canines and is only weakly recurved (Figures 12, 14). There is no replacement tooth visible for the lower canine, only the remnant of an older canine root is present anterior to the functional one, which nearly contacts the root of the lower i2 (Figure 14).

MB.R.995 has two upper postcanines in the right maxilla but only one postcanine in the left maxilla. By contrast, in the dentary there are five postcanines present. The postcanines are simple, conical teeth (Broom, 1903), with the uppers smaller than the lowers (Figures 2, 6D, 7A,B, 8B, 13). Only the single upper postcanine in the left maxilla is paired with a replacement tooth, which is anteromedially situated to the functional tooth. In the dentary there are incipient replacement teeth for lower postcanines one, three, and four, which are located either medial (PC1, PC3) or posteromedial (PC4) to the functional tooth. There is a coalescence between the alveolus of the replacement tooth of PC3 and the functional one. However, the replacement tooth does not erode the root of the functional PC3 (Figures 13, 14A,C,D).




DISCUSSION


Maxillary Canal Evolution

The morphology of the maxillary canal of Lycosuchus vanderrieti reinforces the idea that homoplasy and mosaic evolution are major features of the evolutionary history of this structure in therapsids, as previously suggested based on the condition in the basal cynodont Galesaurus planiceps (Pusch et al., 2019). In comparison to eutherocephalians such as the akidnognathid Olivierosuchus and the bauriid Bauria, in which the maxillary antrum is anteroposteriorly extensive (Benoit et al., 2016a, 2018), the maxillary antrum of Lycosuchus is relatively small and restricted to a region anteroventral to the orbit. Comparable variation in maxillary antrum size is observed in cynodonts, where this structure is substantially greater in relative volume and anteroposterior extent in gomphodonts than in stemward cynodonts and probainognathians (Crompton et al., 2015, 2017; Benoit et al., 2016a, 2019; Pusch et al., 2019). Within-clade variation in maxillary antrum size seems to reflect differing degrees of ossification of the snout rather than differences in length of the nerves and vessels within—a shorter caudal portion of the maxillary canal appears to be present in cynodonts compared to therocephalians and gorgonopsians regardless of antrum dimensions. As in other non-cynodont therapsids (Benoit et al., 2016a,b, 2017a,c, 2018, 2019), the alveolar rami ramify directly from the maxillary canal and not from the maxillary antrum in Lycosuchus. Like the baurioid therocephalian Choerosaurus, only two of the three branches for the alveolar rami are present, which probably represent the caudal and medial alveolar rami. However, unlike in Choerosaurus, these rami in Lycosuchus radiate from the same point within the caudal part of the maxillary canal. This also occurs in Olivierosuchus, but in that taxon there is also a rostral alveolar ramus diverging just anterior to the caudal and medial alveolar rami (Benoit et al., 2016a,b, 2018).

The morphology of the external nasal ramus in Lycosuchus differs from that known in later-diverging therocephalians. In Lycosuchus, the external nasal ramus is highly ramified and forms a complex at the posterior part of the ION. Of particular note is the morphology of the lengthened major ramus, which resembles that of the external nasal ramus in the dinocephalian Moschops (Benoit et al., 2017c) and the anomodont Patranomodon (Benoit et al., 2018). However, in those taxa the ramus extends far posterodorsally toward the orbit, unlike in Lycosuchus in which the ramus is nearly vertical. In the eutherocephalians Choerosaurus, Euchambersia, Olivierosuchus, and Bauria, the external nasal rami ramify into three or more branches, but they do not form the pronounced lengthened ramification of Lycosuchus (Benoit et al., 2016a,b, 2017a, 2018). Based on its shared presence in the earliest therocephalians and cynodonts, the highly ramified complex of canals for the external nasal rami in Lycosuchus likely represents the primitive condition. A more derived condition is present in some derived therocephalians such as Olivierosuchus and non-probainognathian cynodonts, in which the external nasal ramus is shorter and less ramified than in Lycosuchus. A further reduction of the external nasal ramus, associated with a reduction of the canals for the internal nasal and superior labial rami, is only present in Probainognathia (Benoit et al., 2016a, 2018, 2019; Pusch et al., 2019).

Benoit et al. (2019) recently reinterpreted the short canal directed toward the base of the canine in the probainognathian Ecteninion as the canal for the rostral alveolar ramus, based on the fact that in mammals this ramus is consistently oriented toward the upper canine. A similar morphology is also observed in the maxillary canal of the basal cynodont Galesaurus, in which there is a slender ramus directed toward the upper canine, just anterior to the external nasal rami, which has also been interpreted as the rostral alveolar ramus (Pusch et al., 2019). This is similar to what is seen in Lycosuchus, but the narrow ramus just anterior to the complex of external nasal rami, diverging ventrally from the maxillary canal, is here interpreted as part of a complex superior labial ramus that has several origins from the main branch of the maxillary canal. The course of the maxillary canal in Lycosuchus differs from that described in most other therocephalians and therapsids (Fourie, 1974; Benoit et al., 2016a,b, 2017a,c, 2018, 2019; Pusch et al., 2019). The maxillary canal in Lycosuchus extends from the maxillary antrum anterior to the first postcanine along the roots of the two canines, and terminates lateral to the level of the root of the fourth incisor. Accordingly, both the canals for the alveolar rami and the canal just anterior to the external nasal rami are directed toward the canines. The morphology of the ventral ramifications of the maxillary canal is similar to that of Olivierosuchus, in which all three alveolar rami appear to be oriented toward the canine, but Lycosuchus lacks the canal for the rostral alveolar ramus just anterior to the medial and caudal alveolar rami, and the canals just anterior to the external nasal rami are here interpreted as the ones for the superior labial rami (Benoit et al., 2016a, 2018). Accordingly, the homologies of the alveolar rami do not seem to be as clear-cut as reported by (Benoit et al., 2019) in cynodonts, as they did not consider therocephalians or other therapsid outgroups in their analysis, and there is extensive variation and homoplasy in maxillary canal in general. Denser sampling of maxillary canal morphology in basal cynodonts, therocephalians and gorgonopsians is needed to see whether this variation is consistent and possibly autapomorphic for lower-level clades within these groups.



Variation in Bony Labyrinth Morphology in Therapsids

The inner ear of Lycosuchus generally shows the primitive condition visible in non-cynodont therapsids. As in several other non-cynodont therapsids (e.g., Castanhinha et al., 2013; Laaß, 2016; Benoit et al., 2017b), the fenestra vestibuli is positioned at the ventrolateral part of the vestibule, which is exclusively bordered by the opisthotic in Lycosuchus. This situation is different from what has been described for basal cynodonts such as Galesaurus and Thrinaxodon, in which the laterally facing fenestra vestibuli is located further dorsally and bordered by the opisthotic, prootic, basioccipital, and also partly by the basisphenoid wing (Fourie, 1974; Luo, 2001; Benoit et al., 2017b; Pusch et al., 2019). However, as in these and other basal cynodonts (e.g., Fourie, 1974; Luo, 2001; Kielan-Jaworowska et al., 2004; Benoit et al., 2017b; Pusch et al., 2019), a small, globular cochlear recess is ventrally differentiated from the main part of the vestibule. Outside of Cynodontia, a cochlear recess is also present in the anomodonts Niassodon mfumukasi (Castanhinha et al., 2013) and Pristerodon mackayi (Laaß, 2016), the biarmosuchian Lemurosaurus pricei, and the specialized baurioid Microgomphodon oligocynus (Benoit et al., 2017b). The latter taxon is the only therocephalian so far for which a distinct cochlear recess has been described. However, given the limited sampling in this clade, it is currently uncertain whether the absence of a cochlear recess is typical of therocephalians. The conclusion of Benoit et al. (2017b) that a distinct cochlear recess likely evolved multiple times among therapsids requires additional sampling—it appears to be present ancestrally in therocephlians (based on the condition in Lycosuchus), and it is at present uncertain whether multiple origins or multiple losses of this structure characterize therapsid evolution.

Different from what is usually the case in non-mammalian therapsids and mammals, in which the anterior semicircular is the longest (e.g., Olson, 1944; Sigogneau, 1974; Luo, 2001; Kielan-Jaworowska et al., 2004; Rodrigues et al., 2013; Laaß, 2016; Araújo et al., 2017, 2018; Benoit et al., 2017b,c; Bendel et al., 2018; Pusch et al., 2019), the lateral semicircular canal appears to be the longest of the three semicircular canals in Lycosuchus. Several studies have shown that the elongated morphology of the semicircular canals can be linked to the animals' lifestyle (e.g., Spoor, 2003; Spoor et al., 2007; Walsh et al., 2009; Wittmer and Ridgely, 2009; Cox and Jeffery, 2010; Laaß, 2015a; Araújo et al., 2018). The anomodont Kawingasaurus is the only other non-mammalian therapsid described with a lateral semicircular canal larger than the anterior and posterior one, but it was suggested that its elongated morphology is related to the inflated geometry of the vestibule rather than its locomotory behavior (Laaß, 2015a). In Lycosuchus, the inner ear is posteriorly tilted and the curved vestibule has the typical subtriangular shape common in non-mammalian therapsids. The anterior and posterior semicircular canals are ellipsoidal, while the lateral canal is rather linear and not as curved as the other canals. This is reflected in its lower height (3.81 mm) relative to the anterior (7.21 mm) and posterior (6.20 mm) canals, but much greater width (10.88 mm) than the anterior (7.69 mm) and posterior (5.52 mm) one. In modern mammals, an elongated lateral semicircular canal is usually associated with an agile or fossorial behavior (e.g., Lindenlaub et al., 1995; Spoor et al., 2007; Cox and Jeffery, 2010; Olori, 2010). An enlarged lateral semicircular canal is also known in many aquatic non-mammalian tetrapod taxa (e.g., Benoit et al., 2013; Neenan et al., 2017; Yi and Norell, 2018; Evers et al., 2019). Based on appendicular morphology (Boonstra, 1964), Lycosuchus is very unlikely to represent a fossorial or aquatic animal. Nevertheless, the lengthened morphology of the lateral semicircular canal could be related to its lifestyle as an active predator, showing more adaptations for agility and cursoriality than coeval potential prey taxa (e.g., dicynodonts, dinocephalians, pareiasaurs). Other coeval therocephalians (i.e., scylacosaurids) had similar inferred behaviors, and further sampling of bony labyrinth morphology in scylacosaurids would be useful to test whether an elongated lateral semicircular canal is related to lifestyle, or if this feature is unique to Lycosuchus within the clade.



Canine Replacement in Lycosuchids

The pattern of tooth replacement has long been controversial in Lycosuchidae. Originally, the family was diagnosed by the presence of two functional canines in each maxilla (Broom, 1903; Haughton and Brink, 1954; Kermack, 1956; Boonstra, 1969). However, van den Heever (1980) considered this feature to be invalid, and suggested that lycosuchids instead have one functional and one replacement canine in alternation, as in other early theriodonts. Abdala et al. (2014a) recently concurred with this interpretation and suggested a rapid rate of canine replacement in lycosuchids based on the occurrence of canine replacement in most of the specimens they investigated.

Based on our CT data for MB.R.995, we would argue that both the historical (e.g., Kermack, 1956) and more modern interpretations (e.g., van den Heever, 1980) of lycosuchid tooth replacement have merit, but hinge on the definition of what constitutes a “functional” canine. Two erupted canine crowns are definitely present in the right maxilla of MB.R.995, and both anterior and posterior would presumably be in use during prey capture. Abdala et al. (2014a: Table 6) showed that the majority of lycosuchid specimens have both the anterior and posterior canines erupted in each maxilla, in contrast to the condition in gorgonopsians and scylacosaurids in which there is usually only a single erupted canine per maxilla. In terms of positional homology, we do not think that lycosuchids are any different from gorgonopsians or scylacosaurids (i.e., they had alternating replacement of C1 in anterior and posterior alveoli, not multiple canine tooth positions homologous with those of non-therapsid sphenacodonts), but that their tooth developmental rates are different and distinctive for the family. We suggest that canine development in lycosuchids was protracted rather than rapid, such that old canines were retained for much of the development of their alternates, allowing direct replacement teeth in their own alveolus to begin forming before their loss (as visible in Figures 12A,B). Rather than having a worn canine fall out and be functionally replaced by its alternate, as appears to be the case in gorgonopsians and scylacosaurids, in lycosuchids both anterior and posterior maxillary canines seem to be erupted concurrently (and to some degree being functional concurrently) for much of the animal's life. In this context, it is worth noting that Gorynychus, recently recovered as a possible lycosuchid (Liu and Abdala, 2019), has only a single erupted canine in each maxilla and appears to show the typical scylacosaurid pattern of replacement (Kammerer and Masyutin, 2018). It is also worth noting that this delay in canine replacement, if accurate, seems to be limited to the upper dentition, as only a single lower canine per side is erupted.



Evaluating the Systematic Position of Lycosuchus

Our CT reconstruction of MB.R.995 provides additional information relevant to evaluating the phylogenetic position of Lycosuchus vanderrieti. Despite damage to and loss of some cranial elements, the craniodental characters visible in the scan and described herein confirm many characters used to position Lycosuchus as a basal taxon in the analysis of Huttenlocker (2009) (and subsequent variants of this analysis, e.g., Huttenlocker and Sidor, 2016; Huttenlocker and Smith, 2017). These characters include, e.g., a long septomaxilla that is well-exposed on the facial surface, a high dorsal lamina of the maxilla, the presence of large upper and lower canines, and the absence of palatal processes of the maxilla and a crista choanalis. The paired vomer of MB.R.995 also demonstrates the primitive condition, based on the deeply vaulted and expanded morphology of the anterior process at its contact with the premaxilla and the absence of a ventromedian crest between the palatines.

In addition, MB.R.995 provides further information on the presence of cranial features that have previously been questioned for Lycosuchus, such as the presence of a vomerine process of the premaxilla (van den Heever, 1987, 1994; Huttenlocker, 2009). In the most recent phylogenetic analysis by Huttenlocker and Smith (2017), this character is listed to be present in Lycosuchus, in which there is a short contact between the vomerine process of the premaxilla and the anterior part of the vomer. We agree with this interpretation based on our description of this feature in MB.R.995. The presence of a lateral process of the prootic and the structure and orientation of the dorsal surface of the paroccipital process of the opisthotic have also been questioned in previous analyses (e.g., Huttenlocker, 2009; Huttenlocker and Sidor, 2016; Huttenlocker and Smith, 2017). In MB.R.995 we are able to recognize a lateral process of the prootic, but it is differently angled than in scylacosaurids and eutherocephalians, in which the lateral process of the prootic participates in the formation of the pterygoparoccipital foramen, which is absent in Lycosuchus (e.g., van den Heever, 1987, 1994; Huttenlocker et al., 2011; Huttenlocker and Abdala, 2015; Huttenlocker and Sidor, 2016). Despite damage, we suggest that the dorsal surface of the paroccipital process of the opisthotic was relatively straight. This character is shared with Glanosuchus and Pristerognathus to the exclusion of eutherocephalians, in which the dorsal surface of the paroccipital process of the opisthotic is deeply hollowed in the floor of the posttemporal fenestra (Huttenlocker, 2009; Huttenlocker and Sidor, 2016; Huttenlocker and Smith, 2017). Also similar to Glanosuchus and Pristerognathus, the orientation of the paroccipital process is transverse relative to horizontal in Lycosuchus. But this character is also present in eutherocephalians (Huttenlocker, 2009; Huttenlocker and Sidor, 2016; Huttenlocker and Smith, 2017).

The 3D reconstruction of MB.R.995 also provides new information on several internal cranial characters that have rarely been described for therocephalians and largely ignored in phylogenetic analyses of non-mammalian therapsids in general. Absence of a naso-lacrimal contact on the external snout surface is a key synapomorphy of Therocephalia (Huttenlocker, 2009), present in all known therocephalians (e.g., van den Heever, 1987, 1994; Sigurdsen, 2006; Huttenlocker et al., 2011; Huttenlocker and Abdala, 2015; Huttenlocker and Sidor, 2016; Huttenlocker and Smith, 2017; Kammerer and Masyutin, 2018) except lycideopids (Sigurdsen et al., 2012). On the internal snout surface, however, basal therocephalians such as Lycosuchus and Glanosuchus (van den Heever, 1987, 1994; Hillenius, 1994) and akidnognathids (Sigurdsen, 2006; Sigurdsen et al., 2012) have a lacrimal bearing an anterior process that contacts the nasal. Similar to other therocephalians (van den Heever, 1987, 1994; Sigurdsen, 2006; Liu and Abdala, 2017), the dorsal surface of the posterior part of the vomer in Lycosuchus is characterized by a median ridge, which continues along the anterior portion of the pterygoid. In addition to the median ridge, the dorsal surface of the posterior portion of the vomer in Lycosuchus is characterized by two weakly-developed, transversely oriented ridges running parallel to the median one. The median ridge on the dorsal surface of the posterior part of the vomer and the ridges on the ventral surface of the nasals likely served as attachment points for cartilaginous nasal turbinals, and correspond to those described for therocephalians and several other therapsids (e.g., Fourie, 1974; van den Heever, 1987, 1994; Hillenius, 1994; Crompton et al., 2015, 2017; Bendel et al., 2018; Pusch et al., 2019). As in akidnognathids (Sigurdsen, 2006), no ridges for cartilaginous maxilloturbinals are observed in Lycosuchus, suggesting that they might have first evolved within cynodonts.




CONCLUSION

Our redescription of Lycosuchus vanderrieti based on a computed tomographic reconstruction of the skull of the specimen MB.R.995 provides new insights into the internal cranial morphology of this taxon. Most of the craniodental characters described herein support previous reports based on external characters that Lycosuchus represents the most basal taxon in therocephalian phylogeny. The maxillary canal and inner ear are newly described anatomical features of Lycosuchus, and their morphologies support the idea of extensive homoplasy in these structures, with a combination of apparent primitive and derived features among therocephalians. The maxillary canal is highly ramified (interpreted as a primitive character), and the maxillary antrum is relatively small compared to eutherocephalians. For the inner ear, notable is the presence of seemingly derived features such as a cochlear recess and the lengthened morphology of the lateral semicircular canal. A cochlear recess is otherwise only known in the Triassic baurioid Microgomphodon among therocephalians, but more thorough sampling of this character in the clade is needed, while the lengthened morphology of the lateral semicircular canal could be a taxonomically-variable feature related to lifestyle. The pattern of tooth replacement in lycosuchids follows the standard pattern described in theriodonts, but teeth were likely replaced more slowly in contrast to scylacosaurids, resulting in the unusual condition of multiple erupted canines in each maxilla at most times.
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The internal structure of the bones and teeth of extinct primates holds a significant amount of valuable paleobiological information for assessing taxonomy, phylogenetic relationships, functional, dietary and ecological adaptive strategies, and reconstructing overall evolutionary history. Technologies based on X-ray microfocus (X-μCT) and synchrotron radiation (SR-μCT) microtomography are increasingly used to non-invasively and non-destructively investigate the endostructural properties of fossil mineralized tissues. However, depending on the taphonomic dynamics that affected the specimens following deposition, and on the nature of diagenetic processes, X-μCT and even SR-μCT may provide only faint or no contrast between the mineralized tissues, thus complicating or inhibiting the study of structural features. Using a diverse sample of dentognathic hominid specimens from continental Asia, East Africa and Indonesia, chronologically ranging from the Late Miocene to the Early Middle Pleistocene, we present examples of the successful application of another imaging technology, neutron microtomography (n-μCT), for the extraction, 3D rendering and quantitative assessment of internal morphological detail. The specimens were scanned at the ANTARES Imaging facility (SR4a beamline) at the FRM II reactor of the Technical University of Munich, Germany, at energies ranging from 3 to 25 meV. The datasets were reconstructed with a voxel size from 20 to 27 μm, i.e., at resolutions directly comparable to the X-ray-based microtomographic records commonly used in paleobiological studies of fossil primate remains. Our analyses focused on a mandible, SNSB-BSPG 1939 X 4, representing the Late Miocene hominid Sivapithecus from the Siwaliks of Pakistan; the early Pleistocene (Gelasian) partial mandible HCRP-U18-501 from Malawi, among the earliest specimens attributed to the genus Homo; and an assemblage of hominid dentognathic specimens from the Early Middle Pleistocene deposits of the Sangiran Dome, Indonesia. While X-ray-based imaging revealed from low to moderate internal contrasts for the specimen of Sivapithecus, or from extremely poor to virtually no contrast for the Pleistocene remains from East Africa and Indonesia, the application of n-μCT produced sufficient differences in contrast to distinguish between tooth tissues on the one hand, and between cortical and trabecular bone on the other, thus enabling reliable qualitative and quantitative assessments of their characteristics.

Keywords: neutron microtomography, micromorphology, mineralized tissues, taphonomy, diagenesis, paleoanthropology


INTRODUCTION

Before radiation-based analytical methods were made available for paleobiological research, the only way to extract information from the internal structure of fossils was to either study naturally broken remains, or to physically section specimens. Shortly after the discovery of X-rays by Röntgen (1895), plain radiography was first used in paleoanthropology to image some Neanderthal and Upper Paleolithic human dentognathic remains from Belgium (La Naulette, Goyet), Croatia (Krapina), Germany (Mauer), and Moravia (Pøedmostí) (Walkhof, 1902; Gorjanović-Kramberger, 1906; Schoetensack, 1908). Among other anatomical details, radiography revealed that the Neanderthal cheek teeth commonly bear an enlarged pulp cavity associated with pyramidal (or prismatic) roots (Gorjanović-Kramberger, 1906, 1907), a distinctive Neanderthal feature subsequently termed “taurodontism” (Keith, 1913).

Since these pioneering studies that revealed previously unreported dental and bony features, X-ray imaging has increasingly been used in paleobiological and paleoanthropological research, sometimes through the application of derivative techniques such as xeroradiography and multiple projection (stereo) X-rays (e.g., Meschan et al., 1979). However, plain film radiography generates two-dimensional (2D) synthetic images of the hidden anatomy resulting from the superimposition of overlying three-dimensional (3D) structures, which, depending on the volume of the investigated specimen, are limited in the extraction of subtle information from complex architectures, especially in fossils (Skinner and Sperber, 1982). The invention of X-ray computed tomography (CT; Hounsfield, 1973, 1975) provided for the first time the possibility to derive from the same object, and to treat separately and/or cumulatively, a series of cross-sectional images each taken on a distinct plane, thus avoiding the superimposition effect.

Medical CT scanning techniques led to new and exciting perspectives in paleontology and paleoanthropology, with the first applications of 3D imaging to fossil hominin remains dating to the 1980s (e.g., Tate and Cann, 1982; Wind, 1984; Conroy and Vannier, 1985, 1987; Zonneveld and Wind, 1985; Wind and Zonneveld, 1989). Often complemented by stereolithographic solid reconstructions, CT constituted the most effective technology to render inner structural variation at millimetric scale (rev. in Ulhaas, 2007; Macchiarelli et al., 2008; Braga, 2016). This remarkable methodological advance in 3D imaging enabled virtual access to previously infrequently investigated structures, such as the complete morphology of the bony labyrinth, which provided original information about locomotor behaviors and phylogenetic relationships (Spoor et al., 1994), and also allowed quantitative assessment of many other functionally related cranial and postcranial features (e.g., Jungers and Minns, 1979; Trinkaus, 1984; Ruff and Leo, 1986; Daegling, 1989). CT imaging also allows virtual reconstruction of broken and/or distorted areas through techniques of mirroring and interpolation, as well as by shape retro-deformation using morphometric approaches (e.g., Zollikofer and Ponce de León, 2005; Weber and Bookstein, 2011).

Nonetheless, even CT imaging has certain intractable limitations when analyzing highly mineralized specimens and/or specimens filled/surrounded by a dense sedimentary matrix, resulting from insufficient contrast among various structural components (e.g., mineralized tissues, infill, “empty” spaces/air) (Spoor et al., 2000). Overflow artifacts may also appear when the density of a specimen is greater than the scale maximum of the CT scan (i.e., when the signal received exceeds the dynamic range of the detector). Additionally, beam hardening – due to the absorption of low−energy X−rays leaving mostly high−energy photons – may result in overflow artifacts with saturated contrasts on the borders or in the densest areas (Spoor et al., 2000; Ulhaas, 2007). Depending on taphonomic history, fossils that have incorporated high-density elements (like iron) show streak artifacts on the CT images (Spoor et al., 2000). If the CT number scale is not fully adapted, as frequently occurs, or if no recalibration is applied, the resulting images have no contrast and altered thresholds. However, by using ad hoc filters, software and algorithm calibration, in most cases these kinds of problems can be minimized, if not fully overcome (Spoor et al., 2000; Ulhaas, 2007).

While CT scanning is still used to image relatively large fossil specimens and blocks of sedimentary breccia (e.g., Wu and Schepartz, 2009; Smilg and Berger, 2015), for smaller anatomical elements, like teeth and dentognathic fragments, the level of detail in digital reconstructions based on CT data is limited by the spatial resolution in the scan plane, slice thickness, and slice increment (for recent applications, see Beaudet et al., 2015; Zanolli et al., 2017a). Indeed, with conventional CT scans it is possible to attain a final voxel size of only a few hundred micrometers (μm), while cone beam CT instruments (CBCT) reach resolutions near 100 μm but generate noisy images (Maret et al., 2014).

In the hominid fossil record, dentognathic remains are the most commonly preserved elements (Wood, 2011). Recent advances in the genetics and development of mineralized tissues demonstrate that the internal morphological structure of tooth crowns and roots bears a wealth of valuable taxon-specific biological information stored at a micrometric scale (Hillson, 2014; Guatelli-Steinberg, 2016; Scott et al., 2018; see also Smith and Tafforeau, 2008). Thus, given the conflicting requirements of preservation versus scientific exploitation of the fossil record, higher resolution non-invasive investigative techniques other than medical CT scanning are needed to safely but satisfactorily access the endostructural record (rev. in Macchiarelli et al., 2008).

X-ray microtomography (X-μCT) enabling the study of 3D features at micrometer scale was invented in the 1980s (Elliott and Dover, 1982). The results of the first applications of industrial X-μCT equipment to image the 3D endostructure of fossil hominoid (the Late Miocene ape Oreopithecus) and hominin (Australopithecus) teeth were published in 2004 (Macchiarelli et al., 2004; Rossi et al., 2004, respectively). These were quickly followed by the development of synchrotron radiation microtomography (SR-μCT), a highly effective analytical tool to detail meso/microscopic features (see Tafforeau et al., 2012), including dental endostructural morphology in extinct hominids (e.g., Macchiarelli et al., 2006, 2007, 2008; Mazurier et al., 2006; Tafforeau et al., 2006; Smith and Tafforeau, 2008; Tafforeau and Smith, 2008; Smith et al., 2009; Le Cabec et al., 2015). High-resolution X-μCT and SR-μCT have now become indispensable tools for the virtual exploration, extraction, cleaning, 2-3D rendering and quantitative assessment of the paleobiological information stored in fossilized remains (among the very many studies, see Rook et al., 2004; Olejniczak and Grine, 2005, 2006; Olejniczak et al., 2008; Skinner et al., 2008, 2015, 2016; Bayle et al., 2009, 2011; Macchiarelli et al., 2009, 2013; Braga et al., 2010; Kupczik and Hublin, 2010; Benazzi et al., 2011a,b; Jaeger et al., 2011; DeSilva and Devlin, 2012; Puymerail et al., 2012a,b; Zanolli et al., 2012, 2014, 2015, 2018a,b; Barak et al., 2013; Le Cabec et al., 2013; Zanolli and Mazurier, 2013; Spoor et al., 2015; Zanolli, 2015; Kappelman et al., 2016; Kivell, 2016; Macchiarelli and Zanolli, 2017; Martínez de Pinillos et al., 2017; Pan et al., 2017; Beaudet et al., 2018; Martín-Francés et al., 2018; Ryan et al., 2018; Beaudet, 2019; Cazenave et al., 2019a,b; Genochio et al., 2019; Grine et al., 2019; Haile-Selassie et al., 2019; Kupczik et al., 2019; Martinón-Torres et al., 2019; Pan and Zanolli, 2019).

Nevertheless, depending on the degree of alteration affecting specimens during fossilization, especially the impact of diagenesis, X-ray analyses of dental tissues do not always provide a distinct structural signal, thus sometimes limiting access to and extraction of information, or resulting in the recovery of no information whatsoever (Zanolli et al., 2017b). While X-μCT or SR-μCT usually make it possible to focus on local regions of interest (ROIs), or to use selected individual virtual slices to assess certain internal features (e.g., Smith et al., 2009, 2018; Skinner et al., 2013, 2015; Zanolli et al., 2015), there are also instances in which there is insufficient tissue contrast to allow reliable measurement, thus inhibiting the analysis of volumes of interest (VOIs).

Recently, a new investigative tool has become available to successfully detail the internal structure of fossil remains, neutron microtomography (n-μCT). Although neutrons were discovered in the 1930s and neutron radiography was applied for the first time to investigate fossil hominin remains already in the late 1990s (Le Roux et al., 1997), the exploitation of their physical characteristics in 3D imaging developed only when high quality neutron sources and detector systems became available (Tremsin et al., 2011). Neutrons have an absorption profile (interaction mechanism with matter) that differs from that of X-rays (Kardjilov et al., 2003; Winkler, 2006; Sutton, 2008; Tremsin et al., 2015). Because of a unique capacity of neutrons to penetrate materials opaque to X-rays, neutron-based analytical techniques such as neutron radiography and n-μCT represent highly effective tools for imaging fossil remains, often times providing adequate contrast resolution when other methods fail to do so (Zanolli et al., 2017b).

Following on the pioneering application of n-μCT to the analysis of fossil primate cranial and dental remains (Beaudet et al., 2016; Urciuoli et al., 2017; Zanolli et al., 2017b, 2019a), here we detail a series of cases illustrating the formidable potential of this analytical tool in the study of densely mineralized hominid dentognathic remains from different time periods and geographic contexts.



MATERIALS AND METHODS


Specimens

To illustrate different examples where X-ray-based imaging does not deliver a satisfying structural signal whereas n-μCT does, we selected an ad hoc assemblage of six hominid dentognathic remains chronologically ranging from the Late Miocene to the Early Middle Pleistocene, all from open-air sites in continental Asia, Africa and Indonesia.

The first specimen is a partial mandible of the late Miocene hominid Sivapithecus, from the Siwaliks of Pakistan. This genus exhibits a number of craniofacial similarities with extant orangutans and is considered to be related to Pongo (Pilbeam, 1982; Ward and Brown, 1986). However, Sivapithecus also displays features that are unlike those of Pongo, including dentognathic morphology (Kelley, 2002). We examined the left mandibular corpus, bearing two premolars and two molars, of the adult specimen SNSB-BSPG 1939 X 4, the holotype of S. parvada, from c. 10 million years (Ma) old levels of the Potwar Plateau (Dehm, 1983; Kelley, 1988, 2002). S. parvada is nearly twice the size of the two other common species of Sivapithecus, S. indicus and S. sivalensis (Dehm, 1983; Kelley, 1988, 2002). Resolving its relationships with the other Sivapithecus species, as well as clarifying its phylogenetic position with respect to Pongo, remain open research topics for which the extraction of additional dentognathic endostructural features could add potentially relevant information. The specimen SNSB-BSPG 1939 X 4 is stored at the Bavarian Natural History Collections – Bavarian State Collection of Palaeontology and Geology, Munich, Germany.

We also examined the Early Pleistocene (Gelasian) partial mandible of an adult individual, HCRP-U18-501 (hereafter UR 501), found in 1991/92 at the Uraha site, Malawi (Schrenk et al., 1993). It comes from the stratigraphic Unit 3A of the Chiwondo Beds, Karonga Basin, biochronologically dated to 2.3–2.5 Ma (Kullmer, 2008). This is an especially relevant time period in hominin evolution as it corresponds to the emergence and initial diversification of the genus Homo (Villmoare, 2018). UR 501 consists of two joined parts of the corpus broken on both sides behind the m2s, but preserving the p3-m2 tooth sequence. We analyzed the X-μCT and n-μCT records of the right portion. The size and proportions of this specimen, the symphyseal shape, the anteroposteriorly elongated dental arcade, and details of external tooth morphology show remarkable similarities with the specimen KNM-ER 1802 from Koobi Fora, Kenya, regarded as representing Homo cf. habilis, as well as with OH 7 from Olduvai Gorge, Tanzania, the holotype of H. habilis (Spoor et al., 2015). However, it also possesses some Australopithecus-like as well as unique features, a mosaic which makes the taxonomic placement of this fossil challenging. Thus, any diagnostic information deriving from the analysis of its endostructure has the potential of contributing to a more definitive taxonomic assignment, and therefore better assessment of its likely affinities (Zanolli et al., 2019b). The mandible UR 501 is stored at the Senckenberg Museum of Frankfurt am Main, Germany.

We also selected an assemblage of four hominid dentognathic remains from the Early Middle Pleistocene deposits of the Sangiran Dome, Java, Indonesia. These include the right mandibular portion of Sangiran 6a, the holotype of Meganthropus palaeojavanicus (Weidenreich, 1945; von Koenigswald, 1950), as well as the isolated hominid permanent lower molars Sangiran 7–20, Sangiran 7–65, and SMF-8888, all of whose taxonomic attribution to H. erectus, Meganthropus or even Pongo remain uncertain. Indeed, Indonesian hominid diversity across the Pleistocene has been a matter of contention for over a century (rev. in Zanolli et al., 2019a). Due to the marked morphological and metric variation characterizing the larger fossil assemblage from which these specimens derive, some robust specimens from Sangiran have been alternatively allocated to various hominid taxa (e.g., Pithecanthropus dubius, Meganthropus palaeojavanicus, Pongo sp.) (von Koenigswald, 1950; Tyler, 2004). More recently, the variation displayed by the Indonesian assemblage has also been regarded as being compatible with a single taxon, Homo erectus (e.g., Kaifu et al., 2005). In contrast, new analyses of the endostructural signature virtually extracted from some of the Sangiran specimens using a combination of X-μCT, SR-μCT, and n-μCT have revealed a higher level of taxonomic diversity than previously recognized, thus supporting the validity of the taxon Meganthropus, an ape that coexisted during the Early to Middle Pleistocene in the region with H. erectus, Pongo and, perhaps, also Gigantopithecus (Zanolli et al., 2019a). All fossils from the Sangiran Dome formations considered in this study are stored at the Senckenberg Research Institute and Natural History Frankfurt in Frankfurt am Main, Germany.



Methods of Analysis

The left portion of the mandible SNSB-BSPG 1939 X 4, the right portion of the mandible UR 501 and the four dentognathic specimens from Sangiran (Sangiran 6a, Sangiran 7–20, Sangiran 7–65, and SMF-8888) were scanned between 2016 and 2018 at the ANTARES imaging facility located at the FRM II reactor of the Technical University of Munich, Germany. The facility operates on one channel (of two) of the cold neutron beamline SR4, being the only cold neutron imaging facility at a reactor with direct sight to the cold source with neutron flight tubes instead of neutron guides. Due to this architecture, neutrons travel on a straight flight path and do not lose collimation and spectral homogeneity by reflection on neutron guides. There are two chambers containing sample and detector positions, one for samples up to 15 cm in size, and another one for larger samples up to 30 cm (Schillinger et al., 2018).

The neutron beam originates from the cold source of the FRM II reactor with an energy range mostly from 3 to 25 meV, a collimation ratio of L/D = 500 (the ratio between the sample-detector distance and collimator aperture), and an intensity of 6.4 × 107 n/cm2s. A 20 μm Gadox screen was used to detect neutrons. Both a cooled, charge-coupled device camera (ikon-L 936; Andor) and a cooled complementary metal-oxide semiconductor camera (Neo 5.5 sCMOS; Andor) were used as detectors. The final virtual volume of the analyzed specimens was reconstructed with an isotropic voxel size of 20–27 μm, i.e., at resolutions directly comparable to the X-ray-based microtomographic records commonly used in studies of fossil primate teeth.

All specimens were also preliminarily imaged by X-μCT at comparable resolutions (Table 1). For two of them, Sangiran 7–20 and Sangiran 7–65, a SR-μCT record was produced at the European Synchrotron Radiation Facility of Grenoble, France, within the context of another independent study (Smith et al., 2018) and made available online1.


TABLE 1. Acquisition parameters of the X-μCT and n-μCT records of the specimens used in this study.

[image: Table 1]Because in both X-μCT and n-μCT the detection of the tissue interfaces is based on attenuation at the boundary of the target, we performed a threshold-based segmentation as usually applied for X-ray acquisitions (Beaudet et al., 2016; Zanolli et al., 2017b; Schillinger et al., 2018). Due to parallel beam geometry and much lower source intensity with respect to X-ray-based analyses (the neutron beam contains about three to five orders of magnitude fewer particles than an X-ray or synchrotron beam contains photons), the reconstructed n-μCT images are generally noisier than those obtained at comparable spatial resolutions by X-μCT or SR-μCT (Figure 1) with much higher counting statistics. Thus, a median filter with a kernel size of 2–3 was applied to the n-μCT records both prior to and during the segmentation process, and manual corrections were also locally applied to eliminate the remaining artifacts (Zanolli et al., 2017b, 2019a; Schillinger et al., 2018). A previous test performed on a fossil hominid tooth on the degree of coherence between the X-μCT and n-μCT data sets showed average volume differences <5% (Zanolli et al., 2019a).
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FIGURE 1. Comparison between the X-μCT- (A) and n-μCT-based (B) virtual sections through the mesial cusps of a modern human maxillary M3. The enamel (light gray) – dentine (dark gray) boundary is distinctly traceable in both cases. The total acquisition times to scan the specimen were of 120′ (X-μCT) and 22 h (n-μCT).




RESULTS

Both the X-μCT and n-μCT records of the Sivapithecus parvada mandible SNSB-BSPG 1939 X 4 provided relatively good contrast between enamel and dentine tissues (Figure 2). For example, in both records the linear measure of the maximal cuspal enamel thickness assessed here at the protoconid cusp of the m2 (Figure 2) ranges from 1.68 to 1.75 mm. However, X-ray- and neutron-based imaging do not systematically render the same structural information. As imaged by X-rays, the internal structure of the mandibular corpus appears as nearly uniform gray, while relevant details are revealed by the neutron record (Figures 2C,D). In the latter case the endosteal perimeter can be confidently traced and the distinction among cortical shell, trabecular bone and matrix infill can be discerned, thus allowing assessment of topographic variation in cortical bone thickness and, at least at some site-specific ROIs and limited VOIs, assessment of 2-3D local textural properties of the cancellous network, such as strut thickness and orientation. The neutron record also much more clearly reveals the multiple breaks affecting the molar roots, especially those of the m2, evidence hardly appreciable on the entire set of related X-μCT-based slices. In paleobiological research, qualifying and quantifying the degree of internal taphonomic alteration is critical, particularly when planning for potentially invasive sampling.
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FIGURE 2. 3D virtual rendering of the Sivapithecus parvada left mandibular corpus, SNSB-BSPG 1939 X 4, in lingual (A) and occlusal (B) views. The longitudinal virtual sections through the corpus [orange line, in (B)] were extracted from the X-μCT (C) and n-μCT (D) records, respectively. The dotted white line in (D) shows the endosteal margin of the cortical bone, not visible in (C).


Additional differences between the two records of SNSB-BSPG 1939 X 4 are evident by comparing the virtual sections through the mesial m2 cusps (Figure 3). While both imaging types show similar contrasts between enamel and dentine, the X-μCT reveals poor contrast between bone and radicular dentine and, in addition to failing to render root cracking, also masks the extent of bone micro-fragmentation between the roots, a feature distinctly unveiled by n-μCT (Figures 3A,B). It is noteworthy that, besides more easily penetrating denser materials generally opaque to X-rays, neutrons also actively interact with light chemical elements, such as hydrogen or lithium (Tremsin et al., 2015), occurring in the glues commonly used to fix broken specimens, or in the varnishes formerly employed to coat the fossils. In the case of SNSB-BSPG 1939 X 4, the interaction of neutrons with these light elements is revealed by brighter areas such as those occurring along the breakages present at the base of the m2 crown, originally consolidated by glue (Figure 3B); this information is missing in the corresponding X-μCT image (Figure 3A).
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FIGURE 3. X-μCT- (A) and n-μCT-based (B) virtual sections through the mesial cusps of the left m2 of SNSB-BSPG 1939 X 4 (S. parvada). The white arrows in (B) highlight areas where lighter elements contained in the glue originally used to consolidate the specimen absorbed more neutrons, thus generating a whiter fringe along the fractures. The asterisks, respectively, indicate (A) the lack of structural signal in the X-μCT section and (B) the actual degree of bone and radicular micro-fragmentation uniquely revealed by n-μCT imaging.


The partial mandible UR 501 from Malawi and virtual sections through its right m1 are shown in Figure 4. In this densely mineralized specimen, X-μCT reveals only faint contrasts between bone and dentine, while the endosteal contour of the cortical bone is distinguishable from the homogenized inner cancellous network and sedimentary matrix (Figure 4C). However, no distinction is discernable between enamel and dentine. This is likely due to a combination of factors, including remineralization of the dental tissues during fossilization and the taphonomic inclusion of heavy elements absorbing part of the X radiation, a phenomenon visible as saturation overflow in the X-μCT images (Figure 4C). Using the X-μCT record, a recent study tentatively segmented and imaged the m2 pulp chamber, but the result is incomplete (Kupczik et al., 2019: Figure 4B). In contrast, n-μCT distinctly distinguishes cortical bone from the sedimentary matrix and also reveals some details of the porous cancellous network (Figure 4D). The conformation of the enamel-dentine junction (EDJ) of the p4 and first two molars, useful in taxonomic comparisons among extinct hominids (Skinner et al., 2008, 2016; Zanolli et al., 2012, 2014, 2019a; Macchiarelli et al., 2013; Pan et al., 2017), can also be visualized and confidently assessed (Figure 5).


[image: image]

FIGURE 4. Photomontage of the UR 501 hominin mandible, with the n-μCT-based 3D rendering virtually superimposed over the right portion (A). The X-μCT-based rendering of the same portion in buccal view is shown in (B). The coronal virtual sections through the corpus [orange line in (B)] were respectively, extracted from the X-μCT (C) and the n-μCT (D) records. The white arrow in (C) highlights a denser area that absorbed more X-rays, creating a local saturation overflow that overwhelms the rest of the contrast range, thus reducing contrasts between enamel and dentine. The yellow arrow heads in (D) indicate the enamel-dentine boundary, not visible in (C). The asterisks in (C) and (D) show differences in imaging of the pulp chamber, which is partially infilled with sediment (nearly transparent in the neutron analysis).



[image: image]

FIGURE 5. n-μCT-based 3D surfaces of the virtually extracted right p4, m1, and m2 of the UR 501 mandible, with the reddish enamel in semi-transparency revealing details of the EDJ and the crown and radicular dentine rendered in yellow.


Both X-μCT and n-μCT of Sangiran 6a from Early Pleistocene Java revealed good contrast between the m1 enamel and dentine (Figures 6A,B). This permitted two independent segmentations of this specimen to compare measurements of 3D virtual EDJ surfaces. Our repeated tests show that, when superimposing the X-μCT- and n-μCT-based surfaces, the differences do not exceed the 240 μm distance between the faces of each surface, with an average of 65.7 μm (Zanolli et al., 2019a). Considering the difference in voxel size between the original records (39.3 and 20.5 μm for, respectively, X-μCT and n-μCT), such differences can be considered as negligible. In fact, measurements of the enamel and crown dentine volumes (the latter including the crown pulp), show differences of <3 μm3, which represents less than 1% of the respective volumes (Zanolli et al., 2019a). This demonstrates a high level of concordance between the X-ray- and neutron-based records, even in the rendering of micro-features such as details of the EDJ morphology (Figures 6C–F).


[image: image]

FIGURE 6. X-μCT- (A) and n-μCT-based (B) mesiodistal virtual sections through the middle of the right m1 of the Sangiran 6a mandible (Meganthropus palaeojavanicus). The 3D renderings of the crown, respectively, generated by the X-ray-based (C,E) and neutron-based (D,F) records are shown in occlusal (C,D), and occlusobuccal (E,F) views.


However, due to diagenetic changes, only a fraction of dentognathic fossil specimens imaged by industrial X-μCTs provide results as satisfactory as those obtained on Sangiran 6 (e.g., Olejniczak and Grine, 2006; Zanolli et al., 2015, 2019a). This is true for a large majority of the Early Middle Pleistocene isolated hominid teeth from Java, for which X-μCT records of endostructural features are largely unsatisfactory (Smith et al., 2009; Zanolli et al., 2017b, 2019a; Schillinger et al., 2018), and for which interfaces among enamel, dentine, bone and sediment are sometimes difficult to distinguish. The same is true even using SR-μCT (Smith et al., 2009, 2018). This was also found to be the case with the three isolated lower molars from the Sangiran Dome considered in this study.

The X-μCT scan of the lower molar crown SMF-8888 resulted in a rather homogeneous gray signal, with no contrasts among the subocclusal structures (Figure 7A). Conversely, the n-μCT record of this specimen unambiguously distinguishes between enamel and dentine, and also reveals the shape of the pulp horns, barely perceptible on the X-ray images (Figure 7B). Similarly, the original X-μCT record of the lower molar Sangiran 7–20 showed no internal contrasts, whereas the SR-μCT scan revealed some tissue-related density differences (Figure 8A). However, the contrasts are moderate and there are a number of marginal bright areas resulting from phase contrast imaging that make the segmentation of dental tissues arduous (Smith et al., 2018; see SR-μCT data available at http://paleo.esrf.eu/picture.php?/3229/category/2223). Despite the presence of some noise in the record, neutron imaging separates the darker gray enamel from the lighter gray dentine (Figure 8B). In contrast to the model generated from the original X-μCT record, the 3D surfaces, respectively, derived from SR-μCT (Figure 8C) and n-μCT (Figure 8D) are compatible in rendering subtle features of the EDJ, notably the five low but well-expressed dentine horns and the faint crests emanating from them. Finally, in the case of the lower molar Sangiran 7–65, neither the X-μCT nor SR-μCT records produced contrasts sufficient to distinguish enamel and dentine across the whole crown (Figures 9A,B). In some SR-μCT virtual slices the phase contrast fringes appearing along some fractures may even be confounded with the contour of the EDJ interface (Figure 9B). Misinterpreting these features would lead to the false assessment of extremely thick enamel in this specimen, reaching an apparent thickness of 2.08 mm at the level of the orange arrow in Figure 9B. Instead, as revealed by the neutron analysis, the EDJ contour (Figure 9C) is much nearer the enamel occlusal surface (Figure 9D), with actual enamel thickness at the same point being at most 1.15 mm.


[image: image]

FIGURE 7. X-μCT- (A) and n-μCT-based (B) mesiodistal virtual sections through the buccal cusps of the lower molar SMF-8888. The white arrows indicate the positions of two pulp horns barely discernible on the X-ray image (A) but clearly rendered by the neutron-based record (B). The dotted line in (B) highlights the enamel-dentine boundary, not visible in (A).
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FIGURE 8. SR-μCT- (A) and n-μCT-based (B) transverse virtual cross-sections of the crown of the lower molar Sangiran 7–20. The corresponding 3D surfaces are shown in (C,D), respectively, where the blue enamel in semi-transparency reveals details of the EDJ and the crown dentine is rendered in yellow. The white arrows in (A) show the bright fringes produced by the phase contrast effect.
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FIGURE 9. X-μCT- (A), SR-μCT- (B), and n-μCT-based (C) transverse virtual cross-sections of the crown of the lower molar Sangiran 7–65. The SR-μCT-based 3D rendering of the crown occlusal morphology is shown in (D). The white and orange arrows in (B) show the bright fringes produced by the phase contrast effect. The dotted line in (C) indicates the enamel-dentine boundary, not visible in (A) (X-μCT) or (B) (SR-μCT).




DISCUSSION

Industrial X-μCT instruments are now increasingly available for routine analyses in national museums and research institutions and are generally regarded as the best-suited tool for the non-invasive and non-destructive examination, and virtual “immortalization,” of cultural heritage and fossil remains (Macchiarelli and Weniger, 2011). However, as commonly experienced by researchers investigating highly re-mineralized specimens, SR-μCT phase-contrast imaging may be a much more effective analytical tool (Paganin and Pellicia, 2019), capable of rendering subtle details even at infra-micrometric scale (e.g., Le Cabec et al., 2015, 2017; Smith et al., 2015, 2018; Xing et al., 2019). The recent use of n-μCT in paleoanthropology is revealing new and exciting opportunities for examining fossil specimens of higher density whose inner structural organization cannot be satisfactorily rendered by X-ray-based equipment (Beaudet et al., 2016; Urciuoli et al., 2017; Zanolli et al., 2017b, 2019a; Schillinger et al., 2018).

With X-μCT and SR-μCT, imaging contrasts among different materials result from the interactions of the X-rays with the electrons of the target (i.e., photoelectric and Compton effects), which depend on the atomic number of its elements. The contrasts obtained by X-rays are due to different natural absorption and scattering properties of the analyzed materials, and to the different electron cloud densities surrounding the atoms within them (Winkler, 2006; Sutton, 2008). Thus, in the case of densely re-mineralized specimens, X-rays might be highly absorbed and thus deliver weak contrast signals (e.g., Skinner et al., 2013, 2015; Zanolli et al., 2015). Since neutrons, as neutral particles, are only absorbed or scattered by the nucleus of the atom, this does not apply to neutron-based analyses. n-μCT’s imaging contrast depends only on the composition of the nuclei in the sample, often showing high attenuation (absorption and scattering) differences between neighboring elements, and even between isotopes of the same element (Kardjilov et al., 2003; Winkler, 2006; Tremsin et al., 2015). While enamel and dentine are originally mainly composed of hydroxyapatite [Ca10(PO4)6(OH)2], they also integrate different proportions of organic matter and water that are almost always eliminated in fossil specimens and eventually replaced by various elements during diagenesis. Therefore, it is likely the differences in composition of hydroxyapatite in the mineralized dental tissues that are mostly responsible for the different contrasts in the virtual images. Hydrogen is a special case, as it attenuates neutron beams by equal-mass scattering. This is why glues and coatings that contain a high level of hydrogen (and other light elements) appear well-visible in neutron analyses (see Figure 3). For this reason, and because they could also affect future biomolecular analyses, chemical products should be used sparingly when preparing and restoring fossils (Le Cabec and Toussaint, 2017).

Compared with X-rays, neutrons also have the ability to penetrate materials with minimal attenuation (Tremsin et al., 2015) and are thus well-suited to analyze the internal structure of geological and paleontological samples, especially to distinguish between mineralized tissues and matrix (Schwarz et al., 2005; Sutton, 2008; Beaudet et al., 2016; Zanolli et al., 2017b; Schillinger et al., 2018). With recent advances in hardware and beamline settings, n-μCT can now reach a resolution of <5 μm, closing the gap with X-μCT instruments. In any case, neutron analyses deliver high imaging contrasts different from those of X-rays, and are therefore complementary (Sutton, 2008). In addition, the very low energies of cold neutrons and consequent weak interactions with matter make them penetrative and non-destructive, including for organic matter like DNA and proteins (Lakey, 2009). Thus, compared with SR-μCT, which can affect DNA preservation in fossil samples (Immel et al., 2016), n-μCT represents a very safe approach to investigate the internal structure of biological and fossilized materials without damaging the potentially preserved organic molecules.

Even if neutron analyses represent a viable complement or alternative to X-ray investigations, they also have limitations and downsides. First, compared with availability of synchrotrons in many countries worldwide, there are only a handful of neutron facilities that can perform high-resolution n-μCT scans. These include ANTARES at the Technical University of Munich in Germany, ICON at the Paul Scherrer Institute in Switzerland, NEXT at the Institut Laue-Langevin in France, NIST at the National Institute of Standards and Technology in the United States, and DINGO at the Australian Nuclear Science and Technology Organisation in Australia (Lehmann, 2017; Schillinger et al., 2018), plus a few more emerging facilities. As is the case with synchrotrons, access to these n-μCT facilities is based on the acceptance of ad hoc scientific proposals following a solicitation, and beamtime is generally limited to a few days per year. A further limitation is that n-μCT acquisition for fossil material takes several hours, as the exposure time needs to be long-enough to record sufficient signal (on average, each scan performed in this study required 20 h with exposure times between 30 and 90 s/projection) and the number of needed projections to get a high resolution is quite large (877 projections in total for each analysis performed in this study). However, in contrast to X-rays, which are strongly absorbed by materials such as fossil mineralized tissues, with n-μCT several isolated specimens can be scanned simultaneously without losing contrast quality. For example, 10–20 isolated hominid teeth were scanned in each acquisition at ANTARES, including the three specimens from Sangiran illustrated here. Another important aspect to consider is the temporary increase of radioactivity of the material induced by the neutron radiation absorbed during n-μCT scanning. As proscribed by national and international radioprotection legislation, irradiated samples have to be kept on-site in radiation-proof safes until they return to the natural background level of radioactivity and are authorized to leave the facility. However, the level of radioactivity of the specimens just after an acquisition is low (a few tens to hundreds of μSv) and generally decreases quickly. In the last 5 years, some hundreds of fossils from various time periods, locations and geological contexts have been analyzed at ANTARES, and all came back to their natural radioactivity level after some days or a few weeks (on average, after 12–15 days) to then be returned to the institutions where they are permanently stored.

As demonstrated in this study, neutron imaging reveals structural information that is not always visible with X-rays. In the case of the Miocene specimen SNSB-BSPG 1939 X 4 attributed to S. parvada, enamel and dentine are well-distinguished on both X-μCT and n-μCT images, while the internal bone structure and its damages are only visible on the neutron record. Mandibular cortical bone thickness is partly linked with functionally related strains of mastication and feeding behaviors (see Genochio et al., 2019). Thanks to n-μCT, the assessment of cortical thickness is now possible in this specimen, and together with the study of teeth, its analysis will potentially reveal new information on the biomechanical adaptions and taxonomic-related features of this species.

Among the examples presented in this study illustrating the variable nature and quality of the endostructural signals comparatively rendered by X-ray- and neutron-based records, those of the partial mandibles UR 501 from Malawi, and Sangiran 6a from Java, deserve further comment because of the taxonomic implications of the results. As briefly mentioned, the 2.3–2.5 Ma specimen UR 501 shows outer morphological and dimensional affinities with both Homo habilis (e.g., OH 7 and KNM-ER 1802) and early Homo (e.g., KNM-ER 64060) remains (Spoor et al., 2015; Grine et al., 2019), while its plate-like premolar roots and some microanatomical features of the teeth resemble those of Paranthropus (Kullmer et al., 2011). Indeed, its taxonomic attribution (Schrenk et al., 1993) and that of the few other African earliest Pleistocene fossils regarded as potentially representing earliest members of the genus Homo is still debated (Wood and Boyle, 2016; Villmoare, 2018). As summarized in Figures 4, 5, the n-μCT imaging of UR 501 recently allowed the extraction of information from the postcanine dentition of this specimen previously unavailable on the basis of the X-μCT record. In particular, a comparative geometric morphometric (GM) analysis of the molar EDJ with representatives of the taxa Australopithecus, Paranthropus, and Homo now suggests that UR 501 may be more closely related to the australopiths than to Homo (Zanolli et al., 2019b). Combined with new paleoecological scenarios associated with the Malawian hominin fossil record (Lüdecke et al., 2018), these results highlight the complexities of the phylogenetic and biogeographic history of early Homo and stimulate the discussion about the emergence of our own genus.

Concerning Sangiran 6a, because of its especially large size and primitive morphology, it was originally attributed to the taxon Meganthropus (Weidenreich, 1945; von Koenigswald, 1950), but was shortly thereafter integrated into the growing H. erectus s.s. hypodigm (e.g., Kaifu et al., 2005). Indeed, following the discovery at Trinil in 1891 of Pithecanthropus (Homo) erectus by E. Dubois (1894), the taxonomic attribution of some of the most robust hominid specimens from Java became the object of intense debate for nearly a century, and the question of the hypothetical presence of a non-Pongo great ape penecontemporaneous with H. erectus in the region remained unanswered (Ciochon, 2009). In the case of Sangiran 6a, the combined use of X-μCT and n-μCT analyses unveiled details of internal structure demonstrating that, together with other robust Javanese remains, this specimen actually belongs to the non-hominin hominid Meganthropus palaeojavanicus (Zanolli et al., 2019a). However, for other isolated teeth from the Pleistocene of Indonesia, both X-μCT and even SR-μCT analyses failed to deliver sufficient contrast between tissues to confidently assess their characteristics (e.g., Smith et al., 2009, 2018). Conversely, as illustrated by the three specimens Sangiran 7–20, Sangiran 7–65, and SMF-8888, the n-μCT record illuminated critical qualitative and quantitative information invisible by X-ray imaging.



CONCLUSION

It is likely that the Miocene to Pleistocene available fossil record only samples a portion of actual hominid and hominin taxonomic paleodiversity (e.g., Haile-Selassie et al., 2016; Wood and Boyle, 2016). Thus, the importance of continually developing preferably non-destructive investigative methods capable of maximizing the information extracted from typically fragmentary and scattered remains. Recently developed advanced technologies now enable the high-resolution imaging and subtle characterization of both external and internal morphology of fossil specimens, assuring both a virtual repository of this fragile record and providing the capability of “virtual dissection” at unprecedented levels of detail. Thanks to progresses in hardware technologies, increases in computing power, the emergence of commercial and free software dedicated to the analysis of 3D data, and to the dissemination of universal formats and Internet facilities, it has become possible to store and share online databases and to easily exchange images and data from fossil specimens worldwide in real time, a genuine revolution in the traditionally parsed field of paleoanthropology (Rook et al., 2004; Macchiarelli et al., 2008, 2013; Macchiarelli and Weniger, 2011; Hublin, 2013; Skinner et al., 2013). In this realm, X-ray-based analytical tools remain the first choice for the study of fossil specimens, and their systematic use to build “digital archives” easily accessible to students and researchers worldwide should be encouraged and supported by ad hoc programs. However, whenever X-rays, given their limited penetration range, fail to render important endostructural details, neutron imaging represents a complementary and/or alternative analytical solution.

Following our ongoing examinations, we predict that the use of n-μCT will contribute in the near future to significantly increase the quality and amount of paleobiological information routinely extracted from the fossil record and, with special reference to dentognathic remains, will likely play a relevant role in answering questions about the taxonomic status of some still controversial specimens, including those potentially representing early Homo.
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In modern shape analysis, deformation is quantified in different ways depending on the algorithms used and on the scale at which it is evaluated. While global affine and non-affine deformation components can be decoupled and computed using a variety of methods, the very local deformation can be considered, infinitesimally, as an affine deformation. The deformation gradient tensor F can be computed locally using a direct calculation by exploiting triangulation or tetrahedralization structures or by locally evaluating the first derivative of an appropriate interpolation function mapping the global deformation from the undeformed to the deformed state. A suitable function is represented by the thin plate spline (TPS) that separates affine from non-affine deformation components. F, also known as Jacobian matrix, encodes both the locally affine deformation and local rotation. This implies that it should be used for visualizing primary strain directions (PSDs) and deformation ellipses and ellipsoids on the target configuration. Using C = FTF allows, instead, one to compute PSD and to visualize them on the source configuration. Moreover, C allows the computation of the strain energy that can be evaluated and mapped locally at any point of a body using an interpolation function. In addition, it is possible, by exploiting the second-order Jacobian, to calculate the amount of the non-affine deformation in the neighborhood of the evaluation point by computing the body bending energy density encoded in the deformation. In this contribution, we present (i) the main computational methods for evaluating local deformation metrics, (ii) a number of different strategies to visualize them on both undeformed and deformed configurations, and (iii) the potential pitfalls in ignoring the actual three-dimensional nature of F when it is evaluated along a surface identified by a triangulation in three dimensions.

Keywords: local deformation, tensor visualization, strain directions, thin plate spline, first derivative, second derivative


INTRODUCTION

Modern shape analysis exploits the potential of specific computational algorithms applied to phenomena where the deformation and/or the variation of shapes are under investigation. In geometrical terms, shapes are represented by vectors of point coordinates (=landmarks) that can be compared by means of different mathematical formalisms. In shape analysis, the term “shape” is referred to forms (intended as shape+size) that have been standardized at unit size that can be quantified in various ways (see below). Prior to computing any kind of shape distance or deformation estimation, two or more shapes are commonly “superimposed” to filter out information relative to position, rotation, and, optionally, size, which do not represent intrinsic shape variation. At this point, two principal cases must be distinguished:

i) Shapes are identified by clouds of points without any specific correspondence/homology.

ii) Shapes are defined by landmarks that are anatomically or topologically homologous across different configurations (=points correspondence).

As for the first case, while most applications, from biology (Adams et al., 2013) to paleontology (Piras et al., 2010) to medicine (Piras et al., 2019), usually analyze shapes and forms by using homologous anatomical landmarks, the use of continuous surfaces without points correspondence is faced by exploiting the potential of a plethora of diffeomorphic techniques not treated in detail here (see Trouvé, 1998; Durrleman et al., 2012). Briefly, when using these diffeomorphic techniques, shapes are considered as images (2D) or surfaces (3D) that are registered using different algorithms (Ceritoglu et al., 2013): diffeomorphic approaches are used for this purpose such as large diffeomorphic deformation metric mapping (LDDMM; Miller et al., 2014, 2015) that represents, today, one of the most used (among many others) approaches for estimating shape differences, surface matching, and Parallel Transport of deformations (Charlier et al., 2017). In this context, size is more frequently quantified using m-Volume.

In the second case, one of the most used approaches to align a shape onto another is ordinary Procrustes analysis (OPA; Gower, 1975). If multiple shapes are to be analyzed, their consensus landmark configuration (=grand mean) is computed by applying the generalized Procrustes analysis (GPA; Gower, 1975; Rohlf and Slice, 1990). OPA and GPA can be performed with or without scaling landmark configurations to unit size, the latter being usually represented by centroid size (CS, the square root of sum of squared distance between landmark's configuration and their centroid). Scaling or not scaling shapes at unit CS leads to different Riemannian manifolds (size- and shape-space or shape-space; Dryden and Mardia, 2016) described by different metrics and possessing different geometrical properties (Le, 1988). The Riemannian manifolds are curved spaces that can be considered as the multidimensional generalization of a curved surface. Shape-spaces are particular Riemannian spaces whose points represent shapes. In general, shape-spaces are not representable pictorially except for the shape-space case of three landmarks in two dimensions where the manifold is a sphere where shapes live under the same equivalence classes of rotation translation and size (defined as CS).

OPA and GPA translate all shapes imposing their centroids on the origin of axes and rotating them to minimize the Procrustes distance D as defined as in Equation (1):

[image: image]

where X and Y represent two centered, aligned, and scaled configurations; k is the number of landmarks; and m is the number of dimensions. D is a geodesic distance that is often linearized by orthogonally projecting it in the plane tangent to the consensus. After GPA, common ordination methods, such as principal component analysis (PCA), are frequently applied in order to find directions of variations. This workflow is routinely applied in Geometric Morphometrics (GM; Bookstein, 1991; Claude, 2008; Zelditch et al., 2012; Dryden and Mardia, 2016).

In this article, we focus on those applications where point homology/correspondence is assumed (i). In the case of two aligned shapes or of a PCA performed on a collection of shapes either, the notion of deformation always pertains to a pair of shapes, i.e., a source (X: the “undeformed” shape that can be a real shape or a sample's consensus) and a target (Y: representing the deformation of the source, i.e., a real shape or a shape predicted by an ordination axis). Recently, several contributions focused on the visualization of deformations by using different kinds of local measures from infinitesimal local area changes (Márquez et al., 2012, 2014) to velocity fields of local deformations (Kratz et al., 2013). Locally (see below), tensors are used to quantify local deformation. The choice to visualize a unique particular metric extracted from a tensor inevitably implies a certain loss of information even in the simplest case of local affine deformation of finite elements (FE) that are usually triangular in 2D or tetrahedral (less commonly cubic) in 3D (tetrahedral FE structures will be treated here). Márquez et al. (2012) showed the importance of the evaluation, quantification, and statistical assessment of local deformation in GM examples coming from evolutionary biology. GM is being routinely used to address a wide spectrum of hypotheses. In particular, the use of shape analysis has been fruitfully coupled with phylogenetic comparative methods in order to explore patterns of convergence/divergence (Stayton, 2015; Castiglione et al., 2019), morphospace occupation (Santos et al., 2019), morphological integration (Piras et al., 2014; Sansalone et al., 2019), functional hypothesis (Oxnard and O'Higgins, 2009), and developmental growth (Angulo-Bedoya et al., 2019; Colangelo et al., 2019). All these studies share the same basic source of phenomenological interpretation: the shape change studied via shape analysis (very often GM). The importance to evaluate more quantitatively the local deformation stems from the fact that it allows a statistical treatment of shape variation (Márquez et al., 2012).

In this paper, we aim to describe and discuss the principal strategies available for computation of local deformation and its visualization for paleontologists and evolutionary biologists that usually use shape analysis in their investigations. We also present the very basic mathematical details underlying analytical machinery encoded in common shape analysis practice coupled with essential notions of continuum mechanics related to the estimation of local deformation. In particular we (i) describe the main analytical basis for the quantification of local deformation; (ii) illustrate and, in some cases, implement the main options and metrics for visualizing it on both 2D and 3D objects; (iii) illustrate an important feature of deformation in 3D when the shapes are represented by triangular surfaces having only a “shell” structure rather than a volumetric appearance; and (iv) present some applications in both 2D and 3D paleontological case studies.

We also provide (as Supplementary Material) fully reproducible codes in R with all necessary ad hoc built functions aimed at reproducing any figure and analysis presented in the paper.



COMPUTATION METHODS


Deformation Gradient Tensors at Local Scale

The main statement of the present paper is related to the concept of local deformation that is always considered, infinitesimally, as an affine transformation even when the global transformation affecting the source shape is not (Figure 1). For simplicity, we will use here the term affine as a synonym of uniform and linear deformation. In fact, one gets linear deformations by removing translations from affine deformations. Uniform means that the gradient of the deformation (the local strain, see below) is constant. At the same time, we will use non-uniform as a synonym of non-linear and non-affine. In the first example, we consider the non-affine deformation affecting a square grid in Figure 1. Infinitesimally, each square sub-element of the grid experiences an affine transformation that deforms it into a parallelogram. In ℝ2 (i.e., in two-dimensions), the neighborhood around every point of a square can be mapped onto a different one by a linear transformation represented by a 2 × 2 matrix. We would deal with 3 × 3 matrix in ℝ3 (i.e., in three dimensions). In particular, it is possible to transform a point of coordinates p ≡ (x, y) into an infinitesimally deformed one of coordinates p + u ≡ (x,y) + (ux,uy) = (x + ux,y + uy) with the displacement vector field u ≡ (ux, uy) through the displacement gradient tensor

[image: image]


[image: Figure 1]
FIGURE 1. Left panel: a non-affine deformation of a regular square. Right panel: a global non-affine deformation is shown. Infinitesimally, the deformation can be considered as linear.


If we add the identity matrix I, we obtain the deformation gradient tensor

[image: image]

Denoting X the k × m matrix, with k the number of landmarks and m the number of dimensions, of an undeformed configuration (here we refer to the small squared cell of the grid), we can obtain Y as linear transformation of X using

[image: image]

With “T” the transpose symbol.

The same holds in ℝ3 by adding the z-coordinate to the system.

F encodes deformation + rotation, and these two aspects can be decoupled by computing a polar decomposition of F.

[image: image]

with R the m × m rotation matrix encoded in F and

[image: image]

with

[image: image]

C is symmetric and positive definite. The very nature of C is that it encodes exclusively the local deformation on the source without rotation. It can be used to perform an eigenvalue decomposition obtaining v and λ, i.e., the eigenvectors and the corresponding eigenvalues; λ is the collection of m eigenvalues usually returned in decreasing order, while v is its corresponding collection of m vectors each with m components. It must be noted that R resulting from the polar decomposition of F is not equal to the rotation found during OPA for the minimization of D. Varano et al. (2018, section 4.3) distinguish the two rotations by unifying OPA and modified OPA (MOPA) in one formalism. Moreover, R has a local meaning and can be different at any chosen evaluation point while when two configurations are superimposed, a global rotation is found.

It is not uncommon, in GM studies, to interpret the local deformation of a given target (w.r.t. a source) as the collection of displacement vectors of landmarks identifying the configurations. This practice inevitably leads to a misconception of what local deformation actually is and, consequently, to a misinterpretation of the process underlying observed shapes. Figure 2 shows this point by starting with a simple rotation (first row, left panel) of a square X with coordinates x1(−0.5,0.5), x2(0.5,0.5), x3(0.5,0.5), x4(−0.5,0.5) that does not encode a shape deformation but that presents non-null displacements (blue arrows). When applying a shear + rotation–deformation using F = [image: image], we can show that F and C (which are constant in the case of affine transformations), evaluated at target and source vertices, respectively, do not follow displacements in any way (first row, right panel and second row, left panel). Even removing global rotation using OPA, displacements do not bear the same meaning of deformation ellipses. In this particular case, OPA and MOPA coincide: the two rotations, in fact, coincide if we found UXTX = XTXU with U defined in Equation (6). This is the same as saying that the principal axes of X have the same directions as the principal strains of F. A square is also a particular case as the inertia tensor XTX is spherical and does not have principal axes. In the case of two generic shapes, a source and a target linked by a non-affine transformation, OPA and MOPA lead to different global alignments (Figure 2, third row). The same effects are evident also in the case of non-affine transformations. Figure 3 shows a simple bilinear transformation that deforms the same square as in Figure 2 into a trapezoid with coordinates x′1(−1,0.25), x′2(1,0.25), x′3(0.3,0.25), x′4(−0.3,0.25). Rotation is not present in this transformation, and the two shapes are then intrinsically aligned. C and F were evaluated at source and target vertices, respectively. Displacements, again, cannot be considered as proxies of local deformation mainly for landmarks 1 and 2 (= at the square base). It is thus important to underline that during OPA, position and rotation (as well as optionally size) are removed globally. Locally, rotations are still present and the relationship between local deformation and displacements depends on the infinitesimal differences among displacements as encoded in the displacement gradient tensor H. When dealing with shapes more complex than the platonic ones shown here, things become more complex, and it is necessary to carefully look at local deformations and displacements in the correct way (see real examples below). F maps infinitesimal deformations between the reference and target configurations by measuring the rate of shape deformation at any point along all directions simultaneously. It is also known in literature as Jacobian matrix (Márquez et al., 2012). In this paper, we consider F as a synonym of Jacobian matrix and its determinant indicates the ratio between target and source m-Volumes, i.e., the infinitesimal change in m-Volume in the neighborhood of the point where F is evaluated.


[image: Figure 2]
FIGURE 2. Relationship between displacement vectors (in blue) and local deformations as depicted using [image: image] (on the source) or F (on the target). First row, left panel: a simple rotation that produces displacements without deformation; first row, right panel: a shear+rotation with deformation ellipses evaluated at target vertices; second row, left panel: the same shear+rotation with deformation ellipses evaluated at source vertices; second row, left panel: the same shear without global rotation (filtered out via OPA) with deformation ellipses evaluated at source vertices; third row, left panel: a generic source (in black) and a non-aligned generic target (in red); third row, right panel: plot with source and the target aligned using OPA (in red) or MOPA (in blue). Principal strain directions (=ellipse's axes) are in black if tensile and in violet if compressive.



[image: Figure 3]
FIGURE 3. Left panel: a bilinear transformation deforms the regular square into a trapezoid; [image: image] was used to compute local deformations at source vertices with displacement vectors (in blue). Right panel: the same with deformation ellipses evaluated on the target using F. Principal strain directions (=ellipse's axes) are in black if tensile and in violet if compressive.


While the explanation above refers to the general continuous case, F and C can be obtained in the discrete case using alternative ways. In this paper, we propose two approaches:

a) Direct calculation: the simplest case to illustrate this is the case of two triangles X and Y as illustrated in Figure 4. Triangles are the most used basic geometries in 2D FE analysis, and they can experience only affine transformations. For this reason, they are used for mesh generation (as done in this paper) in order to evaluate F within a larger body (see below). We calculate the covariant basis a1 and a2 on X as the vector differences between two vertices p1 and p2 and X centroid (c) and their normal vector a3.

[image: image]

we can use a3 in order to obtain the contravariant basiss

[image: image]

The covariant basis in Y is as followss

[image: image]

F is obtained as

[image: image]

This workflow is valid for triangles in both ℝ2 and ℝ3. For tetrahedra in ℝ3, the workflow is pretty similar with the inclusion of the calculation of a third axis corresponding to the tetrahedron's face not lying along the plane identified by three landmarks belonging to the tetrahedron.

b) Evaluation of the deformation gradient tensor F starting from a global interpolating function that models the deformation of X to obtain Y.

A convenient interpolant is represented by the thin plate spline (TPS), a special case of kriging (Kent and Mardia, 1994). TPS is the most used interpolation function in biological and paleobiological investigations that exploit modern shape analysis potential.

X and Y can be complex bodies constituted by homologous landmarks within which we evaluate F locally at any desired point (thus not by using the direct calculation on mesh triangle's centroids) starting from TPS coefficients.

The landmark-wise representation of TPS (Dryden and Mardia, 2016, Equation 12.8) is

[image: image]

with εm being the m-dimensional Euclidean space, c is a point of εm represented by an m × 1 matrix, A is a linear transformation of εm represented by an m × m matrix, W is a k × m matrix representing the non-affine component (Dryden and Mardia, 2016; see below), and s is a k × 1 matrix s(x) = (σ(x – x1)… σ(x – xk))T with:

[image: image]

Using the shape-wise representation, where a configuration is defined in the [image: image] configuration space (with k the number of landmarks and m the number of dimensions), we have:

[image: image]

where lk is a column vector of ones of length k.

TPS finds the best functions by minimizing the cost function bending energy

[image: image]

where ν = 16 for m = 2 and ν = 8 for m = 3 (see Varano et al., 2017). This corresponds to the integral

[image: image]

This represents a mean elastic energy evaluated on the whole ℝm as the effect of the non-affine part of the deformation ψ (Bookstein, 1989).

The usefulness of TPS is that it separates the global affine part from the non-affine one. XAT in Equation (10) represents the affine part of the transformation with A an m × m matrix that corresponds exactly to F in the special case of a uniform deformation applied to X. Varano et al. (2018) argued that while XAT ⊥ W, it is not orthogonal to SW (i.e., the non-affine part of the deformation). S is the k × k matrix where the biharmonic function σ(h) is evaluated on the source configuration and

[image: image]

With Γ11 being the bending energy matrix (see Dryden and Mardia, 2016) estimated upon X.

Varano et al. (2018) proposed different methods and strategies to calculate the affine component even while using the TPS by exploiting the so-called “TPS space” (Varano et al., 2017, 2018). For the same reason, Rohlf and Bookstein (2003) added to the existing method proposed in Bookstein (1996) two new methods for computing the affine component in a transformation: (i) the complement of the space of pure bending shape variation and (ii) the regression method. These two methods do not require the reference configuration to be aligned to its principal axes. While the former implies the computation of the bending energy matrix, the latter does not and can be easily implemented using the computation of the pseudoinverse matrix in a linear system relating the source and the target configurations. This solution is the same as the least squares estimator when the aim is the estimation of the affine transformation between a source and a target shape.

When evaluating infinitesimally the gradient of the deformation estimated by the TPS, namely, Ftps, we always obtain a linear transformation as, infinitesimally, all transformations become linear.


[image: Figure 4]
FIGURE 4. Left panel: an undeformed triangle. Right panel: its deformed state. Axes used for deriving F are shown. c, centroid.


Figure 5 summarizes the main concept briefly exposed in this section.


[image: Figure 5]
FIGURE 5. Synthetic illustration showing the very basic mathematical relationship between F, C, and R as well as the geometrical meaning of v and vy.


Computationally, Ftps can be derived as follows:

– Given a pair of shapes X[image: image](the undeformed) and Y[image: image] (the deformed), one can compute A, W, and S using Equation (10), yielding the best interpolant ψ.

– The gradient of the interpolant is the map: ∇ψ: εm → Mm × m associating to each point n ϵ εm the Mm × m matrix resulting from the sum of A in Equation (10) with the product between the m × k matrix W	T in Equation (10) and the k × m matrix ∇s containing the first partial derivatives of the biharmonic function evaluated on each point n.

Specifically in 2D:

[image: image]

With first partial derivatives:
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[image: image]

And in 3D

[image: image]

With first partial derivatives:
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[image: image]

Where

[image: image]

While ∇(ψ) informs about the deformation directions and magnitudes at evaluation points, one could be interested in the local changes of these directions and magnitudes. This means computing the second-order gradient deformation tensor ∇∇(ψ) that allows to quantify the amount of local bending energy stored in the deformation. ∇∇(ψ) has m × (m × m) components. It is convenient to represent these components in matrix format. In particular, we represent ∇∇(ψ)n as the product of an m × k matrix with a k × (m × m) matrix with n the point where ∇∇(ψ) is evaluated.

For 2D problems we have:

[image: image]

With second partial derivatives:
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Where
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In 3D, we have:

[image: image]

With second partial derivatives:
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Where

[image: image]

||∇∇(ψ)||2 represents just J(ψ) presented in Equation (12) when it is evaluated on whole ℝm. Locally, [image: image] can be interpreted as the bending energy density, i.e., how much is non-affine (=non constant) local deformation in the neighborhood of n where it has been evaluated. Moreover, in the presence of an FE mesh, it can be evaluated at centroids of each element and multiplied by the element's m-Volume to compute, in a discrete way, the body bending energy JΩ that has an important mechanical meaning in the decomposition of deformation and for its relationship with the strain energy φ (see below). Varano et al. (2018) provided a detailed description of the relationship between J, JΩ, and ϕ and their importance in computing the direct transport, i.e., the parallel transport the TPS space (Varano et al., 2017, 2018).

In particular,

[image: image]

gives the decay index Varano et al. (2018), i.e., the ratio between bending energy computed on whole Rm and on the body only. Recently, Varano et al. (2019) proposed the construction of the body bending energy matrix BΩ in order to restrict it exclusively within the physical boundaries of objects involved in the deformation analysis.

The bending energy can be considered as a pseudo-distance as it vanishes for globally affine transformations. A more physical distance, used in continuum mechanics, that vanishes on the rotational part of the local deformation, is the complete strain energy:

[image: image]

where μ and λ are the Lamé elastic moduli, related to the material properties of the body, and

[image: image]

is the strain tensor (for small displacement). In the case of pure geometrical structures, μ and λ are immaterial and we could adopt a simplified expression for the strain energy:

[image: image]

As already stated for body bending energy, this strain energy becomes an energy density when evaluated infinitesimally at specific locations.



Principal Strain Directions, Deformation Ellipses, and Ellipsoids

One can use v and λ in order to depict deformation directions of a unitary circumference (in 2D) or a sphere (in 3D) as shown in Figure 5, conveniently rescaled if necessary, and the principal axes of the resulting ellipses (or ellipsoids in ℝ3).

The principal axes identify the (reciprocally) orthogonal principal strain direction (SD) given by v while λ gives their squared magnitudes.

As stated above, C does not encode rotation; thus, [image: image], v, and λ must be used in order to map SD, and to depict deformation ellipses or ellipsoids, on the source shape; in order to depict this information on the target shape using SD encoded in v, v must be pre-multiplied by F in order to depict SD on the target configuration such as

[image: image]

vy already encodes SD magnitudes. This procedure rotates v within the target according to R encoded in F.

SD possesses an important deformational and mechanical meaning when computed on deformed shapes that are the result of specific forces such as in the left ventricle contraction (Evangelista et al., 2015; Gabriele et al., 2016; Piras et al., 2017; Varano et al., 2018). λi = 1 indicates no deformation, λi > 1 indicates a deformation that produces an expansion (=tensile SD) along the direction of the corresponding SD, while λi < 1 indicates a deformation that produces a compression (=compressive SD). The closer the λi to 1, the smaller is the deformation. This means that in case of λi > 1 or λi < 1, the direction of maximal deformation [image: image] is dictated by the v corresponding to the λi most distant from 1:

[image: image]

The corresponding direction of maximal deformation (either tensile or compressive) [image: image], on the source, or [image: image] on the target, is often called primary strain direction (PSD).

We recall here that we are dealing with locally affine transformations. In case of direct calculation (see above) made on single triangular (or tetrahedral) FE of a Delaunay triangulation computed within two general X and Y shapes, these FEs should not be re-aligned via OPA. Accordingly, if using Ftps, one should use Ctps = [image: image]Ftps and [image: image] for deforming unitary circumference or sphere on the source and vytps = Ftpsvtps and Ftps for plotting them on the target. Figure 6 illustrates a square that is deformed in a parallelogram using the tensor = [image: image]. Using either the direct calculation or TPS interpolation in ℝ2, F is fully recovered. One can use F or [image: image] in order to depict the deformation ellipse and corresponding SD on target or source configuration, respectively.


[image: Figure 6]
FIGURE 6. The deformation of a square in a parallelogram and SD plotted on source and target configurations. C, F, and Θz are also shown.




Choosing Evaluation Points and Their Visualization

The concept of “localness” inevitably implies the choice of a series of evaluation points within the geometry subjected to a deformation. One of the most effective approaches, widely applied over a large spectrum of applications, is the Delaunay triangulation (Márquez et al., 2014; Dryden and Mardia, 2016). The construction of the triangulation proceeds iteratively by choosing the centroids of the initial sets of defined triangles as a new set of triangle's vertices. In this manner, an unlimited number of triangles can be assembled. Specifically, the constrained Delaunay triangulation allows limiting the construction of the triangulation itself exclusively within the body of interest by providing proper contour information in 2D and surface in 3D. Once a criterion to choose deformation gradient evaluation points is established (i.e., constrained Delaunay), it is essential to have also a criterion to locate them in both source and target configurations as homologous points. While this could be of lesser importance in non-biological applications, it is instead mandatory to have them as much as possible anatomically homologous when dealing with biological structures. Whereas, the homology of a point, in a biological structure, is an elusive concept (as a point is dimensionless; Bookstein, 1991; Dryden and Mardia, 2016), it is nevertheless approached in those cases where histological delimitations are visible, for example, at the meeting point between cranial sutures (“Type I” landmarks). A less strict homology occurs if landmarks are digitized on curves or surfaces (“Type II” and “Type III” landmarks). Of course, centroids of a triangulation cannot be manually re-digitized on the target once estimated on the source. For this reason, we suggest to use the same TPS computed centroids to estimate evaluation points within the target configuration. TPS coefficients are then used to deform the set of centroids coordinates of constrained Delaunay triangulation built on the source to predict a new set of points to be used for visualization within the target configuration body. This new set could be considered reasonably (though with a certain approximation) “continuously homologous” between source and target configuration. Besides TPS, many other spline functions can be used for this purpose (Márquez et al., 2012).



Surfaces in 3D

We dedicate a special attention to surfaces in 3D. These particular shapes are dealt with, in classic GM studies, using TPS as formulated in ℝ3. Shapes are often represented, however, using triangulation that mimics a shell structure. Frequently, once TPS deformation coefficients have been estimated, the morphological interpretation is made by looking at the deformation of the surface triangles. In this case, the appropriate way to visualize local deformation is to compute energies, and to depict deformation ellipses and PSD on the surface of triangles. A triangle in ℝ3 is a particular type of 3D shape: its landmarks are always coplanar and, as for any other coplanar shape, if we compute F in a discrete way using Equation (8) between two generic triangles in ℝ3, this leads to F and C that are 3 × 3 matrices but that are also singular: this means that performing an eigenvalue decomposition on C returns only two non-zero eigenvalues and that deforming a sphere results in a flat ellipsoid, in practice an ellipse in ℝ3. Instead, using TPS to estimate Ftps and Ctps leads to an ambiguous reading of the morphological change experienced by the source's triangle. In fact, TPS in ℝ3 deforms the ambient space in all directions. In the case of two non-coplanar triangles in ℝ3, TPS looks for the function whose A in Equation (10) corresponds just to the deformation gradient F, being the transformation uniform. However, it can be easily verified that Ftps and Ctps are non-singular and Ftps ≠ F and Ctps ≠ C: if a sphere is deformed according to Ftps or Ctps, it transforms into an ellipsoid. Nevertheless, if we deform the source triangle using Ftps, we obtain exactly the target triangle. This happens because Ftps produces a deformation that acts on the entire ambient space in ℝ3, but this deformation vanishes in those points not belonging to the plane identified by target triangle. It follows that given two generic triangles in ℝ3, a source X and a target Y, the deformed state Y can be obtained using either F or Ftps.

[image: image]

Interestingly, if we deform a cube, thus a non-planar shape, using F or Ftps, we obtain different deformed states. Only F flattens the cube in a planar shape, while Ftps confers an affine three-dimensional transformation. Figure 7 shows the effect of F and Ftps on triangles and cubes in ℝ3.


[image: Figure 7]
FIGURE 7. Computation of F for two triangles in ℝ3. Top row: the undeformed black triangle is deformed into the red one; the direct computation leads to a tensor that flattens a unitary sphere in an ellipse in ℝ3. Mid row: Ftps deforms a unitary sphere into an ellipsoid. Both F and Ftps return the deformed state if used to deform the source triangle. Bottom row: when applied to a regular cube, only F deforms it into a flat shape, while it does not hold for Ftps.


It is worth noticing that if X and Y are two coplanar triangles w.r.t. each other but still in ℝ3, the direct calculation still returns F and C while TPS cannot find a solution as the L matrix (Bookstein, 1989) becomes singular; it happens as in the absence of any displacement, between X and Y, along the dimension perpendicular to the plane containing them, no interpolation is possible in ℝ3.

The abovementioned example therefore suggests that, when looking at a surface's elements, deformation estimated by TPS could not be adequate to interpret what happens on them. Another simple example is to deform a cube with a known F and looking what happens to a single cube's faces. Figure 8 synthetically depicts this simple experiment. The ellipsoids at the cubes' centroids (source and target) were generated using [image: image] and F, respectively. Using the direct discrete computation explained above, [image: image] and [image: image], e.g., the projections of F and C on the faces, were calculated for any face and corresponding deformation ellipses were drawn. As it can be seen, these ellipses are very different descriptors w.r.t. the deformation encoded in the ellipsoid. [image: image] on a specific face is just the projection of F on the plane containing the face. To project C, we calculate a1s and a2s on a face on the source shape X, as the vector differences between two vertices p1s and p2s and X centroid xc and their normal vector

[image: image]


[image: Figure 8]
FIGURE 8. Top row: a regular black cube is deformed onto the red parallelepiped. Bottom row: F is then projected onto single faces using the procedure exposed in the text. Six projected tensors are then obtained.


The normalized axis [image: image]perpendicular to a1s and a2s is found as

[image: image]

The projector on the source Ps is derived as

[image: image]

[image: image] is then found as

[image: image]

[image: image] we derived Pt (in the same way used for deriving Ps); then, [image: image] can be found using

[image: image]

This procedure can be done for any face for which [image: image] or [image: image]need to be calculated.




EXAMPLES


Simulated Example

Figure 9 shows a regular square grid composed of 49 landmarks that is deformed in an irregular shape that is stretched and compressed in two different landmark columns, respectively. The procedure for estimating an approximately homologous triangulation as explained above on both source and target is also shown. The deformed shape is rotated onto the undeformed one via OPA without scaling. Figure 10 shows the first options we present for the visualization of local deformation. 2 × 2 local tensors (F for the target and [image: image] for the source) have been used to deform unitary circumferences appropriately rescaled (magnification: 0.07). The color of each ellipse corresponds to the log(det(F)), thus indicating the local infinitesimal area ratio between target and source. Values < 0 indicate a reduction in local areas, values > 0 denote an enlargement, while 0 indicates no area change. The change in area alone does not inform about the direction of the deformation given by SD. Here, they are black if tensile and violet if compressive. In this example, all SD1 are tensile and they are larger in correspondence of the two columns of landmarks that undergo a compression and an expansion, respectively. We also depicted SD without ellipses; this gives a more clear perception of the direction and magnitude of local deformation only. The effect of rotation encoded in F is highly visible when using F on target or [image: image] on source shape.


[image: Figure 9]
FIGURE 9. Top row: a regular square grid (left) is deformed onto an irregular polygon (right). Bottom row: a constrained Delaunay triangulation derived on the source shape (left) is estimated on the target using TPS; source and target shapes were aligned via OPA. Triangle's centroids will be used as evaluation points for estimating F, ∇∇(ψ), and other metrics.



[image: Figure 10]
FIGURE 10. Top row: C (left) is used to deform unitary spheres appropriately rescaled for sake of visualization; F (right) was used for the same purpose on the target configuration. Ellipse's color is proportional to log(det(F)). Values < 0 indicate a reduction in local area, values > 0 indicate an expansion. Bottom row: the direction of deformation is dictated by vy and [image: image] (i.e., SD = ellipse's axes). Tensile and compressive SD actions are indicated. Source and target shapes were aligned via OPA.


Figure 11 shows in the upper left panel the interpolation (via TPS) within the entire body of log(det(F)), while in the upper right panel, log(φ) density interpolated in the same manner. Larger values, as expected, can be found around regions corresponding to the two landmark's columns subjected to stretching and compression. In the lower left panel, we show the distribution of (||ΔΔ(ψ)n||2) density: here, we can appreciate the “non-affinity” of deformation around points where ∇∇(ψ) was evaluated; (||ΔΔ(ψ)n||2) density is distributed on alternate bands of large and small values with largest values in correspondence of the two landmark's columns that were stretched and compressed.


[image: Figure 11]
FIGURE 11. Visualization of local deformation via interpolation (using TPS) of log(det(F)), log(ϕ), and [image: image]. Source and target shapes were aligned via OPA.




Real Examples
 
2D Paleontological Case Study

The 2D real example is related to the deformation occurring between two configurations in lateral view of two Hippopotamidae species: the extinct species Archaeopotamus harvardi from the Late Miocene of Eastern Africa (Coryndon, 1977; Harrison, 1997; Boisserie, 2005), here considered as the undeformed shape, and the extant species Hippopotamus amphibius distributed on the sub-Saharan African continent (Lewison and Pluháček, 2017) treated as the target shape. A. harvardi is one of the most primitive species within Hippopotamidae and displays some peculiar plesiomorphic traits including the low orbits whose rim flushes not beyond the profile of cranial roof. Moreover, the skull is shorter and less massive than in the extant hippo, with lower orbits and a slender zygomatic arch. The latter features are also present in the pigmy-insular Madagascan hippos (Pandolfi et al., 2020), which are characterized by reduction of size with respect to their continental ancestors, by a general decrease of the height of the orbits (Caloi and Palombo, 1994), and by brain size reduction (Weston and Lister, 2009). The opposite condition can be found in more derived Hexaprotodon (H. palaeindicus) and in H. amphibius (Boisserie, 2005, 2007; Boisserie et al., 2011; Pandolfi et al., 2020): in these species, orbits are elevated beyond the cranial roof. Elevated orbits, a long facial region, and a short postorbital part of the skull in Hippopotamidae are related to specialization for a semiaquatic lifestyle.

The adaptation to a semiaquatic lifestyle evolved independently in Hippopotamus and Hexaprotodon, suggesting a convergence between the two lineages (Boisserie, 2005, 2007; Boisserie et al., 2011 and references therein).

The morphological information encoded in Hippopotamidae skull lateral view is thus very important to depict evolutionary patterns during clade diversification, morphological convergences, and adaptations to different lifestyles including terrestrialization of some species (e.g., H. madagascariensis).

Figure 12 shows results relative to this 2D example.


[image: Figure 12]
FIGURE 12. Local deformations observable between Archaeopotamus harvardi KNM-LT 4 (as source) and Hippopotamus amphibius MSNF 1135 (as target). We show both deformation ellipses obtained using F as well as main metrics derived using approaches explained in the text. In particular, we show log(det(F)), log(ϕ), and log(||∇∇(ψ)n ||2). vy and [image: image]are also shown colored according to corresponding values in the interval [image: image]; values < 1 indicate compressive vy and [image: image], values > 1 indicate tensile actions. Source and target shapes were aligned via OPA. Scales equal 10 cm. KNM, Kenya National Museum; MSNFS, Museo di Storia Naturale di Firenze, sezione di Zoologia La Specola.


We digitized 15 landmarks and 32 semi-landmarks from photographs in lateral view on each specimen using the tpsDig2 v. 2.17 software (Rohlf, 2013). Semi-landmarks were used to capture the morphology of complex outlines where anatomical homology is difficult to recognize. See Figure 1 in Pandolfi et al. (2020) for landmarks definition. Semi-landmarks assume that curves or contours are homologous among specimens (Adams et al., 2004; Perez et al., 2006). First, a GPA implemented in the procSym() function from the R-package “Morpho” (Schlager, 2014) was used to rotate, translate, and scale landmark configurations to unit CS; here, we used the minimization of bending energy during the sliding of semi-landmarks as an alignment method. Second, OPA was used to align the two configurations. During OPA, the semi-landmarks previously used to align shapes with their consensus were treated as fixed landmarks, an approximation here considered not relevant for the purposes of the present article. The second row in Figure 12 shows the direction of SD and deformed ellipses (left side) colored according to log(det(F)), while on the right side, log(det(F)) has been continuously interpolated (using TPS) on the body domain of the target shape. The third row shows on the left side log(φ) and log(||ΔΔ(ψ)n||2) densities (right side), respectively. The fourth row shows SD on the left side and PSD on the right side. SD and PSD are colored according to [image: image] and [image: image], respectively.

From all these panels, an interesting pattern emerges: the elevated orbit of H. amphibius has, on its upper borders, approximately horizontal PSD as also visible by oblique/horizontal ellipses in the second row (left) of Figure 12. This means that the “elevation” of the orbit and related structures takes place on the ventral side of the skull in lateral view; in fact, this is observable on the PSD panel where it appears evident that PSDs are oriented vertically with [image: image] in particular in the jugal area. Closely outside the orbit, instead, we find oblique/vertical PSD with [image: image] indicating that, there, the target bones (the frontal and parietal in particular) experience a local dorso-ventral contraction.

Without the help of PSD, one could still look at the usual deformation grid, but it does not furnish equally clear details and, more importantly, cannot quantify locally the amount and direction of local deformation.



3D Paleontological Case Study

The first 3D example considers the deformation occurring between the humeral morphology of two Talpoidea species: the extinct Mesoscalops montanensis (Barnosky, 1981) from the Early Miocene of North America and the extant Neurotrichus gibbsii Baird 1858 distributed in northwestern United States and southwestern British Columbia. These two species belong to a clade (Talpoidea) well-known for including several fossorial moles (Piras et al., 2012, 2015). Among these species, different degrees of fossoriality can be found from complex tunnel diggers to more ambulatorial species. Fossoriality degree is linked mainly to the adaptation shown by humeral morphology. While slender humeri are less adapted to borrowing activity, the humeral morphology of subterranean species experienced several shape changes in both distal and proximal regions with evident enlargements in medio-lateral direction. Proscalopidae, the clade to which Mesoscalops belongs, shows one of the most peculiar humeral morphologies among mammals, with unique shape and mechanical stress in the context of burrowing species (Barnosky, 1981, 1982; Piras et al., 2015). For our experiment here, we used CT scan data from Piras et al. (2015) for M. montanensis and for the non-complex tunnel digger N. gibbsii. As our procedure requires homologous triangulation, we used the TPS coefficients found when applying TPS to the 32 landmarks set used in Piras et al. (2015) belonging to M. montanensis (as source) and to N. gibbsii (as target) to deform M. montanensis mesh; this allows dealing with meshes constituted by homologous landmarks and triangulations. In this example, when aligning source and target via OPA, we did not scale shapes at unit size in order to show the effect of size and shape variation when evaluated on a local triangle's surfaces on the whole ℝ3.

Figure 13 shows data and results relative to this analysis. Triangle face colors correspond to log(det([image: image])), while [image: image] (i.e., PSD plotted on the target) color is proportional to [image: image] computed either on C or on [image: image], i.e., on tensors evaluated at the triangle's centroids on the whole ℝ3 (Figure 13, third row, right) or successively projected on the triangle's surfaces (Figure 13, third row, left). Corresponding distributions of these metrics are also illustrated. log(det([image: image])) presents all values < 0, thus indicating a considerably smaller size of target shape as exemplified by source shaded silhouette. [image: image] and [image: image] computed upon C or [image: image] and F or [image: image]respectively, give different information: in fact when using C and F, we obtain centripetal PSD dictated by size change with [image: image] constantly < 0, while using [image: image] and [image: image]we observe PSDs that are formally tangent to the body surface but with [image: image] that in some cases have values >1, thus indicating an expansion. We note here that it is not inherently better looking at [image: image] or F. We highlight that, in most cases, this distinction is not considered and very often only deformation on meshes' surface is described and interpreted in functional, morphological, or biomechanical terms. This could lead to an incomplete or partial appreciation of the actual deformative phenomenon under study. This ineffectiveness could be partially mitigated by performing analyses in the shape-space. We used here the size-and shape-space with a purely didactic aim as it makes more evident the fact that PSDs of the whole body (thus not the body surface) when the target is considerably smaller than the source are very different from those on its surface.


[image: Figure 13]
FIGURE 13. Local deformations observable between Mesoscalops montanensis UWBM 54708 (as source) and Neurotrichus gibbsii LACM 093944 (as target). 3D meshes are also shown. [image: image] calculated upon F or [image: image] are shown and colored according to the corresponding [image: image]. Meshes' triangular faces are colored according to log(det([image: image])). Densities of relevant metrics are also illustrated. Source and target shapes were aligned via OPA without scaling. UWBM, University of Washington, Burke Memorial Washington State Museum, Seattle; LACM, Los Angeles County Museum.




Surfaces in 3D

The 3D surface example observes the occipital scale (exocranial surface) of two Homo erectus skulls from Java: Trinil 2 skull (belonging to the original Dubois collection from 1891's excavation) is of uncertain age, the estimate spanning from about 1 Ma and 0.5 Ma, and Ngandong 12 from Ngandong site (discovered in 1933 by von Koenigswald) about 50 km north from Trinil dated between 550 and 143 ka by Indriati et al. (2011) and recently re-placed between 110 and 120 ka by Rizal et al. (2020).

We digitized 133 landmarks distributed over the entire bone surface between the superior nuchal lines and the lambda on Ngandong 12 CT scans kindly provided by Dominique Grimaud-Hervé (GE medical systems/high speed RP; voxel size: 512 × 512 pixels; pixel size: 0.48; slice increment: 1 mm) and on Trinil 2 acquired with NextEngine laser scanner at the Department of Environmental Biology (Sapienza University of Rome). The configurations of points were digitized through the 3D software EVAN Toolbox v. 1.0 (www.evan-society.org). The same software was used for the 3D sliding procedure. In this way, 129 semi-landmarks were defined in relation to 4 fixed landmarks represented by the lambda, the inion and the two asterions (left and right). Spline relaxation (Bookstein, 1996, 1997) was carried out by sliding semi-landmarks on a plane tangent to the surface of each specimen (Gunz et al., 2005). This procedure involves the minimization of the bending energy with respect to the distribution of semi-landmarks on the surface of the three-dimensional object (not on a single curve) with reference to the position of the selected fixed landmarks and ensures the geometric homology (Gunz et al., 2005) of the points between the configurations. Configurations were then symmetrized w.r.t. sagittal plane.

The target was aligned to the source via OPA and both shapes were scaled at unit CS. For the sake of visualization, we decimated triangulation of meshes in order to better show deformation ellipsoids (see below). Figure 14 shows data collection and results relative to computation of F, [image: image] and related metrics. Trinil 2 and Ngandong 12 are usually ascribed to the same species, i.e., H. erectus, albeit Trinil 2 is commonly considered a more primitive stage in H. erectus evolution, while Ngandong 12 constitutes, probably, a more derived form. Ngandong 12 shows a larger encephalization than Trinil 2 with a more elevated occipital scale relatively to the lambda. However, in both specimens, the opistocranion (the most distant point from the glabella) coincides with inion. A very marked difference is the morphology of occipital torus that is approximately straight in Trinil 2, while in Ngandong 12, it is a jutting structure laterally arching and with a noticeable thickness both medially and laterally. The orientation of [image: image] varies considerably if they are computed upon F or [image: image]. We depicted the ellipsoids circumscribed to [image: image] computed from F: they clearly cross the body surface and are oriented in some regions nearly orthogonally to [image: image] computed upon [image: image]. This detail deserves particular attention as, looking at the surface only, one would underestimate the fact that the deformation acts primarily along a direction that, in some regions, is far from being tangent to the surface itself. In particular, the dorsal region of occipital scale, which includes the lambda, is more elevated dorso-ventrally in Ngandong 12 than in Trinil 2. This is related to the more pronounced dorso-ventral flattening of the latter w.r.t. the former that presents also a larger cranial capacity. Lack of cultural evidences, such as particular lithic industry, does not allow linking the larger encephalization of Ngandong 12 with an increased complexity of cultural behavior. Instead, the shape of occipital scales was probably more related to the development of neck muscles expansion and the antero-posterior deformation indicated by [image: image] computed from F (and much less clearly by [image: image]) can be interpreted just as the structural bone response to nuchal muscle hyper-development. We suggest that the use of F instead of [image: image] leads to a very different morphological reading of the actual local deformation process than looking at surfaces only. The OPA (or GPA) alignment, in fact, superimposes centroid's shapes and globally rotates them in such a way that the target could appear less deformed locally than it does actually. Local strain analysis, instead, being locally rotation-independent, allows visualizing and quantifying PSDs and their magnitudes independently from initial position of source and target.


[image: Figure 14]
FIGURE 14. Local deformations observable between Homo erectus Trinil 2 (as source) and H. erectus Ngandong 12 (as target). 3D meshes are also shown. [image: image] calculated upon F or [image: image] are shown and colored according to the corresponding [image: image]. Meshes' triangular faces are colored according to log(det([image: image])). Densities of relevant metrics are also illustrated. Source and target shapes were aligned via OPA. Trinil 2 is housed at the Nationaal Museum van Natuurlijke Historie, Leiden, The Netherlands; Ngandong 12 is housed at the Department of Physical Anthropology, Gadja Mada University College of Medicine, Yogyakarta, Indonesia.






DISCUSSION AND CONCLUSIONS

In this study, we presented several strategies in order to quantify and visualize local deformation in the context of geometric morphometrics, a kind of shape analysis that exploits the concept of homologous landmarks digitization. Starting from corresponding points found on both the source and target shapes, reasonably homologous triangulations can be assembled using constrained Delaunay triangulation (or similar strategies) on both two and three dimensions. Table 1 presents the main objects, together with their definitions, presented in the text. The use of direct calculation on triangles (or tetrahedra if available) or of the evaluation of ∇(ψ) at appropriate evaluation points leads to the identification of the deformation gradient tensor F that is the base to derive the necessary objects needed for the quantification of local deformation and for its visualization on source or target shape: C = FTF, v, and λ, i.e., the eigenvectors and eigenvalues of C; log(det(F)) has been used in the past (Márquez et al., 2012) to illustrate the infinitesimal area change around the evaluation points. However, this does not inform about the direction of deformation. SDs, e.g., v and vy, are proper objects for this purpose: they notify the (locally affine) directions of deformation dictated by C and F and can be further investigated by selecting PSDs, i.e., the primary direction of local shape change corresponding to those eigenvalues most distant from 1 (that indicates no deformation). We have shown that depicting SD could be very effective for interpreting the shape change and allows identifying particular regions characterized by deformations whose effects take place in different parts of the target shape as illustrated in the 2D example regarding orbit elevation in Archaeopotamus and Hippopotamus. In three dimensions we distinguished the two cases of “full volume” shapes, such as in Talpoidea example, and “shell-like” configurations such as in H. erectus occipital scale example. In these cases, we highlighted the importance of interpreting F or [image: image]: in fact, looking at what happens to a triangle's surface cannot account for the deformation of the entire ambient space that also embraces the landmarks belonging to the surface itself. F, in fact, models deformation in every space direction and allows the appreciation of actual PSD representing the full shape change between source and target. Of course, both F and [image: image] can be used to interpret the phenomenon. It is important, however, to be aware of what [image: image] really means, i.e., a projection of the local actual deformation in three dimensions. While, in most GM applications related to paleontological and biological studies, the evaluation of local deformation in a quasi-continuous way is not very common, it could be of great help in inferring the deformational phenomenon when referred to bone's growth and development: for example, appreciating concomitantly ∇(ψ) and ∇∇(ψ) would permit the evaluation of the direction at specific locations of developmental process as well as its local variation possibly related to specific growth factors: in fact, as the growth is not an isotropic process (i.e., not homothetic), observing the eigendecomposition and spatial variation of the gradient tensor would inform about differential forces involved in the whole system. These forces could be related to muscle insertions such as in long bones of sauropod dinosaurs (Bonnan, 2007) or to mechanical pressures exerted in the complex reciprocal relationships existing between brain and its braincase abundantly investigated in paleoanthropology (Bruner, 2018). The range of use of the methods presented here is as wide as the range of shape analysis applications; their implementation is now available in R language using a set of specific ad hoc functions available in the online Supplementary Material together with scripts to reproduce each figure of the present paper. Each script is intended to work “stand alone” after loading the source file with ancillary functions and necessary R packages indicated therein. No workspace loading is necessary and landmark coordinates are furnished in individual scripts. More indications can be found in the “read me” file.


Table 1. Relevant objects used for visualization of local deformation.

[image: Table 1]



DATA AVAILABILITY STATEMENT

All the data used in this study can be generated by running the R scripts associated to the article.



AUTHOR CONTRIBUTIONS

PP and VV conceived the paper. PP, PR, AM, and LP wrote the paper. AP, LP, and FD acquired experimental data. PP, VV, and SC implemented necessary R functions.



ACKNOWLEDGMENTS

We thank Luciano Teresi for useful advice during manuscript preparation. LP developed part of this paper within the research project Ecomorphology of fossil and extant Hippopotamids and Rhinocerotids granted by the University of Florence (Progetto Giovani Ricercatori Protagonisti initiative). We also thank two reviewers for useful suggestions during manuscript preparation.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/feart.2020.00066/full#supplementary-material



REFERENCES

 Adams, D. C., Rohlf, F. J., and Slice, D. E. (2004). Geometric morphometrics: ten years of progress following the ‘revolution'. It. J. Zool. 71, 5–16. doi: 10.1080/11250000409356545

 Adams, D. C., Rohlf, F. J., and Slice, D. E. (2013). A field comes of age: geometric morphometrics in the 21st century. Hystrix, Ital. J. Mammal. 24, 7–14.

 Angulo-Bedoya, M., Correa, S., and Benítez, H. A. (2019). Unveiling the cryptic morphology and ontogeny of the Colombian Caiman crocodilus: a geometric morphometric approach. Zoomorphology 138, 387–397. doi: 10.1007/s00435-019-00448-2

 Barnosky, A. D. (1981). A skeleton of Mesoscalops (Mammalia, Insectivora) from the Miocene deep river formation, montana, and a review of the proscalopid moles: evolutionary, functional, and stratigraphic relationships. J. Vert. Pal. 1, 285–339. doi: 10.1080/02724634.1981.10011904

 Barnosky, A. D. (1982). Locomotion in moles (Insectivora, Proscalopidae) from the middle Tertiary of North America. Science 216, 183–185. doi: 10.1126/science.216.4542.183

 Boisserie, J. R. (2005). The phylogeny and taxonomy of Hippopotamidae (Mammalia: Artiodactyla): a review based on morphology and cladistic analysis. Zool. J. Linn. Soc. 143, 1–26. doi: 10.1111/j.1096-3642.2004.00138.x

 Boisserie, J. R. (2007). “Family hippopotamidae,” in The Evolution of Artiodactyls, eds D. R. Prothero and S. E. Foss (Baltimore, MD: JHU Press), 106–119.

 Boisserie, J. R., Fisher, R. E., Lihoreau, F., and Weston, E. M. (2011). Evolving between land and water: key questions on the emergence and history of the Hippopotamidae (Hippopotamoidea, Cetancodonta, Cetartiodactyla). Biol. Rev. 86, 601–625. doi: 10.1111/j.1469-185X.2010.00162.x

 Bonnan, M. F. (2007). Linear and geometric morphometric analysis of long bone scaling patterns in Jurassic neosauropod dinosaurs: their functional and paleobiological implications. Anat. Rec. 290, 1089–1111. doi: 10.1002/ar.20578

 Bookstein, F. L. (1989). Principal warps: thin-plate splines and the decomposition of deformations. IEEE Trans. Pattern Anal. Mach. Intell. 11, 567–585. doi: 10.1109/34.24792

 Bookstein, F. L. (1991). Morphometric Tools for Landmark Data: Geometry and Biology. Cambridge: Cambridge University Press.

 Bookstein, F. L. (1996). “Standard formula for the uniform shape component in landmark data,” in Advances in Morphometrics, eds L. F. Marcus, M. Corti, A. Loy, G. J. P. Naylor, and D. E. Slice (Boston, MA: NATO ASI Series; Series A; Life Sciences; Springer), 153–168.

 Bookstein, F. L. (1997). Landmark methods for forms without landmarks: morphometrics of group differences in outline shape. Med. Im. An.1, 225–243. doi: 10.1016/s1361-8415(97)85012-8

 Bruner, E. (2018). “The brain, the braincase, and the morphospace,” in Digital Endocasts, eds E. Bruner, N. Ogihara, and H. C. Tanabe (Tokio: Springer), 93–114.

 Caloi, L., and Palombo, M. R. (1994). Le faune a grandi mammiferi del Pleistocene superiore dell'Italia centrale: biostratigrafia e paleoambiente. Boll. Serv. Geol. Ital. 111, 503–514.

 Castiglione, S., Serio, C., Tamagnini, D., Melchionna, M., Mondanaro, A., Di Febbraro, M., et al. (2019). A new, fast method to search for morphological convergence with shape data. PLoS ONE 14:e0226949. doi: 10.1371/journal.pone.0226949

 Ceritoglu, C., Tang, X., Chow, M., Hadjiabadi, D., Shah, D., Brown, T., et al. (2013). Computational analysis of LDDMM for brain mapping. Front. Neurosci. 7:151. doi: 10.3389/fnins.2013.00151

 Charlier, B., Charon, N., and Trouvé, A. (2017). The fshape framework for the variability analysis of functional shapes. Found. Comput. Math. 17, 287–357. doi: 10.1007/s10208-015-9288-2

 Claude, J. (2008). Morphometrics With R. New York, NY: Springer.

 Colangelo, P., Ventura, D., Piras, P., Pagani Guazzugli Bonaiuti, J., and Ardizzone, G. (2019). Are developmental shifts the main driver of phenotypic evolution in Diplodus spp. (Perciformes: Sparidae)? BMC Evol. Biol. 19:106. doi: 10.1186/s12862-019-1424-1

 Coryndon, S. C. (1977). The taxonomy and nomenclature of the Hippopotamidae (Mammalia, Artiodactyla) and a description of two new fossils species. Proc. Kon. Ned. Akad. Wetensch. B. 80, 61–88.

 Dryden, I. L., and Mardia, K. V. (2016). Statistical Shape Analysis, With Applications in R, 2nd Edn. Chichester: John Wiley and Sons.

 Durrleman, S., Pennec, X., Trouvé, A., Ayache, N., and Braga, J. (2012). Comparison of the endocranial ontogenies between chimpanzees and bonobos via temporal regression and spatiotemporal registration. J. Hum. Evol. 62, 74–88.

 Evangelista, A., Gabriele, S., Nardinocchi, P., Piras, P., Puddu, P. E., Teresi, L., et al. (2015). “Continuum mechanics meets echocardiographic imaging: investigation on the principal strain lines in human left ventricle,” in Developments in Medical Image Processing and Computational Vision, eds J. Tavares and J. R. M. Natal (Cham: Springer), 41–54.

 Gabriele, S., Teresi, L., Varano, V., Nardinocchi, P., Piras, P., Esposito, G., et al. (2016). “Mechanics-based analysis of the left atrium via echocardiographic imaging,” in Proceedings of the 5th Eccomas Thematic Conference on Computational Vision and Medical Image Processing, eds J. Tavares and J. R. M. Natal (Boca Raton, FL: VipIMAGE 2015, CRC press), 267–271.

 Gower, J. C. (1975). Generalized procrustes analysis. Psychometrika 40, 33–51. doi: 10.1007/BF02291478

 Gunz, P., Mitteroecker, P., and Bookstein, F. L. (2005). “Semilandmarks in three dimensions,” in Modern Morphometrics in Physical Anthropology, ed D. E. Slice (Boston, MA: Springer), 73–98.

 Harrison, T. (1997). “The anatomy, paleobiology, and phylogenetic relationships of the Hippopotamidae (Mammalia, Artiodactyla) from the Manonga Valley, Tanzania,” in Neogene Paleontology of the Manonga Valley, Tanzania, ed T. Harrison (Boston, MA: Springer), 137–190.

 Indriati, E., Swisher, C. C., Lepre, C., Quinn, R. L., Suriyanto, R. A., Hascaryo, A. T., et al. (2011). The age of the 20 meter Solo River terrace, Java, Indonesia and the survival of Homo erectus in Asia. PLoS ONE 6:e21562. doi: 10.1371/journal.pone.0021562

 Kent, J. T., and Mardia, K. V. (1994). “The link between kriging and thin-plate splines,” in Probability, Statistics and Optimization: A Tribute to Peter Whittle, ed F. P. Kelly (New York, NY: Wiley), 325–39.

 Kratz, A., Auer, C., Stommel, M., and Hotz, I. (2013) Visualization analysis of second-order tensors: moving beyond the symmetric positive-definite case. Comp. Graph. For. 32, 49–74. doi: 10.1111/j.1467-8659.2012.03231.x

 Le, H.-L. (1988). Shape theory in flat and curved spaces and shape densities with uniform generators (Ph.D. dissertation). University Cambridge, Cambridge, United Kingdom.

 Lewison, R., and Pluháček, J. (2017). Hippopotamus amphibius. IUCN Red List Threat. Species 2017:e.T10103A18567364. doi: 10.2305/IUCN.UK.2017-2.RLTS.T10103A18567364.en

 Márquez, A., Moreno-González, A., Plaza, Á., and Suárez, J. P. (2014). There are simple and robust refinements (almost) as good as Delaunay. Math. Comp. Sim. 106, 84–94. doi: 10.1016/j.matcom.2012.06.001

 Márquez, E. J., Cabeen, R., Woods, R. P., and Houle, D. (2012). The measurement of local variation in shape. Evol. Biol. 39, 419–439. doi: 10.1007/s11692-012-9159-6

 Miller, M. I., Trouvé, A., and Younes, L. (2015). Hamiltonian systems and optimal control in computational anatomy: 100 years since D'Arcy Thompson. Annu. Rev. Biomed. Eng. 17, 447–509. doi: 10.1146/annurev-bioeng-071114-040601

 Miller, M. I., Younes, L., and Trouvé, A. (2014). Diffeomorphometry and geodesic positioning systems for human anatomy. Technology 2, 36–43. doi: 10.1142/S2339547814500010

 Oxnard, C., and O'Higgins, P. (2009). Biology clearly needs morphometrics. Does morphometrics need biology? Biol. Theory 4, 84–97. doi: 10.1162/biot.2009.4.1.84

 Pandolfi, L., Martino, R., Rook, L., and Piras, P. (2020). Investigating ecological and phylogenetic constraints in Hippopotamidae skull shape. Riv. It. Paleont. Strat. 126, 37–49. doi: 10.13130/2039-4942/12730

 Perez, S. I., Bernal, V., and Gonzalez, P. N. (2006). Differences between sliding semi-landmark methods in geometric morphometrics, with an application to human craniofacial and dental variation. J. Anat. 208, 769–784. doi: 10.1111/j.1469-7580.2006.00576.x

 Piras, P., Buscalioni, A. D., Teresi, L., Raia, P., Sansalone, G., Kotsakis, T., et al. (2014). Morphological integration and functional modularity in the crocodilian skull. Int. Zool. 9, 498–516. doi: 10.1111/1749-4877.12062

 Piras, P., Maiorino, L., Raia, P., Marcolini, F., Salvi, D., Vignoli, L., et al. (2010). Functional and phylogenetic constraints in Rhinocerotinae craniodental morphology. Evol. Ecol. Res. 12, 897–928.

 Piras, P., Sansalone, G., Teresi, L., Kotsakis, T., Colangelo, P., and Loy, A. (2012). Testing convergent and parallel adaptations in talpids humeral mechanical performance by means of geometric morphometrics and finite element analysis. J. Morphol. 273, 696–711. doi: 10.1002/jmor.20015

 Piras, P., Sansalone, G., Teresi, L., Moscato, M., Profico, A., Eng, R., et al. (2015). Digging adaptation in insectivorous subterranean eutherians. The enigma of Mesoscalops montanensis unveiled by geometric morphometrics and finite element analysis. J. Morphol. 276, 1157–1171. doi: 10.1002/jmor.20405

 Piras, P., Torromeo, C., Evangelista, A., Esposito, G., Nardinocchi, P., Teresi, L., et al. (2019). Non-invasive prediction of genotype positive–phenotype negative in hypertrophic cardiomyopathy by 3D modern shape analysis. Exp. Physiol. 104, 1688–1700.

 Piras, P., Torromeo, C., Evangelista, A., Gabriele, S., Esposito, G., Nardinocchi, P., et al. (2017). Homeostatic left heart integration and disintegration links atrio-ventricular covariation's dyshomeostasis in hypertrophic cardiomyopathy. Sci. Rep. 7, 1–12.

 Rizal, Y., Westaway, K. E., Zaim, Y., van den Bergh, G. D., Bettis, E. A. III., Morwood, M. J., et al. (2020). Last appearance of Homo erectus at Ngandong, Java, 117,000–108,000 years ago. Nature 577, 381–385. doi: 10.1038/s41586-019-1863-2

 Rohlf, F. J. (2013). TpsDIG. Version 2.17. SUNY Stonybrook.

 Rohlf, F. J., and Bookstein, F. L. (2003). Computing the uniform component of shape variation. Syst. Biol. 52, 66–69. doi: 10.1080/10635150390132759

 Rohlf, F. J., and Slice, D. (1990). Extensions of the Procrustes method for the optimal superimposition of landmarks. Syst. Biol. 39, 40–59. doi: 10.2307/2992207

 Sansalone, G., Colangelo, P., Loy, A., Raia, P., Wroe, S., and Piras, P. (2019). Impact of transition to a subterranean lifestyle on morphological disparity and integration in talpid moles (Mammalia, Talpidae). BMC Evol. Biol. 19:179. doi: 10.1186/s12862-019-1506-0

 Santos, B. F., Perrard, A., and Brady, S. G. (2019). Running in circles in phylomorphospace: host environment constrains morphological diversification in parasitic wasps. Proc. Royal Soc. B 286:20182352. doi: 10.1098/rspb.2018.2352

 Schlager, S. (2014). Morpho: Calculations and Visualizations Related to Geometric Morphometrics. R-package version 2.0. 3–1.

 Stayton, C. T. (2015). The definition, recognition, and interpretation of convergent evolution, and two new measures for quantifying and assessing the significance of convergence. Evolution 69, 2140–2153. doi: 10.1111/evo.12729

 Trouvé, A. (1998). Diffeomorphisms groups and pattern matching in image analysis. Int. J. Comput. Vis. 28, 213–221.

 Varano, V., Gabriele, S., Teresi, L., Dryden, I., Puddu, P. E., Torromeo, C., et al. (2017). The TPS direct transport: a new method for transporting deformations in the size-and-shape space. Int. J. Comp. Vis. 124, 384–408, doi: 10.1007/s11263-017-1031-9

 Varano, V., Piras, P., Gabriele, S., Teresi, L., Nardinocchi, P., Dryden, I. L., et al. (2018). The decomposition of deformation: new metrics to enhance shape analysis in medical imaging. Med. Im. An. 46, 35–56. doi: 10.1016/j.media.2018.02.005

 Varano, V., Piras, P., Gabriele, S., Teresi, L., Nardinocchi, P., Dryden, I. L., et al. (2019). Local and global energies for shape analysis in medical imaging. Int. J. Num. Meth. Biomed. Engin. 36:e3252. doi: 10.1002/cnm.3252

 Weston, E. M., and Lister, A. (2009). Insular dwarfism in hippos and a model for brain size reduction in Homo floresiensis. Nature 459, 85–88. doi: 10.1038/nature07922

 Zelditch, M. L., Swiderski, D. L., and Sheets, H. D. (2012). Geometric Morphometrics for Biologists: A Primer. San Diego, CA: Academic Press.

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Piras, Profico, Pandolfi, Raia, Di Vincenzo, Mondanaro, Castiglione and Varano. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	 
	ORIGINAL RESEARCH
published: 25 March 2020
doi: 10.3389/feart.2020.00079





[image: image]

Getting Its Feet on the Ground: Elucidating Paralouatta’s Semi-Terrestriality Using the Virtual Morpho-Functional Toolbox

Thomas A. Püschel1*, Jordi Marcé-Nogué2,3,4, Justin Gladman5, Biren A. Patel6,7, Sergio Almécija8,9,4 and William I. Sellers10

1Primate Models for Behavioural Evolution Lab, Institute of Cognitive and Evolutionary Anthropology, School of Anthropology, University of Oxford, Oxford, United Kingdom

2Department of Pathology and Anatomical Sciences, Jacobs School of Medicine and Biomedical Sciences, University of Buffalo, State University of New York, NY, United States

3Department of Mechanical Engineering, Universitat Rovira i Virgili, Tarragona, Spain

4Institut Català de Paleontologia Miquel Crusafont, Universitat Autònoma de Barcelona, Barcelona, Spain

5Shared Materials Instrumentation Facility (SMIF), School of Engineering, Duke University, Durham, NC, United States

6Department of Integrative Anatomical Sciences, Keck School of Medicine, University of Southern California, Los Angeles, CA, United States

7Human and Evolutionary Biology Section, Department of Biological Sciences, University of Southern California, Los Angeles, CA, United States

8Division of Anthropology, American Museum of Natural History, New York, NY, United States

9New York Consortium in Evolutionary Primatology, New York, NY, United States

10Department of Earth and Environmental Sciences, University of Manchester, Manchester, United Kingdom

Edited by:
Lorenzo Rook, University of Florence, Italy

Reviewed by:
Carmela Serio, Liverpool John Moores University, United Kingdom
Sergio Furtado Dos Reis, State University of Campinas, Brazil

*Correspondence: Thomas A. Püschel, thomas.puschelrouliez@anthro.ox.ac.uk

Specialty section: This article was submitted to Paleontology, a section of the journal Frontiers in Earth Science

Received: 26 December 2019
Accepted: 09 March 2020
Published: 25 March 2020

Citation: Püschel TA, Marcé-Nogué J, Gladman J, Patel BA, Almécija S and Sellers WI (2020) Getting Its Feet on the Ground: Elucidating Paralouatta’s Semi-Terrestriality Using the Virtual Morpho-Functional Toolbox. Front. Earth Sci. 8:79. doi: 10.3389/feart.2020.00079

Currently, there are no living platyrrhine primates inhabiting the main Caribbean islands. Nevertheless, the fossil record of this area has provided outstanding findings of different New World monkeys that were part of a diverse radiation exhibiting remarkably unusual morphologies. Among these, the Cuban genus Paralouatta corresponds to one of the most enigmatic primates ever found in the Greater Antilles. Some researchers have argued that Paralouatta’s post-cranium shows evidence of semi-terrestriality, a locomotor adaptation that is unusual, if not unique, in platyrrhine evolutionary history. Whether or not Paralouatta was truly semi-terrestrial remains uncertain, however, due to a lack of more sophisticated functional analyses on its morphology. Using novel virtual morpho-functional techniques on a comparative sample of 3D talar models belonging to diverse primate species representing three substrate preferences, this study aims to further evaluate whether Paralouatta was a semi-terrestrial genus or not. Geometric morphometrics and finite element analysis were used to empirically assess shape and biomechanical performance, respectively, and then several machine-learning (ML) classification algorithms were trained using both morphometric and biomechanical data to elucidate the substrate preference of the fossils. The ML algorithms categorized the Paralouatta specimens as either arboreal or as species commonly active on both ground and in trees. These mixed results are suggestive of some level of semi-terrestriality, thus representing the only known example of this locomotor behavior in platyrrhine evolutionary history.
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INTRODUCTION

No extant platyrrhine primates are known in any of the Greater Antilles (i.e., Jamaica, Hispaniola, Cuba; Fleagle, 2013). However, during the Quaternary these Caribbean islands were home of some the most mysterious neotropical primates (Cooke et al., 2011), different from all extant species currently found in the New World (Cachel, 2015). At least four different genera belonging to this endemic radiation of unique platyrrhines have been described, including the following species: Antillothrix bernensis from the Dominican Republic (Rímoli, 1977; MacPhee and Iturralde-Vinent, 1995; Kay et al., 2011; Rosenberger et al., 2011); Xenothrix mcgregori from Jamaica (Williams and Koopman, 1952; Rosenberger, 1977; MacPhee and Fleagle, 1991; MacPhee and Meldrum, 2006); Insulacebus toussaintiana from Haiti (Cooke et al., 2011); and Paralouatta varonai and Paralouatta marianae from Cuba (Rivero and Arredondo, 1991; Horovitz and MacPhee, 1999; MacPhee and Meldrum, 2006). Most of these Antillean fossil primates are from the Quaternary, with some even surviving until the human settlement of these islands or even the time of the European conquest of the Caribbean (MacPhee and Fleagle, 1991; Turvey, 2009; Cooke et al., 2017a, b), at which time they went extinct along with most Quaternary non-volant mammal species, most likely due to anthropic pressures (Morgan and Woods, 1986; Cooke et al., 2017a, b).

These Caribbean primates represent a diverse radiation that displayed particularly unusual morphologies comprising several autapomorphies and seemingly derived conditions which exist across different platyrrhine groups. Even though clearly platyrrhines, they also display traits and feature combinations that are atypical or absent in any extant species (e.g., Xenothrix lacks third molars, and its first molars are much larger than the second ones). This morphological distinctiveness coupled with their noticeable differences when compared to extant continental taxa and the paucity of their remains has fueled an intense debate regarding the phylobiogeographic models that could explain the origin and adaptive radiation of this group. In fact, it has been challenging to determine the phylogenetic relationships of the Caribbean platyrrhine genera, and until recently they were not particularly clear. At different times, they have been associated with nearly all known platyrrhine sub-families (e.g., Williams and Koopman, 1952; Rosenberger, 1977; Rímoli, 1977; Ford and Morgan, 1986; Rivero and Arredondo, 1991; Woods and Ottenwalder, 1992; Horovitz, 1999; Rosenberger et al., 2011), classified as a sister group of living platyrrhines (Kay et al., 2011), or as stem platyrrhines that had established in the Greater Antilles in the Early Miocene (i.e., prior to the origin of modern New World monkey families; Kay, 2015). Several authors consider that the Caribbean endemic primates correspond to a monophyletic group, sister to Callicebus sensu lato (MacPhee and Horovitz, 2004), or to all crown platyrrhines (Kay, 2015), whereas others regard the striking morphological variation between the different species as evidence of multiple colonization events by different mainland lineages, or alternatively one multilineage colonization episode (Rosenberger, 2002). Fortunately, Woods et al. (2018) were able to retrieve DNA from a Xenothrix sample, providing several insights concerning this issue. They found that instead of being remotely related to living platyrrhines, Xenothrix corresponds to an extremely derived titi monkey (i.e., a member of the sub-family Callicebinae) that experienced significant morphological changes after arriving to Jamaica. Furthermore, they also found that based on the estimated splitting date between titi monkeys and Xenothrix (∼11 Ma), platyrrhines colonized the Greater Antilles more than once (Woods et al., 2018), since the oldest known Caribbean primate, P. marianae, was found in Miocene sediments dated to 17.5–18.5 Ma (MacPhee et al., 2003). This indicates that the Caribbean primates cannot be monophyletic and that there were at least two platyrrhine colonization events of the Greater Antilles at different times during the Neogene.

Among their many unique array of traits, Caribbean primates exhibit some of their most unusual in their post-cranial skeletons. For example, MacPhee and Fleagle (1991) considered that some aspects of the post-cranial morphology of Xenothrix (e.g., the adductor process of the femur) were so peculiarly dissimilar when compared to the post-crania of other platyrrhines, that they proposed that this species could have been a slow arboreal quadruped, thus representing a unique locomotion among platyrrhines. However, even more strikingly different are the set of post-cranial features of P. varonai which are thought to be related to a semi-terrestrial lifestyle (MacPhee and Meldrum, 2006). If correct, this interpretation would not only imply a locomotor convergence between some Old and a New World monkey species, but could also represent the first case of a locomotor behavior that does not exist in New World monkeys (among which all modern species are habitually arboreal) and that has no known analog in the platyrrhine fossil record. The amount of time that P. varonai may have spent on the ground, as well as to what degree it might have been similar to cercopithecids in postural and locomotor behaviors is yet to be resolved (MacPhee and Meldrum, 2006). Additionally, it remains unclear whether the older P. marianae exhibited any semi-terrestrial adaptations. Recently, Püschel et al. (2017, 2018) inferred the main locomotor behavior of P. marianae as one comparable to alouattines (i.e., exhibiting different levels of arboreal quadrupedalism, clambering and climbing), but it is important to bear in mind that they were not able to rule out possible semi-terrestrial adaptations, since they had not consider this category in their analyses.

Paralouatta marianae was originally described based on a single talus (MacPhee et al., 2003). It was described as only slightly different in morphology from that of P. varonai, in spite of the 17–18 Ma that allegedly separates them; the primary difference noted was that P. marianae’s talus is noticeably smaller (MacPhee and Meldrum, 2006). It has been argued that there is no appropriate morphological analog for the talus of Paralouatta amongst living platyrrhines (MacPhee and Iturralde-Vinent, 1995; MacPhee and Meldrum, 2006). MacPhee and Iturralde-Vinent (1995) described that atelid tali are different from Paralouatta in showing a “wedged” trochlea with a low trochlear relief (i.e., a trait associated with an increased mobility at the talocrural articulation), whereas Paralouatta displays a talus associated with increased stability. Additionally, the talus of Paralouatta has an evident cotylar fossa, hence providing a stable articulation for the medial malleolus (MacPhee and Iturralde-Vinent, 1995). This feature, that usually does not exist in large New World monkeys, is commonly seen in highly terrestrial cercopithecines e.g., Theropithecus (MacPhee and Meldrum, 2006). MacPhee and Meldrum (2006) used twelve linear measurements to compute a principal component analysis (PCA) of different tali. They found that Paralouatta’s talus is particularly distinct from the tali of other New World monkeys, especially because the absence of trochlear “wedging” distinguishes Paralouatta from all other large New World monkeys. In contrast, Püschel et al. (2017) performed a PCA of landmark data using geometric morphometrics (GM) and found that Paralouatta occupied a position in the resulting morphospace near Alouatta, as well as to some of the oldest platyrrhines from Patagonia (i.e., Dolichocebus, Soriacebus, and Carlocebus). Similarly, they applied a hierarchical clustering analysis that placed this fossil near Cebus/Sapajus and Dolichocebus, Soriacebus, and Carlocebus, hence showing that, at least from a morphological perspective, the talus of Paralouatta is not as unusual as initially thought (Püschel et al., 2017).

Paralouatta varonai was discovered in association with Late Quaternary fauna in Western Cuba, whilst P. marianae was discovered in Early Miocene (17.5–18.5 Ma) deposits, hence representing the oldest Caribbean platyrrhine known and establishing an early date for the arrival of platyrrhines to the Greater Antilles. P. varonai was originally considered to be similar to Alouatta (hence the genus name), since its estimated size was close to that of an extant alouattine, and the cranium was somewhat similar to that of a howler monkey (Rivero and Arredondo, 1991; Rosenberger et al., 2011). Further phylogenetic studies have either confirmed a possible alouattine connection (Rosenberger, 2002; Rosenberger et al., 2015), or have classified Paralouatta as related to the Callicebinae from South America (Horovitz and MacPhee, 1999; MacPhee and Horovitz, 2002, 2004). Meanwhile and as mentioned above, classical morpho-functional analyses (i.e., simple observations, linear measurements, ratio computations, etc.) of the post-cranial remains of Paralouatta suggested a semi-terrestrial locomotor mode for the genus, based on traits such as its short digits for its size, combination of deep olecranon, narrow trochlea, fossa and retroflexed medial epicondyle, among other traits. However, it is important to stress that MacPhee and Meldrum (2006) admit that Paralouatta exhibits an unforeseen mix of traits that when taken together differentiate this genus from all other known extant and extinct New World monkeys. Among these distinguishing features there are some that can be interpreted as evidence of some degree of terrestriality (i.e., based on the morphology of ground dwelling cercopithecoids), whereas other traits do not show this behavioral signal. Whether the traits that seem adaptive to terrestriality are actually indicative of this locomotor behavior, or rather represent another form of locomotor adaption not observed in extant platyrrhines or even anthropoids is currently not clear. Certainly, a more complete post-cranial fossil record of Paralouatta would contribute to our understanding of this issue. In the absence of more fossils, it is also possible to utilize virtual morpho-functional toolkits (i.e., “engineering toolbox”), which are increasingly being used to analyze both living and fossil functional morphology (Rayfield, 2019). Accordingly, the primary goal of the present study is to perform a battery of different computational analyses in order to test the hypothesis that Paralouatta was habitually semi-terrestrial. This is of importance because if semi-terrestriality is confirmed, this would represent the first case of such behavior among both extant and extinct New World monkeys.

This study specifically focused on the talus as it is the only post-cranial element representing both P. marianae and P. varonai. Additionally, the talus plays an informative arthrodial connection between the foot and the leg (i.e., ankle joint), because of its important role in joint mobility and stability, as well as weight support (Püschel et al., 2018). In fact, it has been demonstrated that there is a strong and significant covariation between locomotor behaviors and talar shape (Püschel et al., 2017). As a result, we decided to apply a set of different techniques to elucidate whether or not Paralouatta represents the first known semi-terrestrial platyrrhine species. First, GM was applied to characterize the talar morphology of Paralouatta among a large and diverse anthropoid sample (Püschel et al., 2017). Second, we analyzed the mechanical strength of the extant anthropoid talar sample by applying finite-element analysis (FEA), as well as carrying out the simulation in the two Paraloutta tali available, since it has been shown that talar biomechanical performance can also be used as locomotor proxy (Püschel et al., 2018). Finally, given that the main aim of the present work is to classify the fossil tali within a substrate preference, several machine-learning (ML) algorithms were trained using the morphometric and biomechanical data from the extant species.



MATERIALS AND METHODS


Sample

The extant anthropoid sample included 3D surface renderings of tali from 109 individuals of 85 species representing all anthropoid sub-families; a large portion of the 3D data are available at https://www.morphosource.org/ (Boyer et al., 2016; Copes et al., 2016). Further details about the sample, including the Morphosource projects where the specimens can be found are provided in Supplementary Table S1. The fossil sample includes tali belonging to both Paralouatta species (Figure 1 and Supplementary Table S2). The extant sample was classified according to their main substrate preference based on the database of Galán-Acedo et al. (2019). This database provides some important ecological traits, including substrate preference (i.e., locomotion type in the database) for 497 primate species. This information was compiled through a meticulous review of 1,216 studies published between 1941 and 2018 (Galán-Acedo et al., 2019). The substrate preference categorization scheme is provided in Supplementary Table S1 and classifies each taxon as arboreal, terrestrial or as both substrate preferences (i.e., semi-terrestrial). This classification scheme refers to primary substrate preferences which reflects preferred or habitual environmental niche. The arboreal substrate preference comprises primate species that are strictly arboreal, which in undisturbed environments would seldom go to the ground; the terrestrial category considers primates that are mostly terrestrial (i.e., they carry out most of their daily activity on the ground), whilst the category “both” involves species that are regularly active on both substrates (i.e., ground and trees). Although rather simplistic, this classification system can be considered as a first approximation to locomotor behavior that can be easily applied to the fossil record without making further assumptions. In addition, this classification scheme primarily deals with our main goal which is to elucidate the possible nature of Paralouatta’s terrestriality.
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FIGURE 1. Fossil sample under study.




3D Model Rendering

The refinement and smoothing tools available in Geomagic Studio® (3D Systems, v. 2014.3.0), Rock Hill, SC, United States) were used to repair the irregularities observed in some of the 3D models. All the tali were aligned with respect to the same reference position (further details about the alignment are available in Supplementary Material S3). The talus of Paralouatta varonai is relatively incomplete (i.e., the talar head is missing, and other areas exhibit minor damage), whereas the one for Paralouatta marianae is fairly complete (only the talar head exhibits some minimal erosion). Therefore, different reconstruction procedures were applied to generate models suitable for both GM and FEA analyses (these reconstruction procedures are described in Supplementary Material S4).



Geometric Morphometrics

Thirty 3D landmarks were collected using Landmark editor v. 3.6 (Wiley et al., 2005) on the surface of the virtual tali in order to represent their morphological variation (Figure 2; Harcourt-Smith, 2002; Turley and Frost, 2013). These raw coordinates are available in Supplementary Material S5. These landmarks were analyzed using the “geomorph” R package (Adams et al., 2018), where a generalized Procrustes analysis (GPA) was performed (Rohlf and Slice, 1990). The GPA translates the landmark configurations to the origin, scales them to a standard size (i.e., unit-centroid size), and rotates them (by employing a least-squares criterion) against each other until a best-fit of corresponding landmarks to each other is achieved. The aim of the GPA is to remove non-shape information from anatomical objects. Hence, the resulting aligned Procrustes coordinates correspond to the shape variables of each specimen under analysis. These shape variables were used to carry out a PCA to decompose shape variation into orthogonal axes of maximum variation. In addition, a multivariate phylogenetic generalized least square regression (PGLS) was used to assess the association between shape and the logarithm of centroid size for the extant dataset (centroid size corresponds to the square root of the sum of squared distances of a set of landmarks from their centroid) (Bookstein, 1997). The PGLS was performed using the procD.pgls() function of the “geomorph” R package, which performs ANOVA and regression models in a phylogenetic context assuming Brownian motion, in such a way that can cope with high-dimensional data (Adams, 2014). This allowed us to evaluate the influence of size on shape when taking into account phylogenetic non-independence. Since the PGLS requires a phylogeny, we downloaded a consensus phylogeny from https://10ktrees.nunn-lab.org/Primates/ that was computed from 10,000 Bayesian trees that included most of the species present in our dataset (Arnold et al., 2010). This phylogeny was slightly adjusted to incorporate some species that were originally not present. The resulting phylogeny is available in Supplementary Material S6. All statistical analyses in this work were performed in R v. 3.6.0 (R Core Team, 2019).
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FIGURE 2. A Chiropotes satanas talus (AMNH 95760) showing the 30 landmarks used in this study.




Finite Element Analysis

The virtual talar models were imported into ANSYS® (Ansys, Inc., v. 17.1, Canonsburg, PA, United States)1 to perform FEA. This engineering method reconstructs deformation, strain and stress in a digital structure after simulating a loading scenario (Richmond et al., 2005), and it is routinely used in vertebrate paleontology to tackle questions of organismal form, function, and evolution (Rayfield, 2007). In the present work we applied FEA to analyze talar mechanical strength, as it has been previously shown that talar biomechanical behavior can serve as locomotor proxy (Püschel et al., 2018). Each talus was modeled as a surface exclusively made of cortical bone; hence this required the use of shell elements in the finite element mesh. Homogeneous, linear and elastic material properties were used. Cortical bone values from a Homo sapiens talus were applied (Young’s modulus: 20.7 GPa; Poisson’s ratio: 0.3; Parr et al., 2013). The models were meshed using an adaptive mesh where the thickness of the shell elements representing the cortical bone was assumed to be constant. These values and further information about the FE models can be found in Supplementary Table S3. Cortical thickness values were obtained by measuring CT-data in some specimens and then, via a linear extrapolation of this data (see details of this procedure in Supplementary Material S8).



Loading Scenario and Boundary Conditions

Following the approach taken in Püschel et al. (2018), we applied a load on the trochlear surface of each talus in order to simulate a basic quadrupedal scenario. We decided to only model a generalized standing posture for all taxa since talar arthrokinematics are unknown in nearly all primates. The load was directed in the z-axis on the aligned talar models to simulate gravity and distributed on the trochlea to simulate a compressive force. The talus was constrained as indicated in Figure 3.
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FIGURE 3. Loading scenario tested in the FEA illustrated using a talus of Alouatta caraya (AMNH 211513). The large arrows represent the applied load on the trochlear surface.


In this study, the values of the compressive force of each model were calculated using a quasi-homothetic transformation for planar models (Marcé Nogué et al., 2013). This methodology is also appropriate for shell models because the scaling of the forces is a function of the difference between the surface and overall thickness of the model. We used the talus of Alouatta caraya as a reference and applied a force of F = 15.8186 N. These values were obtained following Püschel et al. (2018) which computed the applied force as the 30% of the average body mass of the species multiplied by standard acceleration due to gravity g = 9.81 ms–2. The scaled values of the force for the other species can be found in Supplementary Table S3.



Stress Values and Intervals’ Method

We computed the von Mises stress because it combines all Cartesian components of the stress tensor into a single value (equivalent stress; Zienkiewicz et al., 2005). This enables easier and more understandable comparisons when assessing different models, and it has been used successfully as a proxy to compare the strength of bony structures (Marcé-Nogué et al., 2017b), where species with lower values of stress represented the stronger structures. Furthermore, it has been demonstrated that if the bone is modeled using isotropic material properties, then the von Mises criterion is the most suitable one when comparing of stress in bones (Doblaré et al., 2004).

New variables corresponding to different intervals of stress values were computed following the Intervals’ Method proposed by Marcé-Nogué et al. (2017a). These interval variables were then used to analyze the FEA results. The Intervals’ Method generates a set of variables, each one defined by an interval of stress values. Once all the stress values of a single specimen were obtained, all elements of the model are sorted according to their von Mises stress values. These are then grouped into a finite number of intervals, defined by their range of stress values. Each one of the intervals represents the amount of the volume of the original model (as a percentage value) exhibiting a specific range of stress values. This method allowed us to analyze the data from finite element models in a comparative multivariate framework. The method of Marcé-Nogué et al. (2017a) needs the definition of a Fixed Upper Threshold (i.e., FTupper = 12 MPa) and a number of intervals (i.e., N = 100). This value is obtained based on a convergence procedure based on a PCA that was performed to define the minimum number of intervals (Marcé-Nogué et al., 2017a). We considered that convergence has been achieved when the correlation values of the PCs of the intervals were higher than 0.99. The values of each vector for stress interval when N = 100 can be found in Supplementary Table S4. These newly generated variables were analyzed using a PCA performed on the correlation matrix.



Fossil Substrate Preference Classification

Previous studies have indicated that it was possible to distinguish between different locomotor modes using talar shape or stress information (Püschel et al., 2017, 2018). Consequently, we applied the same approach here but using different substrate preferences (i.e., arboreal, terrestrial, or both substrate preferences). Two different datasets were analyzed and used to elucidate the main substrate preference of Paralouatta: (a) morphometric and (b) biomechanical data. Each one of these datasets corresponded to the PCs that accounted for 90% of the variance of the sample using the shape and interval variables, respectively. Two pairwise PERMANOVA tests with a Holm correction for multiple comparisons were performed to assess for differences between the three substrate preferences using both the morphometric and biomechanical datasets. In both cases, Euclidean distances were selected as similarity index.

Six well-known supervised algorithms were chosen as they correspond to a diverse range of different classification techniques: (a) linear discriminant analysis (LDA); (b) classification and regression tree (CART); (c) k-nearest neighbors (KNN); (d) naïve Bayes (NB); (e) support vector machine (SVM); and (f) random forest (RF) (further details about this models can be found in Püschel et al., 2018). All the models were run using the “caret” package for R (Kuhn, 2008, 2015). Performance was calculated using the confusion matrix from which the overall classification accuracy was computed, as well as Cohen’s Kappa (Kuhn and Johnson, 2013a). The complete dataset was resampled using a “leave-group-out” cross-validation (Kuhn and Johnson, 2013b), as a way to asses classification performance. This cross-validation strategy generates multiple splits of the data into modeling and prediction sets. This process was carried out 200 times and the data were split into a modeling sub-set comprising 75% of randomly assigned observations, whereas the testing sub-set considered the remaining 25%. The number of repeats was chosen to get a consistent classification performance and to minimize uncertainty. The models with the best classification performance for the morphometric and biomechanical data were then applied to deduce the principal substrate preference of both Paralouatta specimens by calculating their category probabilities.

Finally, the Euclidean distances obtained for the morphometric and biomechanical datasets were used to visualize morphological and biomechanical affinities between the extant species and the Paralouatta fossils. An unweighted pair-group average (UPGMA) algorithm for agglomerative hierarchical cluster analysis was used to generate two dendrograms (i.e., biomechanical and morphometric affinity dendrograms) that allowed us to assess general affinities (Sokal and Rohlf, 1962). Cophenetic correlation coefficients (CPCC) were computed as a way of measuring how closely the obtained dendrograms preserved the pairwise distances between the specimens (Sokal and Rohlf, 1962).



RESULTS


Geometric Morphometrics Results

The PCA performed using the shape variables obtained through a GPA returned 90 PCs. The first 24 PCs accounted for 90% of the total variance of the sample, hence offering a reasonable estimate of the total amount of talar shape variation, which were then used in the classification analyses (i.e., morphometric dataset). The PCA shows the main regions of occupied shape space (Figure 4A). Platyrrhines (which are almost exclusively arboreal; only Cebus albifrons is considered into the “both” category) are located on the extreme positive side of PC1 (i.e., lower right and extreme right of the upper right quadrants), whilst most cercopithecid monkeys occupy the upper left quadrant showing mixed substrate preferences. Apes are located on the lower left quadrant, with gorilla and chimpanzees displaying the lowest scores on PC2. PC1 seems to mostly distinguish apes from platyrrhines, with cercopithecids occupying an intermediate position. Knuckle-walking terrestrial African apes (i.e., chimpanzees and gorillas) show the minimum values along PC2, followed by habitually suspensory genera including Pongo, Ateles, Lagothrix, and Hoolock. The most positive PC2 values are shown by cercopithecines and colobines. Interestingly, Paralouatta fossils are located in an intermediate position between cercopithecids and platyrrhines, with P. varonai being closer to the former rather than to the latter. The variation on the negative side of PC1 can be related to a shorter anterior and a longer posterior calcaneal facet, and a broader and shorter talar head. The morphological variation on the positive side of PC1 can be associated with an increased anterior calcaneal facet and an antero-posteriorly shorter trochlea.


[image: image]

FIGURE 4. (A) Principal component analysis (PCA) of the talar shape variables (only the two first PCs are shown). The models closest to the mean shape (i.e., Cercopithecus mitis) was warped to match the multivariate mean using the thin plate spline method. The obtained average model was then warped to represent the variation along the two plotted PC axes in both analyses (mag = 2); (B) Principal component analysis (PCA) of the stress data (i.e., intervals) obtained from the finite element simulations. The models located at the extremes of the PC axes correspond to the individuals showing the maximum or minimum values along the two first PCs.


The PGLS regression showed that there is no association between talar shape and the logarithm of talar centroid size (R2: 0.015; F: 1.325; Z: 1.027; p-value: 0.151; 9,999 permutations). This means that talar shape variation cannot be attributed to evolutionary allometric effects.



Finite-Element Analysis Results

Figure 5 displays stress maps for all the tali under analysis. By representing stress in a visual manner, it is possible to make qualitative inferences about biomechanical behavior, since the observed stress patterns can be read in terms of relative strength (i.e., individuals showing higher stress levels are weaker under the applied load). The correlation based PCA carried out using the 100 variables generated using the Intervals’ method returned 100 PCs. The first nine PCs that accounted for 90% of the total variance of the sample were used in the classification analyses (i.e., biomechanical dataset) as a way to avoid collinearity and to reduce the dimensionality of our data. Figure 4B shows the first two PCs of this correlation based PCA.


[image: image]

FIGURE 5. von Mises stress distribution for all the analyzed specimens.


When comparing locomotor behaviors in extant species, most specimens display moderate values, which makes it difficult to stablish a clear pattern with this proxy. However, the weakest tali -with high average values of stress- correspond to some of the arboreal species. Figure 4B shows the PCA of the stress data (i.e., intervals) obtained from the FE simulations. Mostly terrestrial and arboreal/terrestrial (i.e., “both” category) occupy the lower left quadrant of the PCA, whereas exclusively arboreal species are spread over the three remaining quadrants. This is probably because the “arboreal” category comprises several different locomotor styles (e.g., climbing/clambering, leaping, arboreal quadrupedalism, etc.). On the positive side of PC1 are located those individuals with intervals corresponding to higher stress values, whilst those exhibiting intervals with lower stress values are located at the opposite extreme of the axis. In general, suspensory species tend to show higher stress values than terrestrial and arboreal/terrestrial (i.e., “both” category) specimens. The two Paralouatta specimens present low average values of stress in coincidence with both arboreal and terrestrial species and are located in the PCA close to the limit between the upper and the lower left quadrant, exhibiting lower stress values in an area occupied by many species using both ground and arboreal substrates.



Fossil Substrate Classification Results

There were significant differences between all substrate preferences when using the morphometric dataset (i.e., 24 PCs from the PCA carried out using the shape variables) (Table 1a.). When the same categories are compared but using the biomechanical dataset (nine PCs from the PCA performed using the stress intervals), there were no significant differences between “both” and “terrestrial” categories. Nonetheless, there were significant differences between the arboreal group and the other two categories (Table 1b).


TABLE 1. Pairwise PERMANOVA results.

[image: Table 1]Figure 6 displays the accuracy and Cohen’s Kappa results for all the applied models, for both the morphometric and biomechanical data after carrying out the “leave-group-out” cross-validation procedure and after applying an automatic grid search. The morphometric data slightly outperformed the biomechanical data when classifying substrate preferences in both accuracy and Cohen’s Kappa metrics. The best model for the morphometric data was a simple LDA model (Table 2a), whilst in the case of the biomechanical data, the best model was the KNN (Table 2b), although other models (i.e., LDA and NB) showed similar performance levels.


TABLE 2. Summary statistics of the “leave-group-out” cross-validation procedure for the accuracy and Cohen’s kappa values for all the tested models (best models in bold).
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FIGURE 6. Dot-plot comparing the accuracy and Cohen’s Kappa values of the different classification models applied to morphometric and biomechanical data. The dots represent the average accuracy and Cohen’s Kappa values after performing the “leave-group-out” cross-validation (200 repeats), while the whiskers display their respective 0.95 confidence level. Model acronyms: linear discriminant analysis (LDA); classification and regression tree (CART); k-nearest neighbors (KNN); naïve Bayes (NB); support vector machine (SVM) and random forest (RF).


There are no extra parameters in the morphometric LDA, so no further tuning was required (average accuracy: 0.824; average Cohen’s Kappa: 0.623; Figure 7A). The variables that contributed the most to the separation between categories were PC1 and PC5, followed by PC10 and PC13 (Figure 7B). Then, this model was used to classify the Paralouatta sample into the analyzed substrate preferences (i.e., arboreal, terrestrial and both). Using morphometric data, P. marianae was classified as an arboreal individual, whereas P. varonai was classified as “both” (i.e., arboreal/terrestrial species; Table 3). The obtained KNN model for the biomechanical data achieved its best performance with k = 7 (number of neighbors ranging from 5 to 23 were tested; average accuracy: 0.74; average Cohen’s Kappa: 0.42; Figure 7C). The variables that contributed the most to the separation between categories were PC1 and PC2, followed by PC4 and PC7 (Figure 7D). By applying the final KNN model, both Paralouatta specimens were classified into the “both” category (Table 3). This likely indicates that they engaged in activities both in the ground as in trees.
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FIGURE 7. Decision boundary plots for (A) morphometric and (C) biomechanical data. The two variables that contributed the most to each one of the models are displayed. The space is colored depending on what substrate preference the (A) LDA or the (B) KNN algorithm predict that region belongs to, whereas the lines between colored areas represent the decision boundaries. Color intensity indicates the certainty of the prediction in a particular graph area (i.e., darker colors mean a higher probability of belonging to a certain category). Symbols surrounded by a white rim correspond to misclassified specimens. In addition, variable importance scores for the predictors used are provided for the (B) morphometric (only the top 20 variables are shown) and (D) biomechanical models.



TABLE 3. Prediction results for the fossil sample.

[image: Table 3]The agglomerative-hierarchical cluster analysis of the PCs using the UPGMA algorithm displayed the affinities between living species and Paralouatta fossils for both the morphometric and biomechanical data (Figures 8A,B, respectively). The CPCCs of both datasets indicate a reasonable agreement between the cophenetic distances obtained from the trees, and the original Euclidean distances (morphometric CPCC: 0.78; biomechanical CPCC: 0.79) (Farris, 1969; Saraçli et al., 2013). In the case of the morphometric data, the clusters seem to predominantly reflect phylogenetic relatedness (i.e., platyrrhines, cercopithecids, and apes). In fact, the two Paralouatta fossils are located within the platyrrhine cluster next to Chiropotes satanas. The biomechanical data seems to mostly reflect a combination of substrate preference categories (i.e., most terrestrial and “both” species are located closer to each other), as well as phylogenetic relatedness. Interestingly, the Paralouatta fossils clustered next terrestrial (e.g., Papio and Theropithecus) or arboreal/terrestrial (e.g., Macaca) individuals.
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FIGURE 8. UPGMA hierarchical clustering analyses of (A) shape and (B) biomechanical PCs. Fossils are in bold.




DISCUSSION

The diverse post-cranial adaptations exhibited by extinct platyrrhine primates demonstrates that they occupied a wide variety of habitats and environments in the Americas (MacPhee and Horovitz, 2002). Among the different fossil New World monkeys, the origin and relationships of the endemic Caribbean primates are possibly one of the least understood aspects of platyrrhine evolution. These Antillean monkeys are of special interest for different reasons, including their intricate phylogenetic relationships to mainland forms, as well as due to their mysterious biogeographic history (Halenar et al., 2017). Nonetheless, the fact that they display a variety of features that are rare or absent in platyrrhines from the mainland is perhaps one of the most intriguing and enigmatic ones. It is likely that these traits appeared as a response to selective pressures that are particular to island environments, since insular species tend to significantly differentiate from mainland forms (e.g., non-volant small mammal species tend to evolve larger bodies whereas non-volant large mammal species tend to evolve smaller bodies as has been summarized by Foster’s rule) (Foster, 1964; Case, 1978; Lomolino, 2005; Whittaker and Fernández-Palacios, 2007). Among the features distinguishing the extinct Caribbean species are several post-cranial traits that seem to indicate locomotor adaptations not seen in extant mainland taxa. The original morphological description provided by MacPhee and Meldrum (2006) suggested that Paralouatta was a primate adapted to semi-terrestrial locomotion, perhaps similar to some Old World monkeys. This is particularly striking since no extant platyrrhine species within this adaptive radiation is known to exhibit frequent terrestrial behaviors as part of their locomotor repertoire. Nonetheless, MacPhee and Meldrum (2006) also mentioned that some of these terrestrial features observed in Paralouatta could be merely plesiomorphic traits shared with other anthropoid ancestors. In order to elucidate this issue, we applied a combined approach from the virtual morpho-functional toolkit (i.e., “engineering toolbox”), analyzing both morphometric and biomechanical data. We have arranged what is, to our knowledge, the largest number of 3D FE models to carry out meaningful comparisons that can contribute to a better understanding of the problem. Nevertheless, to properly address the polarity of changes in Paralouatta (e.g., to establish whether the talar traits are plesiomorphic or not) phylogenetically informed methods need to be applied (Almécija et al., 2019).

From a morphometric perspective our results indicate mixed locomotor behaviors. The morphometric PCA located the two Paralouatta specimens between the cercopithecids and the platyrrhines. This indicates that at least for the main axes of morphological variation (i.e., PC1 and PC2) Paralouatta’s talus seems quite distinctive, occupying an area of the morphospace almost vacated by other species. The classification algorithm (i.e., LDA) using the morphometric data classified P. marianae as an arboreal species, while P. varonai was categorized into the “both” category signifying a preference for a semi-terrestrial lifestyle. This is in agreement with Püschel et al. (2018), where it was found that P. marianae was most likely a clamber/suspensory species. Nevertheless, from the observation of Figure 7A, which displays the two variables that contribute the most to the classification models, it is evident that both Paralouatta specimens are located quite closely to the boundary between the arboreal and terrestrial categories. In general, it can be concluded that for P. varonai the traits that indicate semi-terrestriality are more pronounced when compared to P. marianae. If we take into account the millions of years separating these two species, one can speculate that the terrestrial behaviors which were more incipient (less frequent) in P. marianae became more ubiquitous in the later species P. varonai. The clustering analysis of the morphometric data mostly showed broad phylogenetic relatedness. The two Paralouatta specimens where located close to Chiropotes satanas a species known for its usual above branch quadrupedal locomotion, as well as some suspensory postures (Fleagle and Meldrum, 1988). However, it is important to notice that when carrying out the same analysis but using fewer morphometric PCs (e.g., 14 PCs that account for 80% of the variance of the sample), the fossils are located within the predominantly cercopithecid cluster, close to terrestrial or arboreal/terrestrial (i.e., “both”) specimens (results not shown), thus indicating that additional PCs provide additional phylogenetic (rather than “functional”) information.

The biomechanical results also indicate some mixed locomotor behaviors. The biomechanical PCA using the intervals showed that the two Paralouatta species are close to the “both” and terrestrial categories. However, it is important to stress that the “arboreal” species occupy most of the biomechanical-space and that many “arboreal” species are also close to the fossil specimens, probably because this category encompasses several other locomotor categories (e.g., leaping, climbing/clambering, arboreal quadrupedalism, etc.). The KNN algorithm classified both fossil species into the “both” category, hence indicating some levels of terrestriality. Interestingly, P. marianae also shows a high posterior probability for the “arboreal” category which suggests that the terrestrial traits observed in Paralouatta are more incipient in the early evolution of this genus (i.e., semi-terrestriality is certainly a derived character). The clustering analysis shows that the Paralouatta fossils grouped close to terrestrial or arboreal/terrestrial (i.e., “both”) individuals, which again shows some level of terrestriality.

Although the obtained results shown here are highly informative, there is certainly room for improvement. One limitation of our approach is the classification scheme applied. In fact, it is evident from both morphometric and biomechanical analyses that the arboreal category encompasses several locomotor styles that can vary greatly. Further studies could refine this classification scheme to provide a finer perspective when carrying out locomotor classifications. An alternative option, which would not require to force any species into discrete categories, would be to establish major patterns of covariation between a given shape data matrix (e.g., talar shape) and a locomotor behavior data matrix (see for e.g., Table 3 in Hunt, 2016). This approach has been successfully applied using two-block partial least squares analysis in a few studies (e.g., Almécija et al., 2015; Püschel et al., 2017) and it is certainly worth further exploration. Another limitation in our study arises from the fact that we only simulated one simple loading scenario (i.e., quadrupedal standing), which may not reflect the most realistic loading scenarios of the talus in order to distinguish between habitual substrate preferences adopted by primates. Hence, further works could simulate different loading scenarios and test their different discriminatory capabilities when elucidating locomotor behaviors.

Paralouatta was probably an island-adapted large-bodied genus that most likely diverged from other platyrrhines during the early Miocene. This would certainly explain the similarities of Paralouatta to the other platyrrhines, as well as many traits that are evidently unique to this genus and that seem to be exaggerated in the later species P. varonai. The talar morphology of Paralouatta combines some more primitive morphological aspects (both anthropoid and platyrrhine) with derived features associated to some terrestriality levels, as initially though by MacPhee and Meldrum (2006). Given that selection pressures and ecologies can vary significantly between islands and the mainland, different adaptations associated with species that are endemic to islands are to be expected. Paralouatta adapted to a different environment and probably employed a different locomotion, which based on our results it is highly likely to have involved a significant level of terrestrial activity, while still retaining arboreal behaviors as shown by Püschel et al. (2017, 2018). By the island rule (i.e., Foster’s rule) small sized species are expected to become larger, whilst large species tend to become smaller (Foster, 1964). It is surely suggestive to think that when Paralouatta arrived in Cuba it might have become larger due to a more relaxed predation pressure, and therefore able to shift from an arboreal lifestyle to a more terrestrial one. However, this interpretation should be treated with caution, since more refined phylogenetically informed analyses are required to better establish the polarity of changes. Further trait-evolution phylogenetic comparative analyses could certainly contribute toward settling this issue, but firstly the phylogenetic position of Paralouatta needs to be fully resolved.

Finally, this study has shown that a combined virtual morpho-functional approach can help to the understanding of locomotor behaviors in other fossil taxa. By combining morphometrics, biomechanics and ML methods it is possible to provide a broader perspective regarding the locomotor behaviors of fossils species by analyzing different aspects of their functional morphology. The proposed methodological approach can certainly be beneficial when figuring out not only locomotion in fossil species, but also when assessing any other past behaviors that can be inferred from their morphology.
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Extinct scelidotheriine sloths are among the most peculiar fossil mammals from South America. In recent decades, the external cranial anatomy of Pleistocene scelidotheres such as Scelidotherium, Catonyx, and Valgipes has been the subject of numerous studies, but their endocranial anatomy remains almost completely unknown. Today, computed tomographic (CT) scanning methodologies permit the exploration of previously inaccessible anatomical areas through a completely non-destructive process. For this reason, we undertook an analysis of the external and internal cranial anatomy of Catonyx tarijensis from the late Pleistocene of the Department of Oruro, in southwestern Bolivia. One particularly well-preserved specimen allowed detailed observation of all the main cranial osteological features, including the ear region and an almost complete hyoid apparatus, previously unknown for this taxon. Moreover, CT-scanning and subsequent elaboration of digital models of this specimen allowed observation of the brain cavity and cranial sinuses, and reconstruction of the trajectory of the main cranial nerves for the first time in an extinct scelidotheriine sloth. Additionally, we recovered the first three-dimensional reconstructions of the nasal cavity and the turbinates of an extinct sloth. In contrast to the usual depiction, the combined information from the external and internal anatomy suggests reduced lingual protrusion in Catonyx tarijensis, or at least a consistently more limited protrusion of the tongue in comparison with other mylodontid sloths such as Glossotherium robustum. The new morphological information recovered from this extinct sloth is compared with the available information for both extant and extinct forms, providing insights in the paleobiology of the extinct species. The present study reveals the importance of applying these novel non-destructive techniques to elucidate the evolutionary history of sloths.

Keywords: Xenarthra, scelidotheriine sloth, Catonyx tarijensis, skull, anatomy, endocast, hyoid apparatus


INTRODUCTION

Sloths (Folivora) are today represented by only two genera, Bradypus and Choloepus, and constitute an endemic South and Central American mammalian clade restricted to Neotropical rain forests (Nowak, 1999). By contrast, their fossil record is extremely rich and diverse, spanning chronologically from the late Eocene to the early Holocene, and geographically covering nearly all of the American supercontinent (e.g., McNab, 1985; Steadman et al., 2005; Gaudin and Croft, 2015). Mylodontidae is one of the most important folivoran clades, representing a major subdivision of sloths' diversity (e.g., Gaudin, 2004; Boscaini et al., 2019a; Delsuc et al., 2019; Presslee et al., 2019). Its representatives were mainly quadrupedal and terrestrial, and in some cases developed digging capabilities (e.g., Vizcaíno et al., 2001; Pujos et al., 2012). Mylodontid sloths were particularly widespread and abundant in South America, but they also reached Central and North America in different migratory events (e.g., Robertson, 1976; Webb, 1989; McDonald and Pelikan, 2006).

Among mylodontids, Mylodontinae includes medium to large-sized herbivorous forms and, with a few exceptions (e.g., Mylodon and Pseudoprepotherium; see Hirschfeld, 1985 and Bargo et al., 2006), they show mediolaterally wide muzzles that are indicative of grazing diets (McDonald, 1997; Bargo et al., 2006; Pujos et al., 2012). A different morphology is observed in the sister group to Mylodontinae, Scelidotheriinae. The narrow muzzle of scelidotheriines have been associated with more selective diets (McDonald, 1997; Bargo et al., 2006). Indeed, scelidotheriine sloths have long been recognized as distinctive, based on their unusual dentition and skull morphology (e.g., Owen, 1839; Gervais and Ameghino, 1880; McDonald, 1987). McDonald (1987) noted that all scelidotheriine species possess elongated and narrow skulls. The dentition is also buccolingually compressed, so that every tooth has a long axis that is much longer than its orthogonal width, although the orientation of the long axis varies along the toothrow (Owen, 1839; Gervais and Ameghino, 1880; McDonald, 1987). Gaudin (2004) identified additional unique synapomorphies of Scelidotheriinae. For example, the maxilla is deeper in its midsection to accommodate the elongated tooth roots, and narrows anteriorly and posteriorly, in lateral view (Gaudin, 2004). This results in a ventrally convex profile of the palate in lateral view that is also unique to the group (Gaudin, 2004).

The scelidotheriine fossil record ranges chronologically from the middle Miocene to the Pleistocene/Holocene transition (Friasian to Bonaerian/Lujanian SALMAs; South American Land Mammal Age(s); McDonald, 1997; Scillato-Yané and Carlini, 1998; McDonald and De Iuliis, 2008; Miño-Boilini et al., 2019). In contrast to mylodontines, scelidotheriines were restricted to South America, and did not participate in the G.A.B.I. (Great American Biotic Interchange), as a probable consequence of their ecological restrictions due to specialized feeding habits (McDonald, 2005; Amson et al., 2016). During the Pleistocene, this clade was represented by three genera: (i) Valgipes, endemic to the intertropical region of Brazil (Cartelle et al., 2009, 2019), (ii) Scelidotherium, from the Pampas region of Argentina and Uruguay (McDonald and De Iuliis, 2008; Corona et al., 2013), and (iii) Catonyx (=Scelidodon) a more widespread taxon known from Argentina, Bolivia, Brazil, Chile, Ecuador, Peru, and Uruguay (Miño-Boilini, 2016).

According to Gaudin (2004), features that serve to differentiate the two scelidotheriine Catonyx and Scelidotherium include: the posterior extension of the temporal fossa, which is more pronounced in the former taxon (Gaudin, 2004: char. 97); in Catonyx, the orbital portion of the lacrimal is more expanded than the facial, whereas the two portions are equal in size in Scelidotherium (Gaudin, 2004: char. 140); a maxillo-lacrimal contact within the orbit is present in Catonyx, whereas it is absent in Scelidotherium (Gaudin, 2004: char. 109); the sphenorbital fissure is more posteriorly located in Scelidotherium than in Catonyx (Gaudin, 2004: char. 161), and Scelidotherium exhibits a smaller hypoglossal foramen than Catonyx (Gaudin, 2004: char. 187). Finally, Catonyx possesses distinct fossae for the rectus capitis muscles on the basioccipital that are lacking in Scelidotherium (Gaudin, 2004: char. 196).

Following the latest revisions of the group (i.e., McDonald and Perea, 2002; Corona et al., 2013; Miño-Boilini, 2016), Catonyx includes three species: (i) C. chiliensis from the Lujanian SALMA of Argentina, Bolivia, Chile, Ecuador, and Peru, (ii) C. cuvieri from the Lujanian SALMA of Brazil and Uruguay, and (iii) C. tarijensis, from the Ensenadan–Lujanian SALMAs of Argentina, Bolivia, and Uruguay. Only C. chiliensis and C. tarijensis have previously been recovered from Bolivia. The two species are easily recognizable by their general body size, the shape of the nasals, the development of the sagittal crest, and the morphology of the dentition in occlusal view (McDonald, 1987; McDonald and Perea, 2002; Corona et al., 2013; Miño-Boilini, 2016).

In the present contribution, based on an almost complete skull of Catonyx tarijensis from late Pleistocene deposits of the Department of Oruro, we provide a detailed description of its skull and mandible, with special emphasis on its poorly known ear region. We also provide a description of the almost complete hyoid apparatus of this species, together with the first digital reconstructions of the main endocranial structures of a scelidotherine sloth.



MATERIALS AND METHODS

The specimen of Catonyx tarijensis MNHN-Bol V 13364 analyzed in the present study was recovered in 2013 from late Pleistocene deposits at Chokxo Pata, Ayllu Yuruma locality (18° 43′ 28.5″ S; 67° 26′ 39.8″ W; altitude: 3.667 m a.s.l.). This locality is situated on the western side of Lake Poopó (Municipality of Santiago de Andamarca, Sud Carangas Province, Department of Oruro, southwestern Bolivia; Figure 1). The specimen was recovered in a friable non-laminated yellowish sandstone of lacustrine origin, without any other associated faunistic elements. However, the late Pleistocene age of the fossils is suggested by the unconsolidated nature of the sediments and low degree of petrification of the remains, together with absolute dates obtained in neighboring areas (Placzek et al., 2006). At the moment, a late Pleistocene age for these remains is the most plausible, given the wide distribution of Catonyx in other South American localities in this period (see Introduction). However, further paleontological surveys and detailed analyses at Chokxo Pata are necessary for a reliable chronological assessment of the recovered remains. The specimen labeled as MNHN-Bol V 13364 includes an almost complete skull, both mandibular rami, most of the hyoid apparatus, an incomplete left humerus and radius, and other postcranial fragments.


[image: Figure 1]
FIGURE 1. Map of the locality in which the remains of Catonyx tarijensis MNHN-Bol V 13364 have been recovered. Circles: cities; Star: fossil locality.


MNHN-Bol V 13364 is particularly well-preserved and exhibits only slight deformation, allowing detailed descriptions of the cranial and mandibular remains, with special emphasis on the ear region and the hyoid apparatus. Moreover, we report the first digital models of the endocranial cavities of a scelidotheriine sloth, based on scans of MNHN-Bol V 13364, taken with a Somatom Scope (Siemens) CT scanner at the “Clínica Alemana” Institute of La Paz (Bolivia). The scanning resulted in 1,032 slices with a slice thickness of 0.75 mm. The image segmentation process was performed using the digital tools provided by OsiriX v.5.6 32-bit and Materialize Mimics v.20. The 3D models of the nasal cavity, turbinates, brain cavity, and cranial sinuses were exported from Mimics as “.PLY” files, then converted to “.OBJ” format and imported into ZBrush 4R6 for the rendering process. Unfortunately, the resolution of the CT-scan did not allow for a detailed reconstruction of the bony labyrinth of MNHN-Bol V 13364, and for this reason this anatomical area is not treated in the present paper.

External craniodental measurements were taken with a digital caliper to the nearest 0.1 mm, whereas measurements of the digital models were obtained using the tools of the software Materialize Mimics v.20.

The comparative sample is largely based on the dataset assembled by Boscaini et al. (2020), which includes the two extant sloth species Bradypus variegatus and Choloepus hoffmanni, and the extinct giant mylodontine Glossotherium robustum. For the purposes of comparison, other non-digital endocranial information was obtained from Gervais (1869) and Dechaseaux (1958, 1962a,b, 1971).



RESULTS


Systematic Paleontology

XENARTHRA (Cope, 1889)

PILOSA (Flower, 1883)

FOLIVORA (Delsuc et al., 2001)

MYLODONTIDAE (Gill, 1872)

SCELIDOTHERIINAE (Ameghino, 1904)

Catonyx (Ameghino, 1891)

Catonyx tarijensis (Gervais and Ameghino, 1880)

Holotype MNHN.F.TAR1260, skull and mandible from the Pleistocene of Tarija Valley (southern Bolivia).

Referred material MNHN-Bol V 13364: complete skull, associated with both mandibular rami and most of the hyoid apparatus, incomplete left humerus and radius, and isolated postcranial fragments from late Pleistocene deposits at Chokxo Pata, Ayllu Yuruma locality (Sud Carangas Province, Department of Oruro, southwestern Bolivia).

Measurements see Table 1.


Table 1. External and internal measurements of the craniodental remains of Catonyx tarijensis MNHN-Bol V 13364 from the Pleistocene of Oruro (Bolivian Altiplano).
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Type locality and age Department of Tarija (southern Bolivia), Tolomosa Formation, middle (0.76 ± 0.03 Ma; U–Th/Pb and U–Th/H; MacFadden et al., 2013) or late (44-21 ka; C14; Coltorti et al., 2007) Pleistocene.

Distribution Pleistocene deposits of Bolivia, Argentina and Uruguay (McDonald and Perea, 2002; Corona et al., 2013; Miño-Boilini, 2016).



Comparative Description of the External Anatomy
 
Skull

The skull of Catonyx tarijensis MNHN-Bol V 13364 is tubular in section, anteroposteriorly elongated, and somewhat low dorsoventrally (Figure 2), all typical of scelidotheriine cranial morphology (e.g., McDonald, 1987; Gaudin, 2004; Miño-Boilini, 2012).


[image: Figure 2]
FIGURE 2. Skull and mandible of Catonyx tarijensis MNHN-Bol V 13364 from the Pleistocene of Oruro (Bolivian Altiplano). Skull in dorsal (A), ventral (B), lateral (C), anterior (D), and posterior (E) views. Mandible in lateral (F) and occlusal (G) views. al, alisphenoid; ama, accessory mandibular articulation; angp, angular process; bo, basioccipital; bs, basisphenoid; caf, condylar accessory facet; cf, condylar facet; conp, condyloid process; corp, coronoid process; dnm, dorsal nasal meatus; eoc, external occipital crest; eomc, external opening of the mandibular canal; fm, foramen magnum; fov, foramen ovale; fr, frontal; hr, horizontal ramus of mandible; jug, jugal; lac, lacrimal; lf, lacrimal foramen; lt, lacrimal tubercle; mf, mental foramen; ms, mandibular spout; mx, maxilla; mxt, maxilloturbinate; n, nasal; nc, nuchal crest, ns, nasal septum; nt, nasoturbinate; oc, occipital; occ, occipital condyle; opt/fsph, common aperture for the optic foramen and sphenorbital fissure; or, orbitosphenoid; pal, palatine; p, parietal; pmx, premaxilla; ps, presphenoid; pt, pterygoid; sb, sutural bone; sq, squamosal; vm, vomer. Scale bar equals 10 cm.


The medial and lateral anterior processes of the nasal are separated by a deep notch (Figures 2A,C), as is typical in scelidotheriines (Gaudin, 2004: char. 102). The anterior portion of the nasal is mediolaterally expanded and tapers posteriorly in a gradual and uniform fashion. The nasofrontal suture is almost transverse and straight (Figure 2A).

Only the posteriormost portion of the right premaxilla is present, preserving a minor portion of the lateral ramus (Figure 2B). The palatal portion of the maxilla exhibits a ventrally convex profile in lateral view (Figure 2C), a characteristic feature of scelidotheriines (Gaudin, 2004: char. 121; Cartelle et al., 2009). The palate itself is elongated and narrow, and extends well posterior to the last upper molariform as a broad postpalatal shelf that extends posteriorly along the medial surface of the pterygoid flange for almost half its anteroposterior length (Figure 2B). This shelf is pierced by at least one large postpalatal foramen (=minor palatine foramen of other mammals; Gaudin, 2011). The anterior palatal foramen is only preserved on the right side, where it forms a small opening emptying into a short, shallow anterior groove, roughly halfway between the lateral ramus of the premaxilla and the first molariform. The incisive foramina are largely hidden by the large medial palatal processes of the maxilla (as in Scelidotherium; Gaudin, 2004: char. 117) and are located within an elongate median groove at the anterior end of the palate (Figure 2B). The anterior end of the maxillopalatine suture lies medial to the third molariform, as it does in Scelidotherium (Gaudin, 2004: Figure 5B).

The lacrimal is roughly quadrilateral in shape and has a relatively reduced facial exposure and an extensive orbital exposure (Figure 2C). In this respect, Catonyx differs from Scelidotherium, in which the orbital exposure is no larger than the facial (Gaudin, 2004: char. 140). There is a well-developed lacrimal tubercle just anterior to the single large and circular lacrimal foramen (Figure 2C). The latter is located on the facial portion of the lacrimal and just anterior to the orbital rim. The facial exposure of the lacrimal contacts the maxilla anteriorly and the frontal posteriorly. This contrasts with the information in Gaudin (2004: char. 107), in which a contact between the nasal and lacrimal is considered a synapomorphy of scelidotheres, suggesting that this feature may represent a variable feature at different taxonomic levels. The absence of contact between the nasal and the lacrimal in MNHN-Bol V 13364, differs from the arrangement depicted by McDonald (1987) for the same species. The variability of this feature was first mentioned by Kraglievich (1923) for Scelidotherium and is now also confirmed for Catonyx. In MNHN-Bol V 13364, the orbital exposure of the lacrimal contacts the jugal and the maxilla ventrally and the frontal posteriorly (Figure 2C). The contact between maxilla and lacrimal within the orbit is absent in Scelidotherium (Gaudin, 2004: char. 109).

Another distinctive feature of MNHN-Bol V 13364 is the exceptional preservation of the nasopharyngeal roof (Figure 2B). At the anterior end, both the alae and the median keel of the vomer are visible, the former well-outlined by sutures (Figure 2B). A typical triangular presphenoid is observable posterior to the vomer. The basisphenoid is irregular in shape but reminiscent of the butterfly shape commonly observed in some mylodontids, such as Mylodon, Glossotherium, and Paramylodon (Patterson et al., 1992) and other sloths, such as Bradypus and Analcimorphus (Gaudin, 2004: char. 198). The basisphenoid and basioccipital are completely fused. However, there are two strongly developed tubera which typically lie on the junction between the basisphenoid and the basioccipital, suggesting that the suture occurs in this region (Figure 2B). The basioccipital is wide transversely and short anteroposteriorly, nearly flat but marked bilaterally by shallow depressions for the rectus capitis muscles (Figure 2B). As noted above, these fossae are absent in Scelidotherium.

As is common in mylodontids, there is a large ovate depression near the bottom of the medial orbital wall that houses most of the major orbital foramina (Figure 2C). The sphenopalatine/anterior palatal foramen, which is normally part of this complex, is not preserved on either side. However, the large opening, typical of sloths (Gaudin, 2004: char 160), that serves as a common aperture for the optic foramen and sphenorbital fissure, is well-preserved bilaterally (Figure 2C). Scelidotherium differs from Catonyx in the absence of a common depression for the orbital foramina, with the aperture of the optic foramen/sphenorbital fissure situated well posterior to the sphenopalatine/anterior palatal foramen (Gaudin, 2004: char. 161). The sutural relationships of the bones surrounding the aperture for the optic foramen/sphenorbital fissure are complex in MNHN-Bol V 13364 (Figure 2C). Indeed, four bones participate in the formation of the opening: frontal, orbitosphenoid, alisphenoid, and palatine. The frontal forms the anterior and dorsalmost portion of the aperture. The orbitosphenoid forms the roof and part of the lateral wall. The alisphenoid is the most complex, comprising a portion of the lateral wall, most of the medial wall, as well as a portion of the floor. The remaining part of the floor of the aperture is formed by the palatine (Figure 2C). The orbitosphenoid has a small lateral exposure lateral to the aperture of the sphenorbital fissure/optic foramen, extending posteriorly to contact the squamosal and largely separating the alisphenoid and frontal. A lateral exposure of the orbitosphenoid like this is quite unusual, not only in sloths, but for xenarthrans in general, but has been reported in a single juvenile specimen of the extant two-toed sloth Choloepus hoffmanni (Gaudin, 2011).

The foramen ovale of MNHN-Bol V 13364 is located between the alisphenoid, pterygoid, and squamosal. The last two elements form the bulk of the rim, with the alisphenoid contributing only a small portion of the anterior edge. In MNHN-Bol V 13364 there is also a rounded projection extending ventrally from the dorsolateral margin of the foramen ovale and partially shielding it in lateral view (Figure 2C). This small projection is comprised of alisphenoid anteriorly and squamosal posteriorly, and bears a slightly concave articular surface laterally (Figure 2C). This surface contacts a distinct medial facet on the mandibular condyle, and therefore we identify this as an accessory mandibular articulation (ama; Figure 2C), unknown in other sloths.

Behind the foramen ovale, an ovoid, reduced sutural bone is present, just at the junction between the pterygoid and the squamosal (Figure 2C). The pterygoid/squamosal suture extends posteriorly into the ear region (Figures 2B,C). The pterygoid of C. tarijensis appears less inflated basally than is the case in either M. darwinii or G. robustum (Patterson et al., 1992; Boscaini et al., 2018a). In the latter two taxa, a pair of inflated areas, lateral and medial, are observed at the base of the pterygoid, whereas in C. tarijensis, a single low pterygoid inflation is present (Figure 2B). The ventral portion of the pterygoid extends ventrally into a large pterygoid flange, as is typical for sloths (Gaudin, 2004). In Catonyx, the ventral margin of this flange is semicircular in shape, whereas in Scelidotherium it is more nearly triangular (Owen, 1857; Gaudin, 2004: Figure 5A).

In MNHN-Bol V 13364 many of the internal structures of the nasal cavity are visible in anterior view, including the nasal septum and the anteriormost portion of the nasoturbinates and maxilloturbinates (Figure 2D). The nasoturbinates terminate anteriorly on the underside of the long lateral process of the nasal and delimit the dorsal nasal meatus ventrally. The surface of the maxilloturbinates form a relatively smooth and conical mass at its anterior end (Figure 2D).

In dorsal view, the temporal lines are poorly developed and the sagittal crest is lacking (Figure 2A), two features that are probably related to the immaturity of the individual (Corona et al., 2013). In MNHN-Bol V 13364, the temporal lines are only observable at the level of the poorly developed postorbital processes, and posteriorly, where they merge with the nuchal crest (Figure 2A). Among Mylodontidae, the posterior convergence of the temporal lines and the nuchal crest is also observed in Nematherium, Octodontotherium, and Lestodontini (Gaudin, 2004: char. 97). In Scelidotherium and other mylodontines, the temporal lines turn ventrally, anterior to the nuchal crest. The frontoparietal suture is only partially detectable in MNHN-Bol V 13364 (Figure 2A), and shows an irregular and bilaterally asymmetric outline. The position of this suture, well posterior to the glenoid, represents a scelidotheriine + mylodontine synapomorphy according to Gaudin (2004: char. 172).

In posterior view (Figure 2E), the occipital is subrectangular in shape, as is typical for scelidotheriines (Brambilla and Ibarra, 2018), whereas the subtriangular occipital condyles are directed ventrally, as is typical for Catonyx (Corona et al., 2013; Miño-Boilini, 2016).



Ear Region

The ectotympanic and the middle ear ossicles are missing on both sides of MNHN-Bol V 13364, but the remainder of the auditory region is well-preserved.

Both entotympanics are present and complete. As is typical for sloths, they are located lateral to the basioccipital/basisphenoid tuber and ventral to the promontorium of the petrosal (Figures 2B, 3). Again as in most sloths, the entotympanic is divided into medial and lateral plates by a deep sulcus for the internal carotid artery (Figure 3; Gaudin, 1995). At the anterior end of this sulcus, the entotympanic encloses a canal through which the artery passed (Figure 3); the presence of this canal is a variable feature in Catonyx and Scelidotherium (Gaudin, 1995). A carotid foramen/canal in the entotympanic is also present in Nematherium and Pseudoprepotherium, but is missing in other mylodontids (Patterson et al., 1992; Gaudin, 1995, 2004).
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FIGURE 3. Left ear region of Catonyx tarijensis MNHN-Bol V 13364 in ventrolateral view (anterior toward the right). aptt, anteroventral process of the tegmen tympani; bs, basisphenoid; cf, carotid foramen; en(lp), entotympanic (lateral plate); en(mp), entotympanic (medial plate); er, epitympanic recess; fc, fenestra cochleae; gEt, groove for the Eustachian tube; gvn, groove for the vidian nerve; hf, hypoglossal foramen; jf, jugular foramen; occ, occipital condyle; pcp, paracondylar process of exoccipital; prp, promontorium of petrosal; shf, stylohyal fossa; stmf, stylomastoid foramen; vooa, ventral opening for the occipital artery. Scale bar equals 1 cm.


On the right side of MNHN-Bol V 13364, the lateral plate of the entotympanic has a small opening near its anterior end that likely accommodated the exit of the greater petrosal nerve (=vidian nerve) from the tympanic cavity. A short groove for the greater petrosal nerve extends from the opening toward the nasopharynx. On the left side, there is a much larger aperture in roughly the same position (Figure 3), suggesting that this difference in size could be related to the immature development of this individual.

In fact, there are several additional features in the ear region which indicate the subadult status of MNHN-Bol V 13364 including: (i) a small gap between the medial entotympanic and the basioccipital/basisphenoid tuber (visible on the left side of the skull), (ii) an unusually deep stylohyal fossa, and (iii) the presence of an open groove for the occipital artery on the mastoid exposure of the petrosal (Figure 3). In all other mylodontids except Nematherium, the occipital artery is either partially or fully enclosed in a canal (Gaudin, 1995, 2004).

The petrosal morphology of MNHN-Bol V 13364 is typical for scelidotheres, and indeed for Mylodontidae as a whole (Patterson et al., 1992; Gaudin, 1995, 2004). One unusual aspect of this specimen is the small size of the anteroventral process of the tegmen tympani (aptt; Figure 3). The aptt is variable in size and shape among mylodontids, but was recorded as a “large, rugose bony mass” in prior observations of Catonyx (Gaudin, 1995, 2004). The small and triangular shape of the aptt in MNHN-Bol V 13364 (Figure 3) could also be related to its subadult status.

The large jugular foramen which marks the posteromedial boundary of the ear region is typical for mylodontids (Figure 3). However, the hypoglossal foramen is distinctive in a number of aspects. First, in MNHN-Bol V 13364 it is nearly identical in size to the jugular foramen (Figure 3), whereas in Mylodon and Glossotherium the hypoglossal foramen is larger than the jugular (Patterson et al., 1992; Boscaini et al., 2018a). Moreover, it nearly abuts the jugular foramen, the two being separated by a sharp ventral crest (Figure 3). In other mylodontids, the hypoglossal foramen is located farther posteriorly (Patterson et al., 1992; Boscaini et al., 2018a).



Mandible

The mandible of MNHN-Bol V 13364 shows an almost horizontal ventral border, as is typical for mylodontids (Gaudin, 2004; McDonald and De Iuliis, 2008). As in other scelidotheres, it has a very elongated and narrow mandibular spout with a rounded anterior edge (Figures 2F,G).

The very deep horizontal ramus of MNHN-Bol V 13364 (Figure 2F) is characteristic of Catonyx tarijensis and contrasts with the shallower ramus in C. cuvieri and C. chiliensis (Pujos, 2000; Miño-Boilini, 2016). The condyle is transversely extended as in other scelidotheres, but with a peculiar concave articular surface, which differs from the flat articular surface that is typical of the group (Gaudin, 2004: char. 55). The latter is bordered medially by a second articular surface for the accessory mandibular articulation, as discussed above.

Despite the apparent subadult status of the specimen, the grooves and ridges that mark the attachments of the masticatory muscles are very well-developed (Figure 2F). This is particularly evident along the ventrolateral margin of the angular process, where two strong grooves are present.



Hyoid Apparatus

A large part of the hyoid apparatus of MNHN-Bol V 13364 is preserved, the available elements including the right stylohyal and epihyal, the “V-bone” (fused basihyal and thyrohyals), and the ossified thyroid cartilage (Figure 4). Both ceratohyals, however, are missing. On the whole, the hyoid morphology of Catonyx reflects the general xenarthran pattern, which consists of three paired and unfused bones (representing the anterior cornua) and an unpaired V-bone (representing the posterior cornua) (Casali and Perini, 2017).


[image: Figure 4]
FIGURE 4. Hyoid apparatus of Catonyx tarijensis MNHN-Bol V 13364 from the Pleistocene of Oruro (Bolivian Altiplano). Right stylohyal in medial view (A); right epihyal in medial view (B); V-bone in anterior view (C); and ossified thyroid cartilage in anterior view (D). Scale bar equals 5 cm.


Stylohyal- The right stylohyal of MNHN-Bol V 13364 is almost complete, lacking only the articular facet for the basicranium (Figure 4A). The body of the stylohyal is cylindrical, with a slight enlargement toward the distal facet for the epihyal (Figure 4A), as is typical in Folivora (Gaudin, 2004: char. 79; Casali and Perini, 2017: char. 1). The shaft of the stylohyal is straight in Catonyx (Figure 4A), a condition that is observed in other scelidotheriines such as Scelidotherium and Valgipes, whereas the stylohyal shaft is curved in mylodontines such as Mylodon, Paramylodon, Glossotherium, and Lestodon (Gaudin, 2004; Pérez et al., 2010; Tambusso et al., 2015; Casali and Perini, 2017). However, the curved condition can be occasionally observed in some specimens of Scelidotherium, and the straight condition in some Paramylodon specimens (Casali and Perini, 2017). In Paramylodon harlani, Stock (1925) also identified an uncommon case of fusion between the stylohyal and the epihyal. This feature, commonly recovered among the extant sloths (Naples, 1986), is rarely observed in extinct taxa such as Paramylodon harlani, Megatherium americanum, and Eremotherium laurillardi (Casali and Perini, 2017). The stylohyal-epihyal contact is flat in lateral and medial views in MNHN-Bol V 13364 (Figures 4A,B). This feature is also typical of sclelidotheriines, in contrast to the more concavo-convex articulation of mylodontines (Pérez et al., 2010).

Epihyal- The epihyal of Catonyx MNHN-Bol V 13364 is shorter in length than the stylohyal (Figures 4A,B), a typical condition for pilosans (Gaudin, 2004: char 77; Casali and Perini, 2017: char. 2). The shaft of the epihyal is wide anteroposteriorly and compressed mediolaterally (Figure 4B), resembling the shape of the epihyal of Scelidotherium and in contrast to that observed in Glossotherium and Paramylodon, in which the epihyal decreases uniformly in width from its proximal to its distal end (Stock, 1925; Pérez et al., 2010). Both the facets for the stylohyal and the ceratohyal are flat (Figure 4B), again resembling the condition in Scelidotherium and contrasting with the morphology of Paramylodon and Glossotherium, in which they are concave and convex, respectively. Both ceratohyals are missing in MNHN-Bol V 13364. As in all extinct sloths, and in contrast to the living forms, they were unfused to the epihyals (Casali and Perini, 2017: char. 6).

V-bone and ossified thyroid cartilage- The fusion between the basihyal and the thyrohyals, forming the so-called V-bone, is a typical xenarthran feature (Pérez et al., 2010; Casali and Perini, 2017). The two anterior eminences that articulate with the ceratohyals are well-developed in Catonyx (Figure 4C) and similar in shape to those of Glossotherium and Paramylodon (Stock, 1925; Pérez et al., 2010). Posteriorly, the V-bone contacts the ossified thyroid cartilage through two roughly circular and flat facets (Figure 4D). In Catonyx, the V-bone and ossified thyroid cartilage are markedly V-shaped in anterior view (Figures 4C,D), similar to the morphology observed in Scelidotherium and distinct from the U-shaped homologous elements in Glossotherium and Paramylodon (Pérez et al., 2010).




Comparative Description of the Internal Anatomy
 
Nasal Cavity

The facial part of the respiratory tract is preserved, both externally (Figure 2) and internally (Figure 5). The main turbinates of this region, the nasoturbinate (an olfactory structure) and the maxilloturbinate (a respiratory structure), are observable in the anterior view of the nasal cavity (Figure 2D) and their morphology can be traced back posteriorly thanks to the digital endocranial reconstruction (Figures 5A–D).
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FIGURE 5. Digital reconstructions of the skull and mandible of Catonyx tarijensis MNHN-Bol V 13364 from the Pleistocene of Oruro (Bolivian Altiplano), showing internal features. Skull in dorsal (A), ventral (B), lateral (C), anterior (D), and posterior (E) views. Mandible in lateral (F) and occlusal (G) views. als, alisphenoid sinus; b, brain endocast; fs, frontal sinus; mc, mandibular canal; mcr, mandibular canal ramifications; mf, lower molariform tooth; Mf, upper molariform tooth; mxt, maxilloturbinate; nt, nasoturbinate; ors, orbitosphenoid sinus; ps, parietal sinus; pts, pterygoid sinus; sqs, squamosal sinus. Colors indicate: green, turbinates; purple, mandibular canal and ramifications; orange, dentition; red, sinuses. Scale bar equals 10 cm.


The nasoturbinate of Catonyx tarijensis MNHN-Bol V 13364 is anteroposteriorly elongated and mediolaterally narrow. It is also inclined ventromedially in anterior view, facing the nasal septum. It constitutes the floor of the relatively large and undivided dorsal nasal meatus (Figures 5A–D). The nasoturbinate reaches the anterior edge of the nasal bone anteriorly (as noted above), and extends posteriorly to the level of the postorbital process of the frontal. Unfortunately, the ethmoidal crest and the ethmoturbinates are not preserved, preventing observation of the posterior attachment point for the nasoturbinates (Figures 5A–C). The nasoturbinates appear to be somewhat shorter in Stock's (1925: Figure 60) illustration of Paramylodon.

The maxilloturbinates are also partially observable. They show the same anteroposterior elongation as the nasoturbinates, but their anatomical structure is more complex (Figure 5A–D). In fact, even if they are only partially preserved (broken in places and likely lacking the most delicate bony scrolls), they are clearly enrolled in a corkscrew fashion throughout most of their length (Figure 5D). The outermost scroll begins with a dorsolateral attachment to the inner wall of the nasal cavity, and then extends medially, curving ventrally as it approaches the nasal septum, then curving again medially, dorsally, and so on. Similarly scrolled maxilloturbinates are present in Paramylodon harlani (TJG, pers. observation). In ventral view, the maxilloturbinates of Catonyx appear thicker, forming a continuous surface, likely corresponding to the ventral concha (Figures 5B,C).



Cranial Sinuses

Cranial sinuses are well-developed in Catonyx tarijensis MNHN-Bol V 13364, extending for about two thirds of the entire skull length (Figures 5A–C). Pneumatization reaches its largest extent in the middle cranial area, where the sinuses mirror the external morphology of the cranium (Figures 5A–C). More posteriorly, at the level of the squamosal, parietal, and occipital bones, pneumatization is less dense or missing (Figure 5). This set of features is more similar to that of Choloepus (Boscaini et al., 2020) than that of other extinct giant sloths like Glossotherium robustum (Boscaini et al., 2020) and Paramylodon harlani (Stock, 1925), where the sinuses invade every bone all the way back to the occiput.

The frontal shows the highest level of pneumatization, with extensive sinuses extending from its anterior to posterior edges, in both dorsal and lateral views (Figures 5A,C). In lateral view, the extent of the sinuses reflects the anterior contact with both the lacrimal and the maxilla (Figure 5C). Frontal sinuses merge posteriorly with the orbitosphenoid and the alisphenoid sinuses. In fact, the latter bones are also largely pneumatized at the level of the common aperture for the optic foramen and sphenorbital fissure (Figure 5C), a common feature in extant and extinct sloths (Boscaini et al., 2020).

The squamosal of MNHN-Bol V 13364 is partially pneumatized, with large sinuses in its anteriormost portion, invading the tip of the zygomatic process (Figures 5A–C). However, the posterior half of the squamosal is not pneumatized (Figures 5A–C), in contrast to Glossotherium, Choloepus and Bradypus (Boscaini et al., 2020). It should be noted that the squamosal pneumatization of the extant sloths is an epitympanic sinus continuous with the tympanic cavity ventrally, whereas that of Catonyx and Glossotherium is confined to the squamosal itself, as is typical for mylodontids (Gaudin, 1995). Parietal sinuses are observable in Catonyx, but only in proximity to the fronto-parietal suture (Figures 5A–C), as in Choloepus (Boscaini et al., 2020). In comparison to the frontal sinuses, the parietal sinuses are smaller in size, allowing observation of the underlying brain cavity in dorsal and lateral views (Figures 5A–C). In MNHN-Bol V 13364, sinuses at the level of the parietal represent the posteriormost extension of pneumatization, which is also lacking in most of the basicranium (Figure 5).

Ventrally, some sinuses were detected on the cranial base (Figures 5B–E). As already noted from the external aspect of MNHN-Bol V 13364, isolated sinuses are present in the pterygoid. They are placed in the middle of the descending lamina, but also posteriorly, at the posterior edge of the descending lamina (Figures 5B–E), as in Glossotherium and Choloepus (Boscaini et al., 2020). Moreover, some globose and individualized sinuses, similar to those of Choloepus (Boscaini et al., 2020), are visible in the basisphenoid, forming a “v-shaped” pneumatizatized area on the cranial base (Figure 5B). As in extant sloths (Boscaini et al., 2020), sinuses are lacking in the occipital (Figure 5).



Mandible and Dentition

The CT images of the mandible (Figures 5F,G) reveal the entire height of the lower teeth and the morphology of the mandibular canal. The left first, second, and fourth molariforms are pushed dorsally far out of their alveoli due to infilling sediment. The strongly hypselodont teeth once penetrated deeply in the mandible, reaching the mandibular canal.

The mandibular canal housed the mandibular division (V3) of the trigeminal nerve, which exited the skull at the foramen ovale, entering the mandible through the internal aperture of the mandibular canal, located on the medial side of the coronoid process. As in all folivorans (Gaudin, 2004: char. 74), the mandibular canal also presents a posteroexternal opening on the lateral surface of the mandible.

The main branch of the mandibular canal is located ventrally in the dentary, extending medially to the lower dentition (Figures 5F,G). The most anterior portion of the mandibular canal diverges into several rami at the level of the mandibular spout, emerging from the numerous mental foramina (Figures 5F,G). The development of the mandibular canal and its rami reveal the many neurovascular terminations that occurred in this area.



Brain Endocast and Cranial Nerves

Brain endocast- The brain endocast of Catonyx tarijensis MNHN-Bol V 13364 (Figure 6) is generally similar to that of other mylodontid sloths and Choloepus (Gervais, 1869; Dechaseaux, 1958, 1962a,b, 1971; Boscaini et al., 2020), characterized by prominent olfactory bulbs, a globose telencephalon and mediolaterally expanded cerebellar hemispheres.


[image: Figure 6]
FIGURE 6. Digital reconstructions of the brain cavity of Catonyx tarijensis MNHN-Bol V 13364 from the Pleistocene of Oruro (Bolivian Altiplano) in dorsal (A), ventral (B), lateral (C), and anterior (D) views. arf, anterior rhinal fissure; eg, ectosylvian gyrus; es, entolateral sulcus; fov, foramen ovale groove; h, hypophysis; hf, hypoglossal foramen groove; iam, internal acoustic meatus; jf, jugular foramen groove; lch, left cerebellar hemisphere; lf, longitudinal fissure; lg, lateral gyrus; ls, lateral sulcus; ob, olfactory bulb; og, occipital gyrus; olg, olfactory gyrus; op, olfactory peduncle; opt, optic nerve; opt/fsph, common groove for the optic foramen and sphenorbital fissure; org, orbital gyrus; p, paraflocculus; pl, pyriform lobe; prf, posterior rhinal fissure; ps, presylvian sulcus; pss, pseudosylvian sulcus; rch, right cerebellar hemisphere; sg, suprasylvian gyrus; ss, suprasylvian sulcus; tf, transverse fissure; tl, temporal lobe; ve, vermis. Colors indicate: gray, cerebrum; blue, olfactory bulbs; turquoise, cerebellum; orange, neurovascular connections. Roman numeral designations indicate cranial nerves. Scale bar equals 5 cm.


In dorsal view (Figure 6A), the olfactory bulbs of Catonyx are mediolaterally wide, as in Glossotherium and Choloepus (Boscaini et al., 2020). In MNHN-Bol V 13364, the olfactory bulbs are particularly protruded anteroposteriorly, and are connected to the telencephalon by two divergent olfactory peduncles (Figure 6). The olfactory bulbs are also dorsally directed in lateral view (Figure 6C) and appear elliptical in shape in anterior view (Figure 6D).

Compared to Megatherium, Glossotherium, and Lestodon (Dechaseaux, 1958, 1962a,b, 1971; Boscaini et al., 2020), the cerebrum of Catonyx is less domed in lateral view (Figure 6C). It is similar to Choloepus in this respect (Boscaini et al., 2020). In the same view, the telencephalon of Catonyx appears anteroposteriorly elongated, with prominent convolutions that are well-preserved on the left hemisphere. This convolution pattern consists of orbital, olfactory, suprasylvian, ectosylvian, and occipital gyri bordered by shallow furrows represented by the lateral, presylvian, suprasylvian, and pseudosylvian sulci, as well as by the rhinal and the transverse fissures (Figure 6C). The pyriform lobe is less developed than its homologue in Glossotherium (Boscaini et al., 2020), where it appears as a prominent bulge. In dorsal view (Figure 6A), the longitudinal fissure is barely visible on the anterior and posterior edges of the cerebrum, appreciable as slight surface inflections, whereas it is completely missing along its middle part. A weakly marked longitudinal fissure is also present in Scelidotherium (Gervais, 1869) and Choloepus (Boscaini et al., 2020) and differs from that in Bradypus, Megatherium, Mylodon, Lestodon, and Glossotherium (Gervais, 1869; Dechaseaux, 1958, 1962a,b, 1971; Boscaini et al., 2020), in which it is more marked and wider, particularly between the frontal lobes. Dorsally, both the frontal and temporal lobes are laterally expanded, crossed by wide gyri separated by slightly marked sulci. In dorsal view (Figure 6A), the lateral, suprasylvian, and occipital gyri, as well as the lateral and the entolateral sulci, are observable (Figure 6A). The general pattern of convolutions in C. tarijensis is comparable to that reported for Glossotherium and Choloepus (Dechaseaux, 1971; Boscaini et al., 2020).

More posteriorly, the cerebellum is mediolaterally expanded and separated from the cerebrum by a marked transverse fissure. As in Lestodon, Mylodon, Scelidotherium, Megatherium, Choloepus and Glossotherium (Gervais, 1869; Dechaseaux, 1958, 1962a,b, 1971; Boscaini et al., 2020), the cerebellar hemispheres are mediolaterally expanded and separated by a well-developed vermis (Figure 6A). In Catonyx, the strong development of the vermis and the marked transverse fissure are also particularly clear in lateral view (Figure 6C). As in Glossotherium, and in contrast to Megatherium, Scelidotherium and the extant sloths (Gervais, 1869; Dechaseaux, 1958, 1962a,b, 1971; Boscaini et al., 2020), the cerebellum appears wider mediolaterally in dorsal view than the posterior portion of the cerebrum (Figure 6A). However, when compared with Glossotherium (Boscaini et al., 2020), Catonyx shows a more anteroposteriorly compressed cerebellum (Figure 6C), similar to the condition observed in Choloepus (Boscaini et al., 2020).

Cranial nerves- Neither the ramifications of the olfactory nerves (I) nor the canals for the optic nerves (II) are preserved in MNHN-Bol V 13364 (Figure 6). However, the impression of the optic chiasma itself is preserved, and it is likely that the optic nerve traveled some distance forward to merge with the sphenorbital fissure as in other mylodontids (Dechaseaux, 1971; Boscaini et al., 2020). In ventral view (Figure 6B), the common groove for the optic foramen and the sphenorbital fissure (accommodating cranial nerves II, III, IV, V1, V2, and VI), as well as that for the foramen ovale (housing V3, the mandibular branch of the trigeminal nerve), are the largest and most extended neurovascular canals in Catonyx. These openings are located at the level of the anteriormost portion of the brain (Figures 6B–D) and are more widely separated at their base than is the case in Glossotherium, in which the foramina converge at their origin (Boscaini et al., 2020). In lateral view, the sphenorbital fissure and the foramen ovale project forward strongly, forming an angle of about 30° to one another (Figure 6C). The internal acoustic meatus appears as a small bump located under the cerebellar hemispheres, close to the well-developed jugular and hypoglossal foramina (Figure 6C). The internal acoustic meatus is wider at its base and relatively larger than that of Glossotherium (Boscaini et al., 2020). In Catonyx tarijensis MNHN-Bol V 13364, the jugular and hypoglossal canals are similar in shape and close to each other (Figures 6B–D), whereas in Glossotherium robustum the hypoglossal is relatively larger and originates farther posteriorly (Boscaini et al., 2020). This is also reflected in the external cranial anatomy of Catonyx (see preceding section), and a similar condition was also observed in Scelidotherium (Gaudin, 2004; char. 187). In contrast, the hypoglossal foramen is larger than the jugular in Mylodon and Glossotherium (Patterson et al., 1992; Boscaini et al., 2018a).





DISCUSSION

The Pleistocene scelidotheriine sloth Catonyx tarijensis (Gervais and Ameghino, 1880) was first described on the basis of fossil remains recovered in the Tarija Valley (southern Bolivia). This locality is therefore the type locality of C. tarijensis, but it also represents the site that has provided the greatest number of skeletal remains for this species (Miño-Boilini, 2012). After the original description, many other remains referable to C. tarijensis were recovered in Argentina and Uruguay, extending its paleobiogeographic distribution to more southern latitudes in South America (McDonald and Perea, 2002; Corona et al., 2013; Miño-Boilini, 2016). The remains reported here represent the first record of this species from latitudes north of its type locality. They extend the geographic distribution of this taxon northward (Figure 1) and also expand the spectrum of paleoenvironments in which C. tarijensis could survive. Paleoenvironmental reconstructions of the Pleistocene of Tarija suggest the presence of open-county grasslands, with rivers and lakes surrounded by shrubs and scattered trees (Yoshida and Yamazaki, 1982; Coltorti et al., 2010; MacFadden et al., 2013). The Bolivian Altiplano is distinguished by its higher altitude, but also its colder temperatures and dryer conditions relative to those recorded for the Tarija Valley. During the late Pleistocene, the Altiplano was characterized by periods of extreme dryness and shrinking bodies of water (Chepstow-Lusty et al., 2005; Coltorti et al., 2010). The recovery of C. tarijensis in the late Pleistocene of the Bolivian Altiplano suggests that this species could have been able to survive under a broad spectrum of paleoecological conditions.

The exceptional preservation of the skull of MNHN-Bol V 13364, together with its subadult ontogenetic stage, offer the opportunity for detailed observation of its external and internal anatomy, and to characterize some anatomical areas previously unknown for Catonyx tarijensis. The subadult age of MNHN-Bol V 13364 is indicated by the presence of many sutural contacts and the poorly developed temporal ridges and sagittal crest, as well as other features detected in the ear region, such as the narrow gap between the entotympanic and the basioccipital/basisphenoid tuber, the unusually deep stylohyal fossa, the presence of an open groove for the occipital artery on the paraoccipital process of the petrosal, and the reduced anteroventral process of the tegmen tympani (Figures 2, 3). The presence of clear sutures in this skull has allowed us to observe the distinct outlines of many of the cranial bones for the first time, and have revealed at least one noteworthy, unusual feature, the small lateral exposure of the orbitosphenoid posterior to the aperture for the optic foramen/sphenorbital fissure (Figure 2). Another probable ontogeny-related feature is the occurrence of the lacrimal-nasal contact, which is absent in MNHN-Bol V 13364 (Figure 2), but figured as present in an adult C. tarijensis specimen by McDonald (1987). This feature was observed as variably present in Scelidotherium leptocephalum (Kraglievich, 1923) but its presence was later considered a synapomorphy of Scelidotheriinae by Gaudin (2004).

Other anatomical regions, such as the nasopharyngeal roof, the orbital foramina, and the hyoid apparatus are described in Catonyx for first time (Figures 2, 4). Among these, the hyoid apparatus has been considered indicative of lingual anatomy and function, providing valuable information on the procurement and processing of dietary items in the oral cavity (Pérez et al., 2000, 2010). Although Pleistocene mylodontids were generally supposed to have had strong tongues, Pérez et al. (2010) suggested that Scelidotherium had significantly reduced lingual protrusion, when compared with the mylodontine Glossotherium. This was inferred mainly from the robust and barely mobile hyoid elements of Scelidotherium, which differ from the less rigidly articulated apparatus of Glossotherium. As a result, browsing species such as S. leptocephalum possessed long skulls and mandibular symphyses, and likely had strong prehensile lips but reduced lingual protrusion. In contrast, grazing species like G. robustum were characterized by shorter and broader skulls and mandibles, associated with reduced lips and increased lingual protrusion (Bargo et al., 2006; Bargo and Vizcaíno, 2008; Pérez et al., 2010). On the one hand, the hyoid apparatus of Catonyx tarijensis (Figure 4) bears a strong resemblance to that of S. leptocephalum (Pérez et al., 2010), further demonstrating that the morphology of the hyoid elements is phylogenetically informative (e.g., Gaudin, 2004; Casali and Perini, 2017; Zamorano, 2019). On the other hand, the strong similarity in the morphology of the hyoid apparatus among scelidotheriine sloths suggests similar feeding behaviors, characterized by limited lingual protrusion, with prehensile upper lips compensating for the less mobile tongue. Pérez et al. (2010) and Bargo et al. (2006) proposed that in narrow-muzzled sloths such as Scelidotherium and Megatherium, the upper lip was prehensile and used to select the plants. However, extinct sloths generally show a large mandibular canal, several foramina connected to the mandibular canal through multiple rami, including multiple mental foramina, as well as a wide posterior external opening of the mandibular canal, suggesting that the whole mandible was probably well-innervated and vascularized, especially in its anteriormost part (Figure 5). Accordingly, it is plausible that the lower lip also had greater mobility, contributing to better sensitivity and greater control of their grip on browse (Figure 7).


[image: Figure 7]
FIGURE 7. Hypothetical life reconstruction of Catonyx tarijensis showing its inferred feeding behavior. The reconstruction is based on the skull MNHN-Bol V 13364 from the Pleistocene of Oruro (Bolivian Altiplano). Artwork by D. A. Iurino.


Strong bite movements concentrated in the mandible are also in accordance with the presence in MNHN-Bol V 13364 of two facets for the articulation of the mandible with cranial glenoid fossae (Figure 2). Moreover, the well-developed muscle scars in the ventral margin of the dentary are indicative of marked masticatory strength.

The digital model of the brain cavity of Catonyx tarijensis MNHN-Bol V 13364 (Figure 6) is extremely similar to that of Glossotherium robustum and Choloepus hoffmanni (Boscaini et al., 2020) and other giant extinct mylodontid sloths (Gervais, 1869; Dechaseaux, 1958, 1962a,b, 1971). In lateral view, only minor differences are observable between C. tarijensis and G. robustum in the shape of the olfactory bulbs, cerebral hemispheres, and cerebellum (Boscaini et al., 2020). Moreover, the pattern of sulci and gyri is extremely similar among extinct mylodontids sloths and the extant two-toed sloths (Boscaini et al., 2020). Although Catonyx and Scelidotherium show a weakly marked longitudinal fissure in comparison to other Mylodontidae, the general pattern of convolutions is similar to that in other members of the clade (Gervais, 1869; Dechaseaux, 1958, 1962a,b, 1971; Boscaini et al., 2018b, 2020). In general, the similar shape of the brain cavity and the shared pattern of convolutions among extinct mylodontid sloths and the living two-toed sloths, as well as the similar development of cranial sinuses in Cholopeus and the scelidotheriines (see below), is noteworthy. Indeed, recent molecular-based phylogenetic studies (i.e., Delsuc et al., 2019; Presslee et al., 2019) recovered the two-toed sloths as living representatives of Mylodontidae. Further CT-scanning data on other mylodontids and Antillean taxa is required to test this hypothesis, but the present study reveals the importance of accounting for novel morphological information from previously unexplored sources.

It should also be noted that there are also endocranial features which lack phylogenetic consistency among mylodontid sloths. Differences are evident in the pattern by which cranial nerves leave the brain cavity. As in Glossotherium robustum, but unlike extant sloths, Catonyx tarijensis possesses grooves for the optic foramen/sphenorbital fissure, the foramen ovale, and the hypoglossal foramen that are enlarged relative to other foramina transmitting cranial nerves (Figure 6; Boscaini et al., 2020). This suggests a greater development of the trigeminal and hypoglossal nerves, compared to other cranial nerves. However, in C. tarijensis, this relative difference in the size of cranial nerve grooves is not as marked as in G. robustum. This is particularly true for the groove for the hypoglossal nerve (XII), which is the only nerve leaving the skull from the hypoglossal foramen. In Catonyx tarijensis the hypoglossal foramen is roughly equivalent in size to the jugular foramen (Figures 2, 6), whereas in G. robustum the hypoglossal foramen is larger (Boscaini et al., 2018a, 2020). The hypoglossal nerve, which innervates the glossal musculature, controls most of the intrinsic and extrinsic lingual musculature (Evans and de Lahunta, 2013). Together with evidence from the hyoid apparatus discussed above, this morphology can be viewed as further indirect evidence of more limited lingual protrusion of C. tarijensis in comparison to G. robustum.

Other differences between Catonyx and Glossotherium are noted in the morphology of their cranial sinuses. In general, cranial pneumatization is markedly reduced in the posteriormost portion of the skull of C. tarijensis, relative to that observed in G. robustum (Boscaini et al., 2020). As in Choloepus (Boscaini et al., 2020), the sinuses of Catonyx become smaller and more separate from one another at the frontoparietal suture, and are absent in the more posterior parts of the braincase (Figure 5). Preliminary observations suggest that this morphology is present in other Scelidotheriinae (Boscaini et al., 2018b), emphasizing the possible phylogenetic value of cranial pneumatization anatomy. In fact, for other large mammalian herbivores, the extent of cranial sinuses varies at the interspecific level according to both phylogeny and general body size (Farke, 2010). New body size estimations for mylodontid sloths (Boscaini et al., 2019b) predicted a larger body mass for C. tarijensis (~1,640 kg) than G. robustum (~1,480 kg), suggesting that among both xenarthrans and bovids (Farke, 2010), sinus organization could be driven primarily by phylogeny, and only secondarily related to general body mass.

However, the presence of functional or developmental constraints for explaining this alternative morphology cannot currently be refuted. Scelidotheriines have narrower heads than mylodontines and so may not have required as much pneumatization to reduce the weight of the head. However, it is also true that sinuses in sloths are more frequently present in the middle cranial region, extending posteriorly only in some cases (Boscaini et al., 2020), suggesting that this feature could be ontogeny-related. Thus, the question of the relative contributions of phylogeny and function to the pneumatic patterns observed in extinct sloths is clearly one that will require further study.



CONCLUSIONS

We report novel data on the external and internal cranial anatomy of the scelidotheriine sloth Catonyx tarijensis, further extending knowledge on the cranial morphology of South American extinct sloths. This discovery, from late Pleistocene deposits of the Department of Oruro (southwestern Bolivia), allowed us to extend the paleobiogeographic range of C. tarijensis to more northern latitudes, as well as to the high altitudes of the Bolivian Altiplano.

The specimen described in the present study, a particularly well-preserved skull with associated mandible and hyoid apparatus, corresponds to a subadult individual of Catonyx tarijensis. Combined information from the external and the internal anatomy, obtained through CT-scanning followed by digital modeling techniques, allowed us to analyze several anatomical regions that were unknown for this taxon.

Among these, the ear region, the nasopharyngeal area and the hyoid elements revealed several phylogenetically and functionally informative features. Digital models permitted observations of the brain cavity, neurovascular grooves and cranial sinuses, and comparisons of these features with other Pleistocene mylodontids.

The information presented in this report confirms previous hypotheses on inferred modes of food intake among extinct scelidotheriine sloths. According to the data now available, C. tarijensis was likely a browsing species, which tore vegetation mainly using its strong lips, rather than the tongue. This habit was probably common among Scelidotheriinae and contrasts with that present in its sister clade, Mylodontinae, whose members were predominantly grazing species with smaller lips and more strongly protruding tongues.

The present study represents a further step in assembling broader morphological comparisons of digital endocranial models among extinct sloths, and emphasizes the importance of applying these new methodologies for understanding the evolution of this mammalian group.
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Cranial remains of juvenile fossil rhinoceroses are rarely described in literature and very few is known about the ontogenetic development of their inner anatomy. In this study, we report the first CT based description of a juvenile braincase and its natural brain endocast of a late Middle Pleistocene Rhinocerotinae from Melpignano (Apulia, Italy). The specimen belongs to an individual about 12–18 months old, representing to date the youngest Pleistocene rhinoceros of Mediterranean Europe documented by neurocranial material. Through digital visualization methods the neurocranium has been restored and the anatomy of both the brain and the paranasal sinuses has been obtained and compared with those of juvenile and adult Pleistocene rhinoceroses. We evidence a different morphological development of the inner cranial anatomy in fossil and extant African species.

Keywords: perissodactyla, paleoneurology, computed tomography (CT), virtual paleontology, digital cranial endocasts, paranasal sinuses


INTRODUCTION

During the Middle-Late Pleistocene, rhinoceroses were among the largest terrestrial mammals in European ecosystems together with proboscideans and hippopotamuses. They were represented by several taxa with different anatomical and ecological features, adapted to multiple environments from tropical scrublands and grasslands (Guérin, 1980) to cold glacial tundra (Deng et al., 2011; Boeskorov, 2012; Schreve et al., 2013). The finding in17th century at Klagenfurt (Austria) of a woolly rhino Coelodonta antiquitatis (Blumenbach, 1799) skull was interpreted as a dragon and a six-tone statue of this legendary animal became the symbol of the Austrian town (Witton, 2018). By the start of 1800, fossils rhinoceroses have been recovered in Eurasia, Africa and America (Stuart, 1991; Lacombat, 2006; Markova et al., 2013; Faith, 2014), their taxonomy and phylogeny has been studied by several authors (Prothero et al., 1986; Cerdeño, 1995; Tong and Moigne, 2000; Antoine, 2003; Antoine et al., 2003; Piras et al., 2010; Deng et al., 2011; Steiner and Ryder, 2011; Welker et al., 2017; Cappellini et al., 2019) and even direct evidence of human interactions with the Late Pleistocene woolly rhinoceroses have been documented by cut marks and cave paintings (Bello et al., 2009; Boeskorov, 2012; Chen and Moigne, 2018). Although some exceptionally preserved specimens are known (Voorhies and Stover, 1978; Voorhies, 1985; Protopopov et al., 2015), the Pleistocene fossil record of the European rhinoceroses is less abundant compared to those of other megaherbivores, and especially juveniles are scarce and their skull remains are rarely described in literature (Prothero, 2005; Shpansky, 2014). Therefore, taxonomic and ontogenetic studies are mostly focused on teeth, being more frequently recorded and of high diagnostic value (Garutt, 1994; Shpansky and Billia, 2006; Álvarez-Lao and García, 2011; Böhmer et al., 2016). To date, the number of juvenile specimens documented by partial or complete skulls is very low and mostly represented by Miocene taxa (Table 1). The only CT based study on a fossil Rhinocerotinae has been performed on “Sasha,” a mummified calf of C. antiquitatis from the Semyulyakh River in Abyi District of Yakutia Republic (Russia) (Protopopov et al., 2015). Surprisingly, also the skull anatomy of the extant species has been scarcely investigated and very few studies on this topic have been reported (Bordoloi and Kalita, 1996; Borthakur and Bordoloi, 1997), especially those with x-ray techniques (Hieronymus et al., 2006; Gerard et al., 2018). Probably due to technical difficulties in performing CT scans on bulk and large skulls with conventional medical equipment. Consequently, many developmental and morpho-functional aspects of the skull pneumatization and the brain morphology are still almost completely unknown in extinct and extant rhinoceroses (Garrod, 1878; Bhagwandin et al., 2017). The most comprehensive ontogenetic studies on fossil Rhinocerotinae, based on external craniodental features, were conducted on Chilotherium wimani with nine complete skulls from the Late Miocene of China (Deng, 2001b), on Teleoceras major represented by 27 skulls from the Miocene of Nebraska (Hagge, 2010) and probably the largest sample of 399 mandibular fragments and limb bones from a minimum of 42 individuals of C. antiquitatis was reported by Shpansky (2014) from two Late Pleistocene sites in the Tomsk Priob’e area (south-east Western Siberia). In Europe, isolated and fragmentary cranial remains of juvenile fossil Rhinocerotinae have been occasionally reported (van der Made, 2010; Diedrich, 2013; Pandolfi et al., 2017; Giaourtsakis et al., 2006, 2018).


TABLE 1. List of the fossil and extant specimens of juvenile Rhinocerotine considered from literature.

[image: Table 1]In this scenario, the juvenile specimen from the late Middle Pleistocene area of Melpignano (Apulia, Italy), represented by a partial braincase (MPND1082) and its natural brain endocast (MPND1083), offers a rare opportunity to describe the internal and external neurocranial features of a Pleistocene rhinoceros in an early ontogenetic stage.



GEOLOGICAL AND PALEONTOLOGICAL FRAMEWORK

The fossiliferous area of Melpignano (Lecce, Italy 40°08′20″ N, 18°16′23″ E) (Figure 1) is located in a region where several quarries are open for the extraction of a Miocene calcarenite, known as Pietra Leccese. Since the Pliocene (Ciaranfi et al., 1983), the calcarenite was affected by an intense karst activity that formed an articulated fissured network (Selleri et al., 2003; Selleri, 2007). In the Melpignano area, these sub-vertical or funnel-shaped cavities exposed by the quarry activities and locally called “ventarole” are generally 1 m wide and up to 10 m high, filled with reddish clay-sands (“terre rosse”) overlaid in some cases by brownish sediment (“terre brune”) (Di Stefano et al., 1992; Bologna et al., 1994; Pandolfi et al., 2017). According to these authors, the chaotic arrangement of the bones in the sedimentary matrix, with any particular taphonomic pattern suggests that the origin of the deposit derived by the transport activity of the surface runoff waters and does not allow to define any stratigraphic succession. Moreover, based on faunal correlation of Melpignano assemblage with those from other paleontological sites of the Apulian area, the deposit has been initially assigned to the early Late Pleistocene (De Giuli, 1983; Bologna et al., 1994; Bedetti et al., 2004; Iurino et al., 2013; Pandolfi et al., 2017), although, a recent revision of the stratigraphic and fossil data suggests an older age of the site, referable to the late Middle Pleistocene (Mecozzi et al., 2019). A number of studies have focused on the rich vertebrate fauna of Melpignano, consisting of generally well preserved fossils with some articulated bones, attributed to: Homo neanderthalensis, Palaeoloxodon antiquus, Equus ferus, Equus hydruntinus, Stephanorhinus hemitoechus, Hippopothamus amphibius, Dama dama, Cervus elaphus, Capreolus capreolus, Bos primigenius, Bison priscus, Sus scrofa, Canis lupus, Cuon alpinus, Vulpes vulpes, Panthera pardus, Felis silvestris, Lynx lynx, Crocuta crocuta, Meles meles, Mustela putorius, Lepus europaeus, Oryctolagus cuniculus, Erinaceus europaeus, Terricola savii, Apodemus sylvaticus, and Eliomys quercinus (Mirigliano, 1941; De Giuli, 1980, 1983; Bologna et al., 1994; Bologna and Petronio, 1994; Pandolfi and Petronio, 2011; Bedetti et al., 2004; Iurino et al., 2013, 2015a; Vinuesa et al., 2016). The lack of signs of fluitation or long carrying on the surface of the fossil bones, suggests that the “ventarole” cavities have been probably filled in a short time span, collecting isolated bones and carcasses from the surrounding areas (Bologna et al., 1994). Furthermore, it is not excluded that these karst sinkholes worked as natural traps for living animals.
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FIGURE 1. Geographical location of the paleontological site of Melpignano (Lecce, Apulia, Italy).




RHINOCEROTINAE FROM MELPIGNANO AREA

Starting from the second half of the last century, hundreds of fossil vertebrates, including rhinoceroses, have been collected from the fossiliferous area of Melpignano. Compared to other mammalian taxa, the fossil rhinoceroses are poorly documented and mostly represented by fragmented postcranial elements. The sample consists of about 25 specimens reported to date, excluding the material described herein. Considering the paucity, its taxonomic attribution has been problematic and has fueled a long debate among specialists. Indeed, the fossil rhinoceroses from Melpignano have been initially classified as Rhinoceros (= Dicerorhinus) merckii by Mirigliano (1941) and successively substituted as nomen conservandum with Stephanorhinus kirchbergensis (Jäger, 1835–1839) by Fortelius et al. (1993). This attribution was confirmed also by Barbera et al. (2006). On the contrary, Petronio and Pandolfi (2008) attributed the material from Melpignano to a peculiar population of Stephanorhinus hemitoechus (Falconer, 1859), characterized by a reduced body-size compared to those reported from other European Middle Pleistocene sites. In the literature of the last decade, new fragmentary fossils have been reported from several Apulian sites as Avetrana, Grotta del Cavallo, Grotta del Sarcofago, Ingarano, Melpignano and Riparo l’Oscurusciuto, and all referred to S. hemitoechus (Pandolfi and Petronio, 2011; Pandolfi et al., 2017). Among the Apulian site, an exception is represented by the sample from Grotta Romanelli, which was attributed to three species: Stephanorhinus hundsheimensis and Stephanorhinus sp. from the level K and I respectively (Pandolfi et al., 2018); Coelodonta antiquitatis from the level I (Pandolfi and Tagliacozzo, 2013); S. hemitoechus from the level G (Pandolfi et al., 2018). New unpublished material (limb bones) have been unearthed during the 2019 field activity at Grotta Romanelli and still under study.



MATERIALS AND METHODS


Studied Material

In early 1990s, the braincase and its natural brain endocast (Figure 2) were collected together within the reddish clay-sands from a small karst fissure in the Melpignano area during a field survey carried out by a research team of the Earth Sciences Department of Sapienza University of Rome, where the material is currently housed in the PaleoFactory laboratory. At the moment of discovery, the braincase was split in eight disarticulated elements partially covered by the sediment and positioned with the dorsal surface facing upwards, while the natural endocast has been detected within the brain cavity during the recovery process. In addition to the braincase, no other large mammalian bones have been found. The sample was labeled with progressive catalog numbers: MPND1082 (cranium) and MPND1083 (brain endocast).


[image: image]

FIGURE 2. Rhinocerotinae from Melpignano. Braincase MPND1082 in dorsal (A), ventral (B), left lateral (C), right lateral (D), and occipital (E) views; largest isolated fragment of the frontals in dorsal (F) and ventral (G) views; smallest isolated fragment of the frontals in ventral (H) view; fragment of the right parietal in dorsal (I) view; right temporal in right lateral (J) and ventral (K) views; fragmented basisphenoid in ventral (L–N) view. Natural brain endocast MPND1083 in dorsal (O) and ventral (P) views. Scale bar 5 cm.


For comparative purposes, we used the available literature of juvenile crania of fossil Rhinocerotinae (Table 1) and adult skulls of extant species.

For the material of the extant species, a CT scan of a head of a 41-years-old male Ceratotherium simum (Burchell, 1817) OUVC:9754 and an adult skull of Diceros bicornis (Linnaeus, 1758) have been downloaded from morphosource1 2 and segmented with Mimics 20.0.



CT-Scanning

Tomographic images of the specimens were taken using a Philips Brilliance CT 64-channel scanner at M.G. Vannini Hospital (Rome). Both the natural brain endocast and the cranial elements were scanned entirely in the coronal slice plane from front to back. The scanning resulted in 355 slices for the braincase, 437 for the disarticulated braincase fragments and 263 for the brain endocast, with standard dimensions of 512 × 512 pixels. The slice thickness is 0.8 mm with an interslice space of 0.4 mm. CT image processing was performed using Mimics 20.0, while the digital restoration process and bone coloring were made with ZBrush 4R6.



Virtual Restoration

Due to the fragility of the braincase, to avoid damaging the original material a digital restoration has been carried on. The virtual copies of all the fragments of the braincase have been manually reconnected matching the complementary margins of the bones (Figures 3A–D). The unavailability of skulls belonging to juvenile rhinoceroses prevented the digital acquisition of a 3D reference model for a restoration with geometric morphometric techniques. Despite this, the high correspondence of the fragments allowed obtaining a more complete version of the braincase. The basisphenoid (Figures 3E–H), obtained by the connection of three fragments is the only isolated bone due to the lack of connection edges with the restored braincase.
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FIGURE 3. Digitally restored braincase MPND1082 in dorsal (A), ventral (B), right lateral (C), and occipital (D) views; reassembled basisphenoid in ventral (E), right lateral (F), dorsal (G), and caudal (H) views. Scale bar 5 cm.




DESCRIPTION


Braincase

MPND1082 specimen (Figures 2A–N and Supplementary Video S1) is a partial juvenile braincase consisting of eight disarticulated elements in a good state of preservation. In dorsal view, the frontals are damaged and split in three portions, two isolated and one still articulated to the parietals. The dorsal surface of the largest isolated fragment is flat, and its anterior edge correspond to a quite damaged frontonasal suture. The parietals have a rounded and smooth surface, free of temporal lines and characterized by a butterfly-like outline (Figure 2A). Along the posterior margin of the parietals a marked notch receives a well-developed interparietal bone. The left side of the occipital is broken exposing the inner spongy bone tissue. The coronal, sagittal, and lambdoid sutures are clearly visible and unfused. In lateral view, the frontals are slightly projected upwards at the level of the coronal suture (Figures 2C,D). The parietals are dorsally quite flat with a small bulge crossed by the sagittal suture and located slightly in front of the interparietal bone. Anteriorly, the parietals are inflected forming a slight depression between the bulge and the coronal suture. On the left squamosal suture, a fragment of temporal is still connected to the parietal, whereas the right one is completely exposed and perfectly matches with the isolated fragment of the temporal. The caudal and basal portions of the right temporal are damaged, the zygomatic process is broken at the base, the external acoustic meatus is sub-elliptical in shape, the mastoid process is damaged, whereas the paraoccipital and postglenoid processes are missing (Figure 2J). Dorsally, the occipital crest follows the flat profile of the parietals and is slightly projected backwards. In ventral view, the frontals show a series of asymmetrical small pneumatic cavities corresponding to the frontal sinuses (Figure 2G). The vault of the brain cavity is free of convolutions traces, except for some small grooves left by the blood vessels on the parietal lobes (Figure 2B). In caudal view, the preserved portion of the occipital shows a trapezoidal profile crossed by a deep fracture which cuts the bone in to two parts. The plane of the occipital surface is sub-vertical with a marked recess just below the occipital crest (Figure 2E). The basisphenoid is divided in three fragments and both caudal alar foramina are partially preserved (Figures 2L–N). Moreover, thanks to the virtual restoration, all the bone fragments have been reconnected and a slight curvature between the frontals and parietals at the level of the coronal suture has been evidenced (Figure 3C).

By processing CT images of all the cranial fragments we observed their inner structure, as the bone porosity and the fusion of the sutures, to estimate the age of the specimen. The longitudinal sections of the braincase evidenced a reduced bone density at the innermost portions of the occipital and the parietals, consisting of spongy bone tissue with no evidence of well-developed pneumatic chambers (Figure 4). A bone thickening is observed at the level of the parietal bulge along the sagittal plane. The spongy bone structure of the parietals is dorso-ventrally expanded close to the lambdoid suture and it thins noticeably under the parietal inflection just before the coronal suture (Figure 4). The reduced fusion of all the neurocranial sutures have been also highlighted through the CT images. The lambdoid suture shows wide empty spaces between the occipital and the parietals with smooth bone walls, whereas on the coronal suture the bone tissue forms a hinge with very irregular and interdigitated bone margins. Concerning the paranasal sinuses, they are characteristic air-filled chambers developed in different cranial bones of placental mammals and are commonly divided into maxillary, frontal and sphenoidal sinuses (Falk, 2009; Boscaini et al., 2018). Processing the CT images of MPND1082, multiple chambers with a diameter just over 1 cm have been evidenced only in the frontal bones, thus corresponding to the frontal sinuses (Figure 5C). Such a pneumatization is missing inside the occipital, the parietals and the temporals, where instead, abundant spongy bone tissue is observed (Figure 4). In dorsal view, the frontal sinuses of MPND1082 are posteriorly delimited by the coronal suture with some terminal lobes that reach the anteriormost portion of the parietals, covering a large part of the frontal lobes of the brain (Figure 5C). Anteriorly, the air-filled chambers end 2 cm before the frontonasal suture in a completely different assessment compared to those of adult African rhinoceroses, where the frontal sinuses are part of a much extended and more complex system of cranial pneumatization (Figures 5D–G).
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FIGURE 4. Digital longitudinal sections of the braincase MPND1082 in right lateral view. The dark-gray areas indicate the spongy bone tissue. Sale bar 5 cm.
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FIGURE 5. Comparative CT images in dorsal view of the paranasal pneumatization and brain morphology of MPND1083 (A–C), Diceros bicornis (D,E), and Ceratotherium simum (F,G). Digitalized natural endocast MPND1083 (H); brain endocasts of D. bicornis (I); and C. simum (J). Sale bars 5 cm.




Natural Brain Endocast

A natural brain endocast is a brain replica obtained by the lithification of the sediment inside the brain cavity, a process that occurs only under specific sedimentary conditions (Hu et al., 2014; Ivanoff et al., 2014; Iurino et al., 2015b). The integrity of such a cast and the quality of its morphological details depend on multiple factors as the type and granulometry of the sediment, the amount of filling material and the presence of percolation waters depositing calcium. MPND1083 (Figures 2O,P and Supplementary Video S2) is a partial natural brain endocast mostly consisting of the telencephalon; olfactory bulbs are not preserved and the cerebellum seems almost completely missing. MPND1083 is globular in shape and is 97.3 mm long, 98.8 mm wide (maximum width) and 67.5 mm high with an approximate volume of 313 cm3. The whole cast is formed by a poorly cemented sediment of fairly uniform granulometry and characterized by a reddish-brown color due to the iron oxides. Considering the fragility and the state of preservation of the specimen, only the general morphology of the telencephalon is appreciable. A gray-whitish patina partially enwraps some areas of the surface and corresponds to the residues of a consolidant agent applied in the early 1990s. In dorsal view (Figure 2O), the surface is irregular and affected by small cavities and fractures that prevent the identification of any morphological detail of the convolutions, blood vessels and nerves. Both cerebral hemispheres are preserved, but there is no evidence of the longitudinal fissure. The frontal lobes are less expanded than the parietal ones, which are divided from the cerebellum by a transverse fissure appreciable on the cast (Figure 2O). Unfortunately, the preserved portion of the cerebellum is too small and damaged to provide morphological and biometrical information. Along the broken portion of the cerebellum, a small coxal bone of a lagomorph partially protrudes from the sediment (Figures 2O,P). In ventral view, the brain cast is strongly damaged preventing any anatomical description (Figure 2P).

CT images (Figure 6) confirm the presence of several fracture lines of different thickness, ranging from 0.3 to 2.7 mm, which run irregularly within the natural endocast (Figures 6E,F). Some of these, especially the largest, are in continuity with the fractures visible on the surface with a pattern resembling those of the “mud cracks.” A large number of empty sub-spherical holes ranging from 0.5 to 6.7 mm are arranged chaotically inside the specimen in partial overlap with the fractures (Figures 6E,F). Three small fragmented bones embedded and irregularly arranged in the sediment have been virtually extracted from the caudal portion of the endocast (Figure 6G). The size and morphology of these bones are compatible with those of a rabbit and consist of a left calcaneus, a proximal epiphysis of a third right metatarsal and a right coxal bone, the latter partially exposed on the surface (Figures 6H–J).


[image: image]

FIGURE 6. CT images of the natural brain endocast MPND1083. 3D model of the brain in dorsal (A), ventral (B), left lateral (C), and right lateral (D) views. Inner structure of the endocast in coronal (E) and longitudinal (F) sections. Arrangement of the bone fragments embedded within the endocast (G) corresponding to a left calcaneus (H), a proximal epiphysis of a third right metatarsal (I), and a right coxal bone (J) of a rabbit. Scale bar 3 cm.




RESULTS


Virtual Endocasts

In addition to the digitalized natural endocast MPND1083, a second replica of the brain has been made using the braincase MPND1082 as a digital mold, which includes also a partial 3D model of the paranasal pneumatization (Figures 5A–C). On this second endocast the size and the anatomical details of the surface are better appreciable. The cerebrum is globular, divided in two hemispheres by a longitudinal fissure both with smooth surface and free of convolutions (Figure 5C). Some tubular marks interpreted as blood vessels are noticeable along the parietal lobes close to the transverse fissure (Figure 5C). As the consequence of the weak fusion of the sagittal suture, the longitudinal fissure impressed on the digital cast would seem to be projected upwards, but this effect is a graphic artifact originated during the segmentation process. Indeed, the two main protrusions of the longitudinal fissure correspond with the slits observed along the sagittal suture (Figure 5C).



Age Estimation

The unfused suture of the braincase and the volume of the natural endocast (313 cm3), without the olfactory bulbs and cerebellum, of about half of those obtained for extant adult species (Figures 5H–J) indicate the early ontogenetic status of the fossil specimen. Considering the skull features, the development of the cranial sutures is similar in extinct and extant rhinoceroses species (Hagge, 2010). Therefore, we compared the Melpignano sample with extant and Miocene taxa, in order to better define the age of the individual (Table 1). The degree of fusion of the braincase sutures are compatible with those attributed to around 18-months-old specimen of Coelodonta nihowanensis (V 17616.1) from the early Pleistocene site of Shanshenmiaozui (China) (Tong and Wang, 2014). The development of adult morphological characters, as the occipital crest pronouncement and temporal lines appearance, is similar among extinct and extant rhinoceroses, which appear during the age class III–V (2–4 years; Hagge, 2010). In extant rhinoceroses the lengthening of the cranium and the development of adult morphological characters start from the class age V to X (4–9 years), in which the cranium become wider and more angular in adult morphologies (Hagge, 2010). The lack of both temporal lines and the occipital crest pronouncement on the Melpignano braincase also contributes to indicate that the age of the individual was <2–4 years. An age of 4–5 months has been attributed to the cub of C. antiquitatis from the Late Pleistocene of Yakutia Republic (Russia) (Protopopov et al., 2015; Dirks et al., 2016), but unfortunately the exceptionally preserved fur partially cover the skull preventing the comparison. Finally, the juvenile cranium of the Late Pleistocene Stephanorhinus kirchbergensis (No. H36) from the Rhino Cave in Shennongjia (China), shows more fused sutures compared to the Melpignano braincase but the age was not estimated (Tong and Wu, 2010).



DISCUSSION


Age and Taxonomy

The specimen from Melpignano can be referred to a young individual, aged 12–18 months. In juvenile mammals, the process of bone development is intense and many of the diagnostic features used for taxonomic purposes, as well as for the sex determination, are not fully formed. The comparison with juvenile Pleistocene rhinoceroses (Table 1 and Figures 7A–D) evidence how, in lateral view, the dorsal profile of MPND1082 shows a marked fronto-parietal angle compatible with that observed in S. kirchbergensis (No. H36) and noticeably different from C. antiquitatis (SJA 30, V 1453, “Sasha”) and C. nihowanensis (IVPP V 17616.1), in which the fronto-parietal profile is almost flat. On the contrary, the lateral profile of the occipital crest is triangular with a narrow vertex in Melpignano and Coelodonta specimens, whereas it is more rounded and anteriorly projected in the juvenile S. kirchbergensis (Figure 7B). In caudal view, the latter (Figure 7B) shows a more marked dorso-ventral development of the occipital bone compared to MPND1082 and Coelodonta specimens (Figures 7A,C,D). The only comparative scheme of the auditory region in Rhinocerotinae was proposed by Loose (1975). The acoustic meatus of MPND1082 and wolly rhino specimens is quite broad and semicircular in shape, located in an advanced position with respect to the occipital plane. A different arrangement has been noticed in the juvenile and adult S. kirchbergensis, characterized by a drop-shaped meatus located in a more backward position close to the occipital plane (Figures 7B,F).
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FIGURE 7. Comparative images in right lateral view of selected braincases of juvenile (A–D) and adult (E–H) Pleistocene Rhinocerotinae from Eurasia. MPND1082 (A), Stephanorhinus kirchbergensis No. H36 (B), Coelodonta antiquitatis V 1453 (C), C. nihowanensis V 17616.1 (D), S. etruscus Mainz 1958/764 (E), S. kirchbergensis from Spinadesco (Cremona, norther Italy) (F), S. hemitoechus RGM 93302 (G), and C. antiquitatis SfN (H). The red-colored areas indicate the “Stephanorhinus” features, while the blue areas indicate the “Coelodonta” features evidenced on the juvenile specimens. The images are not to scale.


The combined set of Coelodonta – Stephanorhinus characters evidenced on the Melpignano specimen further complicates the taxonomic study and could be related to the young age of the individual. Being these two genera phylogenetically related (Piras et al., 2010; Deng et al., 2011; Welker et al., 2017; Cappellini et al., 2019) is likely that juveniles share similar morphological features.

Following the Hagge’s (2010) scheme, the development of cranial features enables the identification of several age classes during the individual growth. Among these features, the occipital and temporal crests become more pronounced during the age classes X–XV (9–27 years) (Hagge, 2010).

This implies that the neurocranial portion in the juvenile rhinoceros offers a few information for taxonomy especially if compared with adult Pleistocene specimens (Figures 7E–H), being this region strongly involved during the ontogenetic development.

In the Melpignano area, fossil remains of adult Stephanorhinus hemitoechus have been reported by Petronio and Pandolfi (2008) and the young MPND1082 specimen could reasonably belong to this taxon. However, due to the lack of clear diagnostic features observable in the studied specimen, we refer the specimen to Rhinocerotinae to avoid circularity in the process of taxonomical attribution.

Nevertheless, the morphological differences detected in the auditory meatus rule out the attribution of MPND1082 to S. kirchbergensis and remarks the dubious presence of this taxon in southern Italy.



Brain

CT-scan devices have been largely used to obtain digital brain endocasts of a wide range of fossil vertebrates from different geological periods, including large mammals (e.g., Rowe et al., 2011; Knoll et al., 2012; Racicot and Colbert, 2013; Danilo et al., 2015; Forasiepi et al., 2016; Orihuela et al., 2019; Boscaini et al., 2018). Collecting and processing sensory information, the brain represents a fundamental organ for the interpretation of the sensory-perceptual ability in vertebrates, as well as its external morphology and volume can be addressed to anatomical and evolutionary studies (Dozo and Martínez, 2016; Vinuesa et al., 2016; Bertrand et al., 2017). Despite this, only few dated studies include paleoneurological aspects of fossil Rhinocerotinae (e.g., Gaudry and Boule, 1888), with the exception of the Late Pleistocene mummified cub of C. antiquitatis from the Yakutia Republic (Russia), whose CT images revealed the presence of several organs including brain tissue (Protopopov et al., 2015). Therefore, the MPND1083 represents one a few natural brain endocasts described in extinct Rhinocerotinae (Figure 6). MPND1083 consists of a globular telencephalon, free of convolutions with the frontal lobes less expanded than the parietal ones resembling in the general shape those reported on extant Ceratotherium simum and Dicerorhinus sumatrensis (Garrod, 1878; Bhagwandin et al., 2017), whereas it differs from that of Diceros bicornis (Figure 5I). In dorsal view, the brain of the black rhino shows a very rounded shape without the narrowing at the level of the lateral sulcus, which is evident in the other taxa. The different brain morphology of extant D. bicornis and C. simum (Figures 5I,J) has been studied with Magnetic Resonance Imaging by Bhagwandin et al. (2017) and related to diet. According to the authors, the shape of the brains reflects the overall architecture of the skulls, which in turn are related to the feeding habits of the two species, browsing for the black rhinoceros and grazing for the white rhinoceros. Such a relationship between brain morphology and feeding behavior in extant African rhinoceroses represent an interesting case study, which needs to be improved. Therefore, at the current status of knowledge we prefer to avoid any speculative morpho-functional inferences concerning the brain anatomy of the Melpignano specimen.

The lack of a detectable pattern of convolution observable on the Melpignano specimen as well as on both the adult African species (Figures 5C,I,J), seem not to be an age-related trait, since the brain endocasts of juvenile fossil mammals strongly resembles that of adults, indicating that the general brain morphology is almost completely formed in new-born individuals (Falk, 2009; Petrovič et al., 2018). Among gyrencephalic mammals, large herbivores have less complex and very prominent convolutions compared to carnivorans (Roth and Dicke, 2005; Macrini et al., 2007; Hu et al., 2014), consequently, their brain endocasts have fairly smooth appearance amplified by the covering effect of the meninges. This condition is noticeable also on our sample of Rhinocerotinae brain endocasts.



The Paranasal Sinuses

Several hypotheses have been proposed to explain different patterns of cranial pneumatization documented in some mammalian taxa, which involve multiple ecological, morpho-functional and developmental factors (Farke, 2010). Such studies on rhinoceroses are almost completely missing (Gerard et al., 2018) and the development of cranial pneumatization in fossil and extant taxa was poorly investigated. The paranasal sinuses of adult C. simum and D. bicornis form a complex asymmetrical system of breached pneumatization in almost all the cranial bones, including the parietals and the occipital (Figures 5D–G). In contrast, in the MPND1083 specimen the pneumatization concerns only the frontal bones (Figure 5C) whereas the occipital and the parietals are filled by spongy-bone tissue without pneumatic cavities (Figure 4). It is likely that the areas filled with spongy bones could be developing in paranasal sinuses. In adult specimens of white and black rhinoceroses, the chambers are very wide and of irregular shape compared to those of the Melpignano cub, characterized by sub-spherical shape, arranged more regularly and with a diameter just over 1 cm. The longitudinal sections of the skull reveal different developmental patterns of the paranasal pneumatization across the considered sample (Figure 8). The adult skulls of extant African rhinoceros, C. simum and D. bicornis (Figures 8A,B), share a very wide pneumatization involving almost all the neurocranial bones, as well as the splanchnocranial region, which is interested by large nasal sinuses. The pneumatization of the occipital bone is completely developed in adults (Figures 8A–C) and still full of spongy bone tissue in the 6-years-old C. simum (Figure 8D; Gerard et al., 2018). In adult C. antiquitatis the lack of nasoconcal sinus and the strong reduction of the cranial pneumatization is considered a peculiar trait of this species (Figure 8C) as indicated also by other authors (Garutt, 1997; García-Fernández and Vicente, 2008; Shidlovskiy et al., 2012). In fact, the cranial architecture of adult woolly rhinoceros differs considerably from that of other fossil and extant rhinoceroses for a larger thickness of the nasal bones, a completely ossified nasal septum, a flat nasal horn and the retracted back of the occipital (Figure 8C). This strengthening of the cranial architecture and the expansion of the insertion areas of the neck muscles have been interpreted as an adaptation to sweep away large volumes of snow to reach the forage in Arctic environments (Boeskorov, 2012; Shidlovskiy et al., 2012). Curiously, the CT images of the abovementioned mummified cub of woolly rhino (Protopopov et al., 2015) show a wide empty chamber inside the cranium just up to the brain cavity, which involves the occipital, the parietal and the frontal bones (Figure 8E). A similar set of the cranial sinuses has been briefly documented by García-Fernández and Vicente (2008) on another Late Pleistocene C. antiquitatis from the Bown Bank site of the North Sea. It is not clear how much the contrast of the CT images reported by Protopopov et al. (2015) has affected the visibility of the spongy bone tissue, which, however, appears evident in some areas of the figure. In addition, the section of the skull at the level of the coronal suture confirms the presence of two large frontal sinuses, suggesting that in a 4–5-months-old woolly rhino the cranial pneumatization was probably more developed than in the Melpignano braincase (Figure 8F), which is almost unpneumatized despite the older age of the individual. Wide neurocranial sinuses have been also documented in the 6-years-old white rhino mentioned above (Gerard et al., 2018), where the pneumatization is mostly represented by well-developed fronto-parietal sinuses with the occipital bone still completely filled by spongy tissue (Figure 8D). At the current state of knowledge, the reason of such an early and intense development of the skull pneumatization in juvenile woolly rhinoceroses and its paleoecological inferences are still unclear.


[image: image]

FIGURE 8. Sagittal section of crania of an adult Diceros bicornis (A), an adult Ceratotherium simum (B), an adult Coelodonta antiquitatis (C) – modified from Garutt (1997), a 6-years-old C. simum (D) – modified from Gerard et al. (2018), a 4–5-months-old cub of C. antiquitatis (E) – modified from Protopopov et al. (2015), and the 12–18 months old specimen MPND1082 (F). The images are not to scale.




Taphonomy

The consistence of the Melpignano endocast is very friable and is crossed by several fracture lines, indicating a low degree of mineralization probably related to the low abundance of percolation water or its low mineral content. However, the overall size of the original specimen is comparable to the digital model obtained from the braincase MPND1082, with a reduction in thickness of about 5 mm in correspondence of the frontal and parietal lobes, indicating a weak erosive process that mainly affected the surface of the cast. Probably the presence of the braincase has performed a protective function against erosive agents, favoring the preservation of such a friable endocast.

CT analyses allowed to virtually extract three small bones embedded inside the natural cast (Figures 6G–J) represented by a left calcaneus, a third right metatarsal and a right coxal bone referred to Oryctolagus cuniculus. Both the heel and the metatarsal fragment, show a bad state of preservation. In particular, the external surface of the calcaneus is strongly altered and affected by several holes, whereas the inner portion is empty and the spongy bone tissue is missing. A similar deterioration could be due to weathering process or as a result of chemical aggression occurred during the digestion process of a medium-large predator (Horwitz, 1990).

The chaotic inner structure of the natural endocast and the presence of small mammal bones inside it, suggest a rapid burial and filling process of the skull with bone-rich sediments, whereas the lack of abrasions excludes a post-mortem transport of the braincase. The lack of signs of fluitation reported for other large fossil bones coming from the Melpignano area (Bologna et al., 1994) support the hypothesis that the karst sinkholes called “ventarole” probably worked more as natural traps rather than collectors of isolated bones and carcasses from the surrounding areas.



CONCLUSION

The study of juvenile specimens among mammals, relatively rare in the fossil record, is a promising topic, a source of information on the ontogeny and adaptations of extinct species. In particular, braincases and/or natural endocasts are of special interest and the use of CT scanning and digital analyses are a unique investigative tool. Nevertheless, the paucity of the available specimens of both extinct and extant taxa stresses as necessity of a larger set of information for this group, in order to better define the reconstruction of the ontogenetic development of different species of Rhinocerotidae and on their evolutionary framework.

However, for the juvenile Rhinocerothinae from the Middle Pleistocene of Melpignano tomographic images allowed to define the age of the individual and to analyze not only the hidden cranial anatomy, but also the inner structure of a natural endocast. The 3D models of the neurocranial cavities evidence the anatomical differences of the paranasal sinuses among the compared sample, including extinct and extant rhinoceroses. From the Melpignano area the occurrence of Stephanorhinus hemithoechus have been checked by different authors, but also other species have been described from other sites of the Italian Peninsula. The features of the Melpignano specimen cannot be considered fully diagnostic, therefore, to avoid circularity in the process of taxonomical attribution, we refer the specimen to Rhinocerotinae.
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Morphological similarity between biological structures in phylogenetically distant species is usually regarded as evidence of convergent evolution. Yet, phenotypic similarity is not always a sign of natural selection acting on a particular trait, therefore adaptation to similar conditions may fail to generate convergent lineages. Herein we tested whether convergent evolution occurred in the humerus of fossorial mammals, one of the most derived biological structures among mammals. Clades adapting to digging kinematics possess unusual, by mammalian standards, humeral shapes. The application of a new, computationally fast morphological test revealed a single significant instance of convergence pertaining to the Japanese fossorial moles (Mogera) and the North-American fossorial moles (Scalopini). Yet, the pattern only manifests when trade-off performance data (derived from finite element analysis) are added to shape data. This result indicates that fossorial mammals have found multiple solutions to the same adaptive challenge, independently moving around multiple adaptive peaks. This study suggests the importance of accounting for functional trade-off measures when studying morpho-functional convergence. We revealed that fossorial mammals, a classic example of convergent evolution, evolved multiple strategies to exploit the subterranean ecotope, characterized by different functional trade-offs rather than converging toward a single adaptive optimum.
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INTRODUCTION

Independent evolution of similar morphological adaptations to similar environmental challenges is commonly regarded as evidence for convergence (Harmon et al., 2005; Losos, 2011) and convergent evolution underpins many hypotheses and processes that explain the repeated evolution of similar forms through time (Tseng and Flynn, 2018). However, species can adapt to similar environmental pressures in different ways (Wainwright et al., 2005; Losos, 2011). One-to-many mapping, and functional trade-offs will drive the phenotypic evolution of a structure according to which traits affect fitness the most (Polly et al., 2016; Dickson and Pierce, 2019; Moen, 2019), and the evolution of a particular phenotype may result in the reduced fitness of other attributes (Alfaro et al., 2004; Moen, 2019). In addition, many different phenotypes can produce highly similar functional outputs, known as many-to-one mapping, and divergent morphologies may perform convergently in function (Alfaro et al., 2005; Wainwright et al., 2005; Losos, 2011; Renaud et al., 2018), meaning that functional convergence can be recognized even in the absence of morphological convergence. In this case, species distribute around different adaptive peaks, precluding a direct relationship between the traits and the environment. Overall, both trade-offs and many-to-one mapping can provide insights into how organisms evolve under similar environmental pressures and can necessitate reassessment of the way we measure or recognize convergent evolution (Moen, 2019).

Fossorial mammals have often been reported as a textbook example of convergent evolution (Nevo, 1979; Hildebrand et al., 1985). The subterranean environment is relatively predictable in time, and requires a high degree of specialization, which in turn can lead to comparable morphological forms (Nevo, 1979; Marcy et al., 2016; Sansalone et al., 2019). Moreover, locomotion underground requires extreme morphological specialization and digging kinematic is likely to have a strong impact on other functional traits (Piras et al., 2012, 2015; Sansalone et al., 2018). For instance, the overall anterior limb mobility of the forelimb is sacrificed in favor of maximizing the abduction moment (Gambaryan et al., 2002). Here we will measure the extent of functional and morphological convergence among ecologically convergent fossorial mammals ranging in degree of fossorial specialization (cursorial, semi-fossorial, fossorial) and from across Mammalia (monotremes, marsupials and placentals) including a number of extinct forms. When comparing distantly related groups, the presence of similar morphological features could be interpreted as the result of phylogenetic relatedness (e.g., parallelisms) rather than convergence. For this reason, it is highly recommended to consider the phylogenetic history of the species examined. Here, we have combined 3D geometric morphometrics (GMM), finite elements analysis (FEA) and novel phylogenetic comparative methods (Castiglione et al., 2019) to quantify the extent of functional and morphological convergence in the humeri of fossorial mammals.



MATERIALS AND METHODS


Material, CT-Scanning, Post-Processing and Finite Element Model Assembly

We have focused on a range of mammals exhibiting putative fossorial adaptations of the humerus. Among Talpidae we included highly fossorial taxa (Scalopini and Talpini), semi-aquatic (e.g., desmans) and semifossorial/ambulatory (e.g., shrew moles) species (Piras et al., 2015), including both extinct and living species (see Supplementary Table S1).

We managed to include four living species of Chrysochloridae, the well-preserved North-American proscalopid Mesoscalops montanensis, the extinct marsupial notoryctid Naraboryctes philcreaseri and the monotreme Tachyglossus aculeatus. Supplementary Table S1 summarizes details about all the specimens included. All specimens, except for N. philcreaseri, Chrysochloris sthulmanni, T. aculeatus and were scanned at the “Studio dentistico Moscato”, Rome, Italy using a Kodak 9000 3D-Cone Beam Computed Tomography (CBCT) scanner. C. sthulmanni CT are available from the digimorph database1. M. montanensis has been scanned using a Skyscan 1076 microCT at the Small ANimal Tomographic Analysis Facility (SANTA) at the Seattle Children’s Research Institute, Seattle, Washington. The humeri of N. philcreaseri and T. aculeatus were scanned using a Siemens Inveon MicroPET-CT scanner at the University of New South Wales. Each specimen scan comprised 1000 slices and the images were processed and stacked using GE Phoenix proprietary software.

We reconstructed the 3D surface and volume meshes for FEA from each CT-scanned humerus using Mimics (v. 22.0) and 3-Matic (v. 8.0) (Materialize N. V.), following previously published protocols (Tsang et al., 2019).

The volume models possessed between 1.2 million and 1.4 million tetrahedral elements and between 317,549, and 401,341 nodes (i.e., tetrahedral vertices). The reconstructed volume meshes were then imported into Strand7 (v. 3.0) where finite element models were generated for each specimen. We used FEA in a comparative fashion, therefore we applied the same approximations to all the meshes. Material properties were assigned for cortical bone with a Young modulus of 10 GPa and Poisson ratio of 0.41 and homogeneously applied through the structure (Rayfield et al., 2001). According to published protocols (Stayton, 2009), simulations were conducted after scaling all models to a unit volume: 0.82 cm3 (Piras et al., 2015).

Following Piras et al. (2015), we identified the different functional types occurring in our sample. For talpids, chrysochlorids and proscalopids we replicated the modeling approach presented in Piras et al. (2015) simulating the action of the main muscles involved in digging for each functional group. For notoryctids and tachyglossids, we utilized detailed anatomical descriptions of both myology and osteology in order to identify the main muscle groups involved in the digging kinematics (Jenkins, 1970; Warburton, 2003, 2006; Archer et al., 2010; Beck et al., 2016; Regnault and Pierce, 2018). Due to the comparative nature of this study, we applied the same resultant force to all the models. For this purpose, we used Talpa europaea as reference model since in vivo muscle force estimation is available for this species only (Gambaryan et al., 2002). We applied the same resultant force to the trochlear area for all the models following the methodology proposed by Piras et al. (2015).



Restraints

We applied on the models surface, over the selected restraint areas, an elastic solid mesh composed of beam elements (Structural Steel AS 4100–1998, Young’s Modulus of 200,000 MPa). This strategy mitigates the impact of artifacts that can occur where single nodes are loaded (Attard et al., 2016; Tsang et al., 2019).

We applied the restraints on muscle insertion areas for each taxon. The restraints can perform along the axes of the reference system and were modeled as spring foundations. Talpids anatomical restraints were defined on the head of humerus and the clavicular articular facet. Chrysochlorids, proscalopids, notoryctids and tachyglossids restraints were identified only on the humeral head because these latter taxa either do not have a humerus clavicle articulation or it is extremely reduced (Jenkins, 1970; Puttick and Jarvis, 1977; Barnosky, 1981; Gasc et al., 1986; Warburton, 2006; Beck et al., 2016).



Loadings

As with restraints, the loadings have been applied on different selected areas according to the modeled muscles for the different taxa. For talpids, the loadings were defined on the areas of insertion of the m. teres major and m. pectoralis pars sternalis, two of the most important muscles used for burrowing (Dobson, 1882; Freeman, 1886; Edwards, 1937; Gambaryan et al., 2002). M. montanensis was loaded in the areas where m. teres major and either m. infraspinatus or m. spinodeltoideus insert (following Barnosky, 1981, Figure 28, p. 326; Piras et al., 2015; see also Supplementary Figure S1). For chrysochlorids, we marked the insertion areas of m. latissimus dorsi and m. triceps (Puttick and Jarvis, 1977; Gasc et al., 1986). For notoryctids we selected the areas corresponding to insertion of m. triceps, m. pectoralis and areas of the medial epicondyle corresponding to the attachment of muscles aimed at wrist and digit flexion (Warburton, 2006; Beck et al., 2016). For tachyglossids we selected the areas where m. latissimus dorsi and m. teres major insert (Regnault and Pierce, 2018). Orientation of muscles has been based on anatomical descriptions available (Jenkins, 1970; Puttick and Jarvis, 1977, Gasc et al., 1986; Gambaryan et al., 2002; Warburton, 2006; see Figures 1C,D).
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FIGURE 1. Correlation between costal surface of the scapula and longitudinal axes of the glenoid fossa and functional context employed in the current study. (A) Naraboryctes philcreaseri (B) Talpa romana (C) Naraboryctes philcreaseri functional model (D) Tachyglossus aculeatus functional model. Abbreviation: H, costal surface; g, longitudinal axes of the glenoid fossa; ax, retraction axis; ss, scapula; ro: rotational axis; Tr, m. triceps; Me, medial epicondyle; Le, lateral epicondyle; W/E Flexors, wrist and elbow flexors muscles; dm, dorsal manus; mov, movement direction; ld, m. latissimus dorsi; Tm, m. teres major.




Stress Evaluation

We integrated the results from FEA with GMM outputs to provide a more direct comparison of the results. At this purpose we followed the protocol published by Parr et al. (2012). The mean von Mises (VM) stress values were extracted from the four nearest tetrahedral elements (each tetrahedral element has four nodes) at the point were the 38 landmarks have been placed during the digitization process (see GMM section).



Forearm Mobility

In fossorial mammals, abduction of the humerus is instrumental to put the manus in the correct position to generate a laterally directed force on the substrate (Gambaryan et al., 2002). The movement of the scapula and the flexion of the shoulder and elbow joint are coordinated with humeral abduction. Among mammals, the range of movement available at the shoulder joint varies greatly (Luo, 2015), however, in fossorial species these movements are commonly limited by factors such as reduction of movement of the shoulder joint. Abduction can take place at the sterno-clavicular joint, and the humeral head can be entirely displaced in the transverse dimension within the scapula glenoid cavity (Gambaryan et al., 2002; Warburton, 2006; Archer et al., 2010; Regnault and Pierce, 2018). The result is that all abduction at the shoulder can be extremely constrained in its range of movement. In other mammals the longitudinal axes of the glenoid fossa is parallel to the plane of the costal surface of the scapula, whereas in fossorial mammals it may be directed at different angles. In this context a measure of this angle provides an appropriate proxy for the mobility of the shoulder joint, where higher angles suggest a reduction in the possible movements at the shoulder. Consequently, we measured the angle between the longitudinal axes of the glenoid fossa and the costal surface of the scapula for all the species included in our sample (see Figures 1A,B) to predict the limitations imposed by the digging kinematics.



Geometric Morphometric Shape Analysis

On each humerus, we digitized 38 homologous landmarks (Supplementary Table S2 and Supplementary Information) to capture its shape in three dimensions (Piras et al., 2015; Neaux et al., 2018) using IDAV Landmark software (Wiley et al., 2005).

We then imported the landmark configurations into R version 3.5.3 (R Core Team, 2019) to further process the landmark coordinates. We rotated, translated, and scaled the landmark configurations to unit centroid size (CS, square root of the sum of squared distances of a set of landmarks from their centroid, Bookstein, 1991) performing a Generalized Procrustes Analysis (GPA, Rohlf and Slice, 1990; Goodall, 1991) on all landmark coordinates. The GPA is implemented in the ProcSym() function from the R package “Morpho” (Schlager, 2014). The multivariate ordination of the aligned Procrustes coordinates has been visualized through a principal component analysis (PCA).



Phylogeny

We built synthetic phylogenies, presented in Supplementary Figure S2, in Mesquite 3.02 (Maddison and Maddison, 2015). The stratigraphic range and phylogenetic position have been derived from the most updated literature (Piras et al., 2015; Sansalone et al., 2019). Supplementary Table S1 includes the complete literature corpus employed to build the phylogenetic trees. We built two different phylogenies because of the lack of agreement between molecular and morphological data for talpids (see Sansalone et al., 2019, for an extensive discussion about the topic). For Mesoscalops, we used the data presented by Gunnel et al. (2008) and Barnosky (1981). The position of chrysochlorids has been based on the data provided by Piras et al. (2015) and O’Leary et al. (2013). The divergence between the echidna, N. philcreaseri and placental mammals has been set following Luo et al. (2007, 2011), Rowe et al. (2008); Phillips et al. (2009) and Bi et al. (2018).



RRphylo and Convergence Analysis

We employed a novel Phylogenetic Comparative Method specifically designed to deal with phylogenies including fossil taxa. The RRphylo method (Castiglione et al., 2018) performs a phylogenetic ridge regression on tree and data and returns branch-wise evolutionary rates and ancestral character estimates (ACEs) at nodes. In the case of multivariate data, such a procedure is performed independently for each component of the phenotype, by applying a normalization factor essential to avoid extreme rate values and multicollinearity, under the hypothesis that rate variation is minimized within clades (Castiglione et al., 2018).

To identify instances of phenotypic convergence between either clades or between groups of species within specific categories (i.e., states) we used search.conv, a new method which has proven to be both fast and powerful in identifying morphological convergence (Castiglione et al., 2019). Under search.conv the phenotypic distance between species is quantified as the angle between their phenotypic vectors (i.e., multivariate phenotypes for each species). Under a Brownian Motion (BM) model of evolution, this angle should increase proportionally to the patristic distance between species. When morphological convergence is present, this assumption no longer applies as the angle (per unit time) become smaller than expected. The function search.conv is specifically designed to detect instances of convergence, as occurring either between entire clades (“clade case”) or between selected species evolving according to specific states (“state case”). When comparing clades, the function computes the mean angle over all possible combinations of species pairs taking one species per clade, and divides this value by the patristic distance between the nodes subtending to the clades (i.e., the phylogenetic distance between the most recent common ancestors, MRCAs, of the clades). To assess significance, this value is contrasted to a random distribution of 1,000 angle-by-time values. The function randomly samples two species within the tree, computes the angle between them and divides it by the patristic distance between their immediate ancestors.

Additionally, search.conv determines whether convergence occurred early in the clade (at divergence) or only applies at the level of terminal branches (i.e., species). Given two clades presumed to evolve under convergence, the function derives the ACEs for the MRCAs for both clades from the RRphylo results and computes the angle between them. Such angle is summed to the mean angle between species and divided by the patristic distance between the MRCAs. If the “summed” angle is smaller than expected by chance, it means the clades converged since their origin and subsequently followed parallel phenotypic evolutionary trajectories. The significance level is assessed as described above by randomizing phenotypes across the tree tips. Finally, if no specific hypothesis about converging clades is available, the function automatically scans the phylogeny to identify instances of convergence.

Under the “state case”, search.conv computes the mean angle over all possible combinations of species pairs using one species per state. Each individual angle is divided by the patristic distance between the species. Significance is assessed by contrasting this value with a family of 1,000 random angles obtained by shuffling the state across the species.

Here, we applied search.conv under both “clade” and “state” cases on shape values (PC scores), by classifying species under fossorial/non-fossorial lifestyle. We repeated the analyses by collating the values of functional variables (i.e., angle and von Mises stress values) to PC values for each species and taking such “composite” vectors as the search.conv entry. All the functions used to compute rates, phenotypes and to test convergence are available as part of the R package RRphylo (Raia et al., 2019 available at2).



RESULTS


Shape Analysis

3D shape analysis evidences a clear phylogenetic signal with the different clades clustering in distinct regions of the morphospace (see Figure 2). Specifically, chrysochlorids grouped on the negative end of PC1 and PC2, whereas the echidna and N. philcreaseri separate along positive values of PC2. Highly fossorial talpids (i.e., Talpini and Scalopini) and M. montanensis cluster along positive values of PC1, but fossorial talpids separates between consensus and slightly negative values of PC2, whereas M. montanensis is placed at highly negative values. The remaining taxa (cursorial, semi-fossorial and semi-aquatic moles) are distributed from consensus to negative values of the PC1 and positive values of the PC2 (see Figure 2).
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FIGURE 2. Scatterplot of the first 2 PC scores. Convex hull indicates the Talpidae. Talpidae are colored according to their lifestyle. Other taxa are colored according to their specific status. Meshes are deformed according to PC axes extremes.


At positive values of PC1 the humerus shows a robust and rounded configuration characterized by a medially displaced and enlarged teres tubercle, the proximal region is relatively developed and the greater tuberosity is highly expanded. At negative values of the PC1 the humeri possess a relatively slender morphology characterized by a less developed teres tubercle, the proximal region is reduced and the articulation with clavicle is absent, features typical of chrysochlorids and N. philcreaseri. Slender, non-fossorial, talpids cluster at the positive values of PC2, whereas M. montanensis is positioned in a unique region of the morphospace at the negative extreme of the PC2. At positive values of this same axis the humerus presents a relatively slender configuration with an expanded proximal region, whereas the teres tubercle is poorly developed. At negative values of PC2, the teres tubercle is placed on the distal region of the humerus, the distal region broaden and bear an extremely elongated lateral epicondyle, peculiar of the proscalopid M. montanensis.



Finite Elements Analysis

The application of FEA to the humerus models, we revealed that the different functional groups were characterized by different VM stress magnitudes and distributions. The cursorial and semi-aquatic talpids showed the highest stress values, with a highly stressed humeral shaft. The semi-fossorial talpids display intermediate values with most of the stress again concentrated on the humeral shaft (see Figure 3). Fossorial talpids showed overall low stress values, with stress peaks mainly concentrated around the head of the humerus and the clavicular articular facet, whereas the areas of the muscles insertion showed lower VM stress values. The notoryctid showed averaged stress values lower than the cursorial and semi-aquatic talpids but higher than the semi-fossorial talpids and the chrysochlorids. N. philcreaseri displayed a highly stressed humeral shaft, in particular along the proximal half. The deltopectoral crest and the medial epicondyle showed remarkably lower stress values, reflecting the insertion of the main muscles involved during the power stroke (m. triceps longus, mm. pectorales, m. flexor carpi radialis, and m. flexor carpi ulnaris and m. flexor digitorum profundus). The echidna showed stress values lower than N. philcreaseri but comparable with the semi-fossorial talpids. The highest stress values were located on the proximal half of the humeral shaft, in particular on the region below the humeral head. The area of insertion of the digging muscle and, overall, the greatly enlarged distal area of the humerus showed remarkably lower stress values. In chrysochlorids, high stress values were found on the distal region of the humerus, whereas the lateral and medial epicondyles, having the direct m. latissimus dorsi and m. triceps insertions were particularly stressed. In contrast, the proximal humeral region in chrysochlorids is less stressed compared to talpids because the muscles involved in digging do not insert in that region (Puttick and Jarvis, 1977; Barnosky, 1982; Gasc et al., 1986; Piras et al., 2015). The humerus of M. montanensis showed moderate stress values on the proximal region compared to talpids, though the teres tubercle was more stressed because of its distally shifted position (Piras et al., 2015). PC1 and PC2 scores, VM stress values, and angles for each species are reported in Supplementary Table S3.
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FIGURE 3. Results from finite element analysis (FEA). Colors represent the intensity of the mechanical stress, warmer colors indicate high stress areas, cooler colous indicate low stress areas. (A) Mogera wogura, (B) Neurotrichus gibbsii, (C) Naraboryctes philcreaseri, (D) Tachyglossus aculeatus.




RRphylo and Convergence Analysis

By applying search.conv on shape data (PC scores) alone we found no significant instance of convergence, neither under “clade” (angle per unit time = 1.051 degrees/myr, p = 0.117) or under “state” (angle per unit time = 1.240 degrees/myr, p = 0.746) case. When integrating functional variables, we found Japanese moles (i.e., Mogera species exclusive of Mogera insularis) to significantly converge on the clade including the north American moles within Scapanus plus Scalopus genera (i.e., Scalopini, Figures 4A,B), starting from their respective common ancestors (angle per unit time, tips plus ancestors = 0.199 degrees/myr, p = 0.046).
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FIGURE 4. Convergence test on fossorial mammals humeral shape. The convergence test is implemented for entire clades (A,B) and for fossorial species as they appear sparsely on the talpid tree (C,D). PC plots appear in the upper row (A,C). (B) phenogram describing the path of the convergent clades. (D) angle between the fossorial species as compared to the random distribution of angles obtained shuffling the states across species in the tree. The asterisks represent the ancestral states of the clades found to converge. The pink and purple dots represent the mean phenotype of the species within the respective clades found to converge.


As for the “state” case, the mean angle between species within the “fossorial” category becomes 0.404 degrees/myr by adding performance variables, which is significant (p = 0.042; Figures 4C,D).



DISCUSSION

Shape analysis showed the presence of a mixture of taxonomic and functional signals (see Figure 2). All the functional groups occupied different regions of the morphospace, suggesting the absence of a significant convergent signal in the humeral shape of fossorial mammals. This was confirmed by the search.conv() analysis which did not recover evidence of convergence across our morphological sample. This result suggests that fossorial mammals were able to find different solutions to a similar adaptive challenge: the exploitation of the underground. In this case natural selection has produced some of the most divergent and highly derived humeral morphologies among vertebrates (Luo and Wible, 2005; Piras et al., 2015).

Biological structures showing morphological similarity, despite phylogenetic distance, might be used for different purposes. A striking example is represented by the marsupial N. philcreaseri and the placental chrysochlorids, these two taxa share great expansion of the medial epicondyle and the deltopectoral process. In fact, both N. philcreaseri or the chrysochlorids heavily rely on the m. triceps and m. pectoralis action during the power stroke, as evidenced by the enlarged deltopectoral crest and by a similar orientation of these muscles in the these taxa (Jenkins, 1970; Warburton, 2006; Piras et al., 2015; Beck et al., 2016). However, on the medial epicondyle two different muscles groups insert. In the chrysochlorids the m. latissimus dorsi inserts on the medial epicondyle, whereas in the marsupial moles the m. latissimus dorsi inserts on the fascia of the elbow-forearm rather than on the medial epicondyle, where different flexor muscles insert (Warburton, 2006; Beck et al., 2016). This adaptation is unique to the marsupial moles and improves the mechanical advantage of the m. latissimus dorsi for flexion of the shoulder and the effect of the elbow flexion (Warburton, 2006). In this context, it is not surprising that N. philcreaseri, despite the morphological similarities displays different stress distributions to chrysochlorids. Furthermore, our analysis did not identify any morpho-functional convergence between these two clades, suggesting that marsupial- and golden-moles are optimized for different trade-offs.

We found only one instance of morpho-functional convergence accounting for trade-off measures between the Japanese and North-American fossorial moles (Mogera, Scalopus, and Scapanus genera, see Figure 4). This result strongly suggests that fossorial mammals evolved around multiple different optima rather than around a single adaptive peak, as predicted by many-to-one mapping (Losos, 2011). It is likely that natural selection favored the evolution of humeral morphologies characterized by high performance (low stress) rather than promoting the optimization of humeral mobility. However, the trade-off between humeral strength and mobility resulted in different morphologies having similar fitness in the subterranean environment (Marks and Lechowicz, 2006; Losos, 2011).

For example, the lack of significant convergence between European (genus Talpa) and North-American moles may reflect the longstanding separation and phylogeographic histories of these two groups (Ziegler, 1999; Sánchez-Villagra et al., 2006; Schwermann et al., 2019). Scalopine moles went extinct in Europe during the Messinian salinity crisis (Krijgsman et al., 1999), whereas European mole (Talpini) diversity rose after the crisis ended, possibly exploiting the ecological niche left empty by the extinction of the Scalopini in Eurasia (Ziegler, 1999; van den Hoek Ostende and Fejfar, 2006). In this scenario, differences in the initial conditions for the two populations (Scalopini moles survived in North-America only, with one relict species in China; Scapanulus oweni), the phenotypes, genetic variation and the constraints acting on the ancestral populations, may have driven the evolution of trade-off values into different pathways for the two fossorial mole sub-clades (Sansalone et al., 2018).

Yet, the lack of convergent signals between clades evolving under similar selective conditions could be the result of phylogenetic history. In such a scenario, two species might be more similar to each than to their ancestors, but the magnitude of trait changes was not great enough to rule out pre-existing interclade differences (Losos, 2011). In these cases species do not reach “complete convergence” (Herrel et al., 2004) because natural selection might optimize their phenotypes within different selective contexts (environmental conditions might not be identical), or that developmental constraints might preclude two species to evolve around the same adaptive peak.

In the present study this is exemplified by the similar medial and proximal expansion of the humerus in both T. aculeatus and the fossorial talpids (Jenkins, 1970). However, in the former a wide humerus is an adaptation to rotation with the limitation of abduction, providing horizontal placement of the manus to sprawl the soil. On the other hand the expansion of the humerus in Talpidae is an adaptation to its abduction with limitation of rotation providing parasagittal positioning of the hands during burrowing. Hence, the wide humerus of the echidna and the similar humeral expansion in moles evolved pointing to opposite directions and opposite functions (Gambaryan, 2000).

Many examples of convergent evolution are based on simplistic descriptions of both function and phenotypes, but accounting for trade-off measures between different behaviors under similar selective contexts may reveal more complex scenarios. Here we have shown how, contrarily to expectations, fossorial mammals display only a very limited signal of morpho-functional convergence. We have detailed means by which different factors can play key roles in excluding species from evolving toward a single adaptive optimum, as predicted by the many-to-one mapping. On the contrary, our results show that fossorial mammal lineages have found different solutions to a similar adaptive regime evolving around multiple selective peaks defined by different biomechanical trade-offs. Our investigations highlight the fact that natural selection, even operating in similar selective conditions, may fail to produce convergent phenotypes in different evolutionary lineages. In this context, future investigations of morpho-functional convergence should expand on other skeletal elements participating in performing a particular function, this would allow a greater accuracy in defining the extent of convergence.
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In the complex scenario of Plio–Pleistocene mammalian faunal turnovers, recent research on canids has revealed an increasingly higher number of species than previously thought. In this framework, Georgia had a key role in the biogeographic dispersion of fauna from/to Asia, Africa, and Europe. Historically attributed to Canis etruscus, the rich Canis material recovered from Dmanisi possesses certain peculiar cranial and dentognathic features, which cannot be regarded only as intraspecific variability. We revealed closer similarities between the Dmanisi wolf and the younger European Canis mosbachensis, rather than with other Early Pleistocene canids as C. etruscus and Canis arnensis. The discovery of a Canis borjgali sp. nov. in Dmanisi, with characteristics close to those of C. mosbachensis, changes radically the idea of Canis lupus evolution as it is conveyed today, invalidating the paradigm C. etruscus–C. mosbachensis–C. lupus lineage. Furthermore, the geographic position of Dmanisi in the Caucasian area offers interesting insights regarding the Asian canids and their dispersion into Europe and Africa, an aspect still poorly investigated. The exquisite state of preservation of the fossil from Dmanisi combined with novel 3D visualization and a digital imaging technique gives us the opportunity to increase the outreach of the research thanks to user-friendly and free tools. Here, for the first time, we employed augmented reality on a few specimens of C. borjgali sp. nov. through a simple web app. The extraordinary chance offered by these technologies has yet to be implemented in scientific research and dissemination, particularly in paleontology.

Keywords: Canidae, Carnivora, Georgia, augmented reality, early Pleistocene, morphology


INTRODUCTION

In the last decades, genetic and paleontological studies have revealed an intricate evolutionary history of the genus Canis (Tedford et al., 2009; Koepfli et al., 2015; Viranta et al., 2017; Zrzavý et al., 2018). The genus Canis Linnaeus, 1758, since its early appearance in North American Late Miocene and its dispersal and radiation throughout Asia, is known to have reached the western part of Europe around 3 Ma (Lacombat et al., 2008), where the first species described is Canis etruscus Forsyth-Major, 1877 from several sites of Europe (Cherin et al., 2014). There is wide consensus considering the modern wolf as the final stage of an evolutionary line starting with the Early Pleistocene C. etruscus through the Early–Middle Pleistocene Canis mosbachensis Soergel, 1925 (see inter alios Brugal and Boudadi-Maligne, 2011). Morphologically modern wolves appear in the early Middle Pleistocene of North America (Tedford et al., 2009) and in several mid Middle Pleistocene Asian and European localities (Bonifay, 1971). In the framework of the Early and Middle Pleistocene radiation of Eurasian mammals, the site of Dmanisi is celebrated for its outstanding record of early Homo Linnaeus, 1758 (Lordkipanidze et al., 2007, 2013; Krijgsman et al., 2019; Rightmire et al., 2019), for the state of preservations of the fossils (allowing molecular analyses on its fossils, Cappellini et al., 2019), and for the pivotal documentation of the biogeographic faunal dispersals between the three continents, Asia, Africa, and Europe. Indeed, the Georgian site offers a unique glimpse on the turnovers that took place around 1.8 Ma (during the late Villafranchian Land Mammal Age) (Ferring et al., 2011; Bartolini Lucenti et al., 2019; Krijgsman et al., 2019). Among the large number of mammalian taxa recovered, carnivores are abundant. At least 13 different species of the five most common families of carnivorans are represented. Of these, Canis (referred to C. etruscus by Vekua, 1995) is by far the most abundant taxon with eight almost complete crania and more than 270 cranial specimens. This rich and remarkably well-preserved sample allowed us to assess its variability, compared to that of other Early and Middle Pleistocene canids. We here suggest an early origin of modern wolves and related species, redescribing the Canis from Dmanisi as a new species.



MATERIALS AND METHODS


The Comparative Sample

The present study is based on the comparative morphological analysis of the medium-sized Canis from Dmanisi and other wolf-like canids (tribe Canini) of the Early–Middle Pleistocene from Europe. The described fossils are housed at the S. Janashia Museum of Georgia, Georgian National Museum (Tbilisi). As comparative fossil material, the late Villafranchian canids from Eurasia housed at AMNH, AUT, ICP, and IGF (see abbreviation below) were studied. This fossil comparative sample includes specimens of Canis arnensis Del Campana, 1913 and C. etruscus from the Italian sites of Olivola, Upper Valdarno Basin, Coste San Giacomo, and Pantalla (Cherin et al., 2014); Canis apolloniensis Koufos and Kostopoulos (1997) from Apollonia-1 (Koufos, 2018); Canis chihliensis and Canis palmidens from Yushe Basin (Rook, 1993, 1994); remains of C. mosbachensis Soergel, 1925 from Cueva Victoria, Vallparadís (Bartolini Lucenti et al., 2017), Pirro Nord (Petrucci et al., 2013), ‘Ubeidiya (Martínez-Navarro et al., 2009), Untermassfeld (Sotnikova, 2001), and Zhoukoudian (Jiangzuo et al., 2018). The relevant literature on the late Villafranchian canids was inspected (Del Campana, 1913; Crusafont Pairó, 1950; Thenius, 1954; Torre, 1967, 1974, 1979; Bonifay, 1971; Kurtén, 1974; Pons-Moyà and Moyà-Solà, 1978; Pons-Moyà, 1981; Koufos and Kostopoulos, 1997; Wang et al., 1999; Sotnikova, 2001; Garrido and Arribas, 2008; Lacombat et al., 2008; Tedford et al., 2009; Petrucci et al., 2013; Cherin et al., 2014; Koufos, 2014, 2018; Bartolini Lucenti and Rook, 2016; Amri et al., 2017; Mecozzi et al., 2017; Jiangzuo et al., 2018). Extant specimens housed at the AMNH, MZUF, ICP, and MG-GNM (see abbreviation below) were also used for morphological and morphometrical comparisons. We examined specimens of Canis aureus Linnaeus, 1758, Canis latrans Say, 1823, Canis lupaster Hemprich and Ehrenberg, 1828–1834, Canis lupus Linnaeus, 1758, Lupulella adusta (Sundevall, 1847), Lupulella mesomelas (Schreber, 1775), and Lycaon pictus (Temminck, 1820).

The 3D surface scan of the fossil and extant specimens was obtained with the Artec Space Spider high-resolution 3D blue light technology scan at the Museum of Georgia and at the Paleo[Fab]Lab, Earth Science Department of the University of Florence. The 3D surface scans were subsequently elaborated in Artec Studio 12 Professional. The 3D visualization of the cranium D64 and upper and lower teeth comparison models in Augmented Reality was created following the protocols described by several authors (e.g., Etienne, 2017; Carpignoli, 2019) in Visual Studio Code ver. 1.41, using AR.js and A-Frame v. 0.9.2 (www.aframe.io).



Morphometric and Statistical Analyses

Cranial and dental measurements were taken with a digital caliper to the nearest 0.1 mm following von den Driesch (1976) with minor modifications (see abbreviations below).

We performed a principal components analysis (PCA) on a dataset of selected log10-transformed cranial measurements, in order to establish the morphological similarities between various canid species, both extinct (Canis from Dmanisi, and C. etruscus) and extant (C. aureus, C. lupus, C. lupaster, L. adusta, L. mesomelas). We then used a permutational ANOVA on the most explicative principal components to test the statistical significancy of the differences resulting from the analysis.

We compared the material of Canis from Dmanisi with that of other European Late Villafranchian species by means of boxplots, to inspect differences in values distribution, and statistical tests. At this purpose, selected cranial ratios were used to test for statistical difference between the sample of Dmanisi, the other fossil taxa, and the extant species of the genera Canis and Lupulella. We tested these ratios by means of permutational ANOVA computed in R statistical environment (ver. 3.6.). The difference between the samples in dental measures were tested using a permutational multivariate ANOVA (MANOVA), using the pairwise Adonis package (Martinez Arbizu, 2019) computed in R.



Site and Institutional Abbreviations

AMNH, American Museum of Natural History, New York (United States); AUT, Earth Science Department of Aristotle University of Thessaloniki; D, Dmanisi site; ICP, Institut Català de Paleontologia Miquel Crusafont, Universitat Autònoma de Barcelona (Cerdanyola del Vallès, Barcelona, Spain); IGF, Museum of Natural History, Geological and Paleontological section, the University of Florence (Italy); MG-GNM, S. Janashia Museum of Georgia, Georgian National Museum (Tbilisi, Georgia); MZUF, Museum of Natural History, “La Specola” Zoology section, University of Florence (Italy); 0X/D, P, provisional catalog number of unregistered specimens from Dmanisi housed in MG-GNM.



Anatomical Abbreviation


Cranium

AB, height of the cranium without the sagittal crest (inion–basion); BL, basal length of the cranium; CBL, condylobasal length of the cranium; Ect, width across the zygomatic processes of the frontals; ECW, width of the muzzle at level of the upper canine; Eu, greatest neurocranium width; FL, facial length; GPW, greatest palatal width; GWOC, greatest width of occipital condyles; NcL, neurocranial length; PL, palatal length; POCW, smallest width of postorbital constriction; SCL, splanchnocranial length; SH, skull height (with sagittal crest); TL, total length of the cranium (inion-prosthion); Zyg, zygomatic breadth.



Dentition

L, mesiodistal length; LCR, upper cheek toothrow length (P1–M2); LMR, upper molar row length (M1–M2); LPR, upper premolar row length (P1–P4); tdm1, talonid of m1; trm1, trigonid of m1; W, buccolingual width.



Mandible

HR, height of the mandible ramus; LLMR, length of the lower molar row (m1–m3); LLPR, length of the lower premolar row (p1–p4); Mm1B, mandibular corpus breadth below midpoint of m1; Mm1H, mandibular corpus height distal to m1 alveolus; Mp4H, mandibular corpus height distal to p4 alveolus; m1–m2 L, length of the first and second lower molars; p2–p4 L, length of premolar row between p2 and p4.



SYSTEMATIC PALEONTOLOGY

Order Carnivora Bowdich, 1821

Family Canidae Fischer, 1817

Subfamily Caninae Fischer, 1817

Tribe Canini Fischer, 1817

Genus Canis Linnaeus, 1758

Canis borjgali sp. nov.

Figures 1, 2, 3; Supplementary Tables S1, S2, S3, S4
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FIGURE 1. Canis from Dmanisi. (A–C,G) D5656, cranium in (A) dorsal, (B) ventral, (C) left lateral, (G) occipital views. (D) D4510, cranium in left lateral view. (E) D2314, cranium in left lateral view. (F) Dm.50/52.3B1.34, cranium in left lateral view. (H) Detailed view of the occlusal morphology of the upper teeth of Canis from Dmanisi (D2314).



[image: image]

FIGURE 2. Comparison of the tympanic region of (A) C. etruscus from Upper Valdarno, (B) C. arnensis from Poggio Rosso, (C) C. chihliensis from Yushe Basin, (D) C. mosbachensis from Cueva Victoria, and (E) Canis from Dmanisi. Note the marked divergence of the medial walls of the tympanic bullae of C. mosbachensis and of Canis from Dmanisi. This feature is not documented in the fossil taxa but present in extant wolf-related species (like C. lupus, C. lupaster, C. aureus, etc.).
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FIGURE 3. Canis from Dmanisi. (A–C) D4871, right hemimandible in (A) buccal, (B) lingual, and (C) occlusal views. (D–F) D5594, right hemimandible in (D) buccal, (E) lingual, and (F) occlusal views. (G–I) D1184, right hemimandible in (G) buccal, (H) lingual, and (I) occlusal views. (J,K) Detailed occlusal morphology of the lower teeth of Canis from Dmanisi: (J) D372, left m3; and (K) D1, left hemimandible.


Etymology. From the Georgian “ბორჯღალი,” IPA: [bɔrdʒʁali], seven-rayed symbol of the sun and eternity typical of Georgia.

Holotype. D64, almost complete skull with I1-M2 and i1-m3.

Hypodigm. See Supplementary Material.

Type Locality and Age: Dmanisi, Georgia; ca 1.80 Ma.


Differential Diagnosis

A medium-sized canid, close or slightly smaller compared to C. etruscus, generally larger than other Villafranchian medium-sized canids. Canis borjgali differs from C. arnensis for the longer nasal bones, the well-developed frontal sinuses, the morphology of the upper molars, and the hypoconid on m1 larger than entoconid in the m1. It differs from C. etruscus for its overall cranial architecture, including the relatively higher cranium, the profile in lateral view, and shorter nasal bone and their morphology. It also differs in dental features, including the presence of accessory cuspulids on the lingual margin of m1 talonid. It is distinguished from C. arnensis and C. etruscus by the caudorostrally divergent medial walls of the tympanic bullae and few other dental features, including the deeper trigon basin compared to the talon basin on M1, the p3 that sets below the alveolar plane of p2 and p4. C. borjgali differs from C. mosbachensis for some less derived features, including the morphology of the second upper molar, the more arched lower toothrow, and larger metaconid on m1. C. borjgali possesses a marked apomorphy, i.e., the medial walls of tympanic bullae that diverge rostral direction.



Description and Comparison

The cranium is moderately elongated (Figure 1). Nasals are long, although not as long as in C. etruscus from Olivola and Pantalla. In lateral view, the profile of the cranium of Canis from Dmanisi is moderately arched, contrasting condition compared to the straight profile of C. etruscus from Olivola and Pantalla, but still less arched than in C. mosbachensis and C. lupus. The postorbital constriction is not marked for the considerable development of the frontal sinuses, which extend caudally toward the frontoparietal suture like in C. chihliensis from Yushe Basin, C. etruscus from Italy, C. mosbachensis from Eurasia, and C. lupus, although reduced compared to the latter (Table 1). The postorbital region is shorter compared to the elongated one of C. lupus, resembling other fossil species (e.g., C. mosbachensis from Cueva Victoria, Untermassfeld, and Zhoukoudian). The supraoccipital shield has the typical Canis triangular shape, although less sharp compared to that of C. mosbachensis from Eurasia (e.g., Cueva Victoria, ntermassfeld, and Zhoukoudian loc. 13) and extant C. lupus (Table 1). In ventral view, the tympanic bullae are oval shaped and moderately inflated. Their medial walls are not parallel, but tend to diverge in caudorostral direction, unlike C. arnensis, C. etruscus, and C. chihliensis from Yushe Basin (Figure 2). There are no diastemata between the upper teeth. The protocone of the upper carnassial is poorly individualized and relatively reduced, condition similar to that found in C. lupus, whereas in C. etruscus from Italy, the protocone is well separated from the rest of the tooth. The P4 also possesses a high and stout paracone, a sharp metastyle, and a strong mesiolingual cingulum. On the M1, the paracone is larger and higher than the metacone as in C. apolloniensis, C. etruscus, C. mosbachensis, and C. lupus (Table 1). As in these species, there is a well-developed metaconule, a high protocone, and a rather individualized protoconule. The protocone basin is deeper and larger than the hypocone basin, like in C. apolloniensis, C. mosbachensis, and C. lupus. The M1 shows a strong and well-developed buccal cingulum, expanded on both the mesial and distal sides, unlike C. lupus in which the cingulum is present but subdued. The morphology of the M2, in occlusal view, tends to be similar to that of C. etruscus, with a large buccal side. Some specimens share this more buccolingually elongated shape resembling the morphology of C. apolloniensis from Apollonia-1, C. lupus, and C. mosbachensis from Eurasia (Table 1).


TABLE 1. Summarizing table of the main craniodental features of C. etruscus, C. arnensis, C. mosbachensis, and C. apolloniensis compared to those of the Canis sp. from Dmanisi.

[image: Table 1]The mandible of Canis from Dmanisi generally has a moderately deep horizontal ramus (Figure 3), similar in dorsoventral height and morphology to that of C. etruscus from Italy, unlike C. arnensis from Upper Valdarno, in which it is more slender. The postcanine toothrow is slightly arched (buccally convex at the p4–m1 commissure) as generally in C. apolloniensis, C. etruscus, C. mosbachensis, and C. lupus, whereas it is moderately arched in C. arnensis from Upper Valdarno (Table 1). Diastemata are absent between the lower premolars. In Canis from Dmanisi, the p3 generally sets in the mandible below the alveolar level of the p2 and p4, as in C. mosbachensis and C. lupus (Figure 3 and Table 1). The p3 possesses a distal accessory cuspulid, generally absent in C. apolloniensis and C. mosbachensis. The p4 occlusal shape is wide and oval similar to C. mosbachensis from Eurasia compared the more slender shape of C. apolloniensis from Apollonia-1, C. arnensis from Upper Valdarno. The m1 paraconid is higher than the p4 protoconid, like in C. apolloniensis from Apollonia-1, C. mosbachensis from Eurasia, and C. lupus, in contrast to C. arnensis and C. etruscus. In the lower carnassial, the metaconid is large and individualized from the protoconid. It is larger compared to C. apolloniensis from Apollonia-1, C. mosbachensis from Eurasia, and C. lupus, which possess a reduced metaconid, closely attached to the large protoconid. Nevertheless, the lower carnassial is less developed compared to C. arnensis and C. etruscus. On the talonid, the hypoconid is larger than the entoconid, although the difference between them is reduced compared to that visible in C. lupus and C. etruscus (Figure 3 and Table 1). The transverse cristid between the m1 hypoconid and entoconid is evident and generally sinuous, as in C. mosbachensis and C. lupus, unlike C. arnensis or C. etruscus from Italy. The m1 entoconid is more developed compared to C. apolloniensis and C. mosbachensis, similarly to C. etruscus. Accessory cuspulids may be present on the lingual side of the talonid, like in C. apolloniensis and C. mosbachensis from Eurasia. The m2 protoconid is larger compared to the metacone, unlike C. arnensis (Table 1). Distally on the m2, there is a hypoconid and a lingual cristid, generally with no accessory cuspulids, as in C. apolloniensis and C. mosbachensis (although in the latter, the m2 occlusal shape is generally more rectangular). The m3 has two cuspulids, with the buccal larger than the lingual one as in C. etruscus from Italy and C. mosbachensis from Europe, as opposed to C. arnensis (which has two equal-sized cuspids) and C. lupus (with a single and large cuspid).



RESULTS


Principal Component Analysis

The results of the PCA on cranial variables are reported in Figure 4. The PC1, which accounts for most of the variance (95.8%), has positive and similar loading for all the analyzed original variables (Supplementary Table S5), thus being positively influenced by cranial shape. Along the PC1, the modern wolves separate from other extant canids (jackals and golden wolves), the former on the positive end whereas the latter on the negative end. Extinct species (Canis from Dmanisi and C. etruscus) occupy an intermediate position, slightly overlapping with the modern wolf variation. C. etruscus variability on this axis is relatively limited, and its variance is included in that of Canis from Dmanisi. The PC2 only accounts for 1.5% of total variance, being dominated positively by greatest nasal length, splanchnocranial length, and facial length, whereas negatively by the skull height with the sagittal crest, the neurocranial length, and the width of the muzzle across the upper canines. On this axis, C. etruscus is considerably separated from the range of the other canids; therefore, it is visibly distinguished from Canis from Dmanisi. The results of the ANOVA on the PC1 is reported in Supplementary Table S6. The analysis confirms the significant difference between C. lupus and the other extant canids visible in Figure 4. Both C. etruscus and Canis from Dmanisi are different from the extant canids, yet there is no statistical difference between them on the PC1 (F = 0.2576, p = 0.99923), as visible from Figure 4.
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FIGURE 4. Principal components analysis (PCA) based on selected log-transformed cranial measurements on extant and fossil species of the general Canis and Lupulella. Symbols are explained in the legend.




Statistical Analyses

In both cranial and dental measures, Canis from Dmanisi is close to C. etruscus and other Early Pleistocene canids of Eurasia like C. mosbachensis and C. apolloniensis, and comparable to smaller subspecies of C. lupus (e.g., Canis lupus arabs or Canis lupus pallipes; Supplementary Material, Supplementary Tables S1–S4). Nevertheless, the cranial ratios (SCL/TL, GNL/TL, GWOC/AB, SH/TL) show significant difference between C. etruscus and Canis from Dmanisi (Figure 5). C. etruscus is considerably different in cranial proportions as opposed to the others species, fossil, and extant ones. The ratios of Canis from Dmanisi are more similar to C. mosbachensis and C. lupus. C. arnensis differs significantly from C. etruscus in three ratios (SCL/TL, GNL/TL, GWOC/AB) and cannot be distinguished from Canis from Dmanisi in these ratios. Nevertheless, the relative height of the skull is significantly different between C. arnensis and Canis from Dmanisi. The analysis of variance on the relative length of the nasals (Supplementary Table S7), the most numerous of the considered ratios, revealed to be statistically significant between Canis from Dmanisi and C. etruscus (F = −0.102498; p ≪ 0.01; Supplementary Table S7). The MANOVA on dental measures (Supplementary Tables S8, S9) confirms the statistical difference between Canis from Dmanisi and C. etruscus (upper teeth: F = 33.403; p = 0.04496; lower teeth: F = 19.4091, p = 0.04496), on one side, and no difference between the former and C. mosbachensis, on the other. As for cranial ratios, the dental measures of C. arnensis are partially similar to Canis from Dmanisi, as the lower teeth values of the two species are significantly different (F = 33.403; p = 0.04496; Supplementary Table S9).
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FIGURE 5. Boxplots of selected cranial ratios: (A) relative length of the splanchnocranium, ScL/TL; (B) relative length of the nasals, GNL/TL; (C) width of the occipital condyles relative to the height of the cranium, GWOC/AB; (D) relative height of the cranium (including the sagittal crest), SH/TL. Gray dashed line separates the fossil species from the extant ones.




DISCUSSION


Taxonomic Attribution of Canis From Dmanisi and Implications for the Evolution of Canini

The results of the ANOVA on the PC1, the axis explaining the majority of the variability of the PCA (Figure 4), show no statistical distinction between C. etruscus and Canis sp. from Dmanisi (Supplementary Table S6). Nevertheless, the separation between these species in the plot of the principal component analysis is along the PC2 (as evident from Figure 4). The cranial ratios (SCL/TL, GNL/TL, GWOC/AB, and SH/TL) shown in Figure 5 take into consideration those values that influence the dispersion of the specimens on this axis. A permutational ANOVA test on the GNL/TL, the most represented of the ratios and the most important parameter of PC2, clearly supports the distinction of C. etruscus. The result acknowledges the peculiarity of C. etruscus compared to other known fossil and extant species as noted by Cherin et al. (2014), including the sample from Dmanisi (Supplementary Table S7). The distinction between Canis sp. from Dmanisi and C. etruscus is confirmed also by the MANOVA on upper and lower teeth (Supplementary Tables S8, S9). Therefore, despite being considered as synonyms (Vekua, 1995), C. etruscus remarkably differs from the Georgian sample in both morphometrics and ratios measure (Figure 5 and Supplementary Tables S7–S9). In this light, the material of Canis from Dmanisi cannot be ascribed to C. etruscus. Several of the morphometric and morphological results point out to a closer affinity of Canis from Dmanisi to the late Early Pleistocene Canis ex gr. mosbachensis (C. mosbachensis, e.g., from Untermassfeld, Sotnikova, 2001; Iberian Peninsula, Bartolini Lucenti et al., 2017; Pirro Nord, Petrucci et al., 2013; C. mosbachensis variabilis from Zhoukoudian localities, Jiangzuo et al., 2018; and C. apolloniensis from Apollonia-1, Koufos, 2018), rather than to C. etruscus. In addition to the affinity with these fossil taxa, Canis from Dmanisi shares also affinities with the group of wolf-related canids (see Lindblad-Toh et al., 2005), e.g., the caudorostrally divergent tympanic bullae; p3 alveolus at a lower level than p2–p4 (Figures 1–3). Indeed, the divergent walls of the bullae is shared by C. lupus, other wolf-related canids, and C. mosbachensis (see Bartolini Lucenti et al., 2017), as opposed to any other extinct species (Figures 1–3). Nevertheless, some other features of the sample from Dmanisi are more primitive, e.g., blunt or subrounded dorsal outline of the nuchal crest, reduced caudal elongation of the postorbital region; relatively developed crushing surface of the molars; and presence of an accessory cuspulid on p3. This combined pattern of features (similar to both primitive- and derived-like canids), unlike any other early Early Pleistocene canids, supports the ascription of the sample to a new species, C. borjgali sp. nov.

The new identity of Canis from Dmanisi casts some doubts on the current interpretation of the origin of modern wolf. The wide consensus in scientific literature supports that C. lupus and its lineage originates during the Early Pleistocene with the primitive C. etruscus (Torre, 1967; Kurtén, 1968; Musil, 1972; Sotnikova, 2001; Sotnikova and Rook, 2010), from which derived C. mosbachensis in the second half of the Early Pleistocene to first half of the Middle Pleistocene. Despite the taxonomical debate (Mecozzi et al., 2017), C. mosbachensis is widely considered the ancestor of C. lupus (in addition to the former: Brugal and Boudadi-Maligne, 2011; Sardella et al., 2014). Sotnikova and Rook (2010) were the first to suggest a possible alternative classification for the Canis of Dmanisi and the plausible ancestry of C. lupus. Here, such an interpretation is supported, as C. etruscus appears more primitive than C. borjgali and should probably be regarded as one of the earliest taxa to disperse into Europe (around the end of the Pliocene–early Pleistocene). On the contrary, C. borjgali might represent the ancestor or, in any case, a close-allied taxon of the clade of more derived species of Eurasian Canini (e.g., C. ex gr. mosbachensis, C. lupus). The morphological and morphometrical similarity between the C. borjgali and C. mosbachensis supports the idea of close relationship between the two species. Some authors (Bartolini Lucenti et al., 2017; Jiangzuo et al., 2018) reinterpreted the idea of direct ancestry between C. mosbachensis and C. lupus, putting forward the idea that C. mosbachensis, as a large-ranged and time-spanned species, might actually be related to the crown species of the wolf clade (i.e., C. latrans, C. lupaster) rather than only to C. lupus. This might find support in recent molecular (e.g., Koepfli et al., 2015; Viranta et al., 2017) and paleontological evidence (Tedford et al., 2009). Koepfli et al. (2015) estimated the time of divergence between the C. lupaster and the C. latrans–C. lupus clade around 1.3 Ma and between C. latrans and C. lupus around 1.1 Ma. This suggests that the Early Pleistocene was a time of high diversification in modern canids, as is also confirmed by fossil record. Tedford et al. (2009) reported the early presence of C. lupus in the early Middle Pleistocene deposits of Alaska. In the broader and more intricate framework of the evolutionary history of crown-Canini, the privileged geographical position of the Caucasian region reveals its importance in canids’ evolutionary history, as a noted by Sotnikova and Rook (2010). Indeed, the Caucasus sets as a crossroads between three continents, and its peculiar biotic evolution testifies to its role of key region in evolution of Old World faunas since Miocene times (Krijgsman et al., 2019). The discovery of a previously undescribed taxon in Dmanisi, with some modern features as opposed to C. etruscus, close but more primitive compared to C. mosbachensis, changes radically the idea of C. lupus evolution as it is conveyed today, invalidating the paradigm C. etruscus–C. mosbachensis–C. lupus lineage. As probable ancestor of C. ex gr. mosbachensis, C. borjgali sp. nov. might also represent one of the latest common ancestors of the crown clade of modern Canis species (C. latrans, C. lupaster, C. lupus).



Augmented Reality: Opportunities and Perspectives

The exquisite conservation of the fossil specimens of C. borjgali offers the perfect subject for the application of 3D and digital imaging techniques, like Augmented Reality (AR), thanks to the use of Artec Space Spider. AR allows interacting with computer-generated objects (sensu lato, from 2D pictures, videos to 3D objects) in the real world contexts in real time, allowing the users to perceive the real environment surrounding the digital rendering (Azuma, 1997; Zhou et al., 2008; Lee, 2012). Thus, differing from Virtual Reality (VR), in which users are immersed in a digital/computer-generated environment, AR can be considered a mixed-reality experience (Bower et al., 2014). It is not a brand-new technology, as its first applications date back to the 1990s. Currently, AR applications cover a diverse range of fields, from medicine to manufacturing, from aeronautics to entertainment and tourism (Bower et al., 2014). Particularly in educational sciences, AR has revealed its pedagogical potential, as much research documented (see Lee, 2012; Akçayır and Akçayır, 2017 and references therein). Nevertheless, no or little use has been made in scientific research, and its potentiality to paleontology and museology seems widely underestimated (at the very least, in Italian institutions). After the virtuous case of “Virtual Showcase” (Bimber et al., 2001, 2002), a multiuser AR display for museal exhibitions, no other use is reported in the literature. We propose here the first application of AR as support to paleontological research. Of the wide range of possible types of AR applications (see Bower et al., 2014’s review), a marker-based one was chosen (for further discussion see Kan et al., 2011) to allow remote and independent use by any interested user. The application of easy-to-use, open-source, and marker-based tools like AR.js and A-Frame allows to expand the accessibility to superb fossil specimens like D64 (Figure 6). A smartphone, a tablet, or any device with a camera and internet connection would suffice to grant access to the actual 3D morphology of the specimens and their tiniest features, such as dental cuspules/cuspulids. The same tool can be used to perform digital comparisons between different species or specimens, like in Figures 7, 8, where the upper and lower morphology of the teeth of C. etruscus, C. borjgali, and C. lupus can be compared as easily as would be with the three real specimens. Moreover, the use of a marker consent to even compare the 3D digital objects implemented in the app to real ones placed near the marker (for instance to a cranium of an extant canid, e.g., C. lupus, Figure 9), to directly see similarities and/or differences. In short, following the motto of the A-Frame team, “show, don’t tell.”


[image: image]

FIGURE 6. QR code linking to the web app for Augmented Reality (AR) visualization of the 3D model of the skull D64. Instructions: Scan the QR code on the left; open the link; allow the browser to access the camera of your device; point the camera toward the marker (on the right); and wait for the model to load (up to 10 seconds). It is possible to turn the device around the marker (or to move the marker) to see different parts of the model. Best visualization performances can be achieved by printing the markers, rather pointing at them on screens. Refer to Supplementary Material for common issues.
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FIGURE 7. QR code and Augmented Reality (AR) marker showing 3D comparison between the upper teeth morphologies of C. etruscus from Upper Valdarno (blue), Canis from Dmanisi (red), and extant C. lupus (grayish). Instructions: Scan the QR code on the left; open the link; allow the browser to access the camera of your device; point the camera toward the marker (on the right); and wait for the model to load (up to 10 seconds). It is possible to turn the device around the marker (or to move the marker) to see different parts of the model. Best visualization performances can be achieved by printing the markers, rather pointing at them on screens. Refer to Supplementary Material for common issues.
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FIGURE 8. QR code and Augmented Reality (AR) marker showing 3D comparison between the lower teeth morphologies of C. etruscus from Upper Valdarno (blue), Canis from Dmanisi (red), and extant C. lupus (grayish). Instructions: Scan the QR code on the left; open the link, allow the browser to access the camera of your device; point the camera toward the marker (on the right); and wait for the model to load (up to 10 seconds). It is possible to turn the device around the marker (or to move the marker) to see different parts of the model. Best visualization performances can be achieved by printing the markers, rather pointing at them on screens. Refer to Supplementary Material for common issues.
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FIGURE 9. Example of the visualization of the Augmented Reality web app in a comparison between a real cranium (that of an extant C. lupus) and the digital model D64 of C. borjgali (as visible from Figure 6). The digital specimen is not at the same scale of the real specimen.




CONCLUSION AND PERSPECTIVES

The extensive record of Canis from Dmanisi is outstanding both for its state of preservation and abundance. Several morphological and morphometric patterns challenge the previous attribution to C. etruscus and favor the ascription of the taxon to a new species, C. borjgali sp. nov. The record of Dmanisi has already changed our understanding of evolutionary history of different species, like in the case of the rhino “Stephanorhinus” (Cappellini et al., 2019) or of the genus Homo (Rightmire et al., 2019 and reference therein) as the first discovery of the earliest Out-of-Africa hominids. The description of C. borjgali sp. nov. offers a new picture of the evolutionary history of modern wolves and wolf-like canids. Instead of considering the rather primitive species C. etruscus as the ancestor of C. lupus, the similarity between C. borjgali and C. mosbachensis suggests to acknowledge in the species from Dmanisi the ancestor of modern wolf-related canids. Furthermore, the present research reports the first application of Augmented Reality to a scientific paper in paleontology. Although especially used with pedagogical and educational purposes, scientific articles might benefit from the employment of AR contents thanks to its high interactivity and attractivity. Digital visualizations could be used to convey and communicate more easily the discoveries of a research, especially in life and physical sciences. In paleontology, the use of AR of digitalized fossil specimens in scientific articles might allow to increase the accessibility to superb fossils like D64 (Figure 6) without compromising the right and ownerships of institutions (museums or research ones) on these specimens. Undoubtedly, any 3D object, resulting from any different source (laser scan, CT scans, etc.), can be used. The implementation of web-based AR is valuable to other researchers, as it allows them to operate their observations of the 3D model better and more precisely than using 2D photos or even stereophotography. Relative height of cusps and cuspids, development of the crests, and depth of depressions are all features that become directly observable and other workers might make their own opinion and verify the finding of the paper. Digital comparisons between different species (Figures 7, 8) and comparisons with real specimens placed near the marker (Figure 9). All of this can be achieved simply using a mobile device (smartphones, tablets, etc.). Digital technologies dealing with AR are constantly advancing while its potentials are already high; we just need to keep the pace.
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Three-dimensional (3D) models of fossil bones are increasingly available, thus opening a novel frontier in the study of organismal size and shape evolution. We provide an example of how photogrammetry can be combined with Geometric Morphometrics (GMM) techniques to study patterns of morphological convergence in the mammalian group of Xenarthra. Xenarthrans are currently represented by armadillos, sloths, and anteaters. However, this clade shows an incredibly diverse array of species and ecomorphotypes in the fossil record, including gigantic ground sloths and glyptodonts. Since the humerus is a weight-bearing bone in quadrupedal mammals and its morphology correlates with locomotor behavior, it provides an ideal bone to gain insight into adaptations of fossil species. A 3D sample of humerii belonging to extant and fossil Xenarthra allowed us to identify a significant phylogenetic signal and a strong allometric component in the humerus shape. Although no rate shift in the evolution of the humerus shape was recorded for any clade, fossorial and arboreal species humerii did evolve at significantly slower and faster paces, respectively, than the rest of the Xenarthran species. Significant evidence for morphological convergence found among the fossorial species and between the two tree sloth genera explains these patterns. These results suggest that the highly specialized morphologies of digging taxa and tree sloths represent major deviations from the plesiomorphic Xenarthran body plan, evolved several times during the history of the group.
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INTRODUCTION

Species morphology varies in size and shape. These two components can be strongly correlated to each other (Shingleton et al., 2007; Figueirido et al., 2011; Voje et al., 2014; Klingenberg, 2016) and somewhat limited by the existence of evolutionary constraints (Gould, 1989; Brakefield, 2006; Arnold, 2015; Meloro et al., 2015a). In this regard, the vertebrate skeleton has been intensively investigated, because the shape of its components is greatly influenced by body size and by the constraints impinging on specific adaptations linked to body support and other essential organismal functions (e.g., locomotion, feeding). The skeleton also allows sampling ancient diversity that in many clades can greatly overcome variation of extant taxa. In fact, the appreciation of fossil diversity provides strong support for the existence of size-induced shape changes (allometry) across different taxonomic scales and several components of the skeleton (Speed and Arbuckle, 2016). The combined effects of such size-related shape changes and the evolutionary pressure originated by adaptation might generate patterns of morphological convergence in distantly related clades (Harmon et al., 2005; Mahler et al., 2010; Losos, 2011; Meloro et al., 2015b). Convergence is more likely to take place when adaptation is at the most extreme, and it can be identified in both extant and fossil taxa (i.e., the skulls of marsupial and placental carnivores including sabertooth morphologies, Wroe and Milne, 2007; Goswami et al., 2011).

Extant Xenarthra are currently limited to 31 species falling within the two clades Cingulata (armadillos) and Pilosa (sloths and anteaters; Simpson, 1980; Engelmann, 1985; Springer et al., 2003; Delsuc et al., 2004). Yet, in the past they showed much greater phenotypic and taxonomic diversity, encompassing some 700 species overall, including the gigantic late Pleistocene ground sloths and armadillos (Prothero, 2016).1 Although recent advances in proteomics and genomics provide new insights into Xenarthra phylogenetic history, their position within Placental mammals is still a matter of controversy (Gibb et al., 2016).

Previous morphological work provided insights into the ecology and behavior of fossil Xenathrans. Most of it was based on the study of body proportions (Bargo et al., 2000; Vizcaíno et al., 2006; Toledo et al., 2017), limb elements (Fariña et al., 2003; Milne et al., 2009; Toledo et al., 2015; Mielke et al., 2018), and the skull (Vizcaíno et al., 1998; De Iuliis et al., 2001; Bargo and Vizcaíno, 2008; Billet et al., 2011). For a full revision, see Bargo (2003); Vizcaíno et al. (2008), Amson and Nyakatura (2017), and Bargo and Nyakatura (2018).

Thanks to 3D modeling, it is currently possible to build precise replicas of fossil bones and investigate their size and shape variation with better accuracy than ever before. Applying such 3D modeling on Xenarthran limb elements is particularly welcome, given the great diversity of size and lifestyle the group experienced in its recent past (Amson and Nyakatura, 2017).

Here, we combine multiple methods for the 3D analysis and interpretation of Xenarthra humerus shape variation within a phylogenetic comparative framework. The humerus is a load-bearing postcranial element in quadrupedal mammals (Bertram and Biewener, 1992) and correlates quite strongly with body mass, locomotory, and habitat adaptations (Gingerich, 1990; Egi, 2001; Elton, 2002; Polly, 2007; Walmsley et al., 2012; Meloro et al., 2013; Elton et al., 2016; Botton-Divet et al., 2017). In Xenarthrans, the broad locomotory diversity well correlates with humerus functional morphology (Fariña and Vizcaíno, 1997; Toledo et al., 2012; de Oliveira and Santos, 2018).

We take advantage of the newly developed photogrammetry technique (Falkingham, 2012) to build a dataset of 51 Xenarthran humerus 3D models belonging to 29 species (16 extant plus 13 extinct). The advantage of photogrammetry is that it minimizes specimen handling (which is convenient for their fragile status) and allows a relatively quick data collection based on museum specimens (taking pictures for photogrammetry models might take between 5 and 10 min; Giacomini et al., 2019). On the other side, software post-processing time can still be quite long, although the development of professional software (e.g., Agisoft) and novel open access sources are making the process increasingly quicker.2 There has been a lot of research focusing on the adequacy and the accuracy of photogrammetry method for GMM analyses (see Giacomini et al., 2019, for a recent overview). Particularly for long bones, Fau et al. (2016) demonstrated that photogrammetry provides a good level of accuracy compared to other laser scanners (e.g., structured light Artec laser or Breukmann) on relatively medium-sized vertebrate long bones.

We explored Xenarthran humerus 3D morphology using GMM within a comparative framework. This technique is now well established with a long record of research applications also on fossil mammals (Adams et al., 2004, 2013). The use of homologous points (landmarks) facilitates a comparison between species belonging to the same clade and additionally provides a powerful tool for separating and visualizing size and shape variations. GMM application to the study of Xenarthran functional morphology includes works from Monteiro and Abe (1999) focusing on the scapula or Milne et al. (2009, 2012) on humerus and femur shape.

Interestingly, the implementation of the comparative methods into GMM datasets is a relatively more recent phenomenon. Comparative methods were first introduced by Felsenstein in his seminal paper on the independent contrasts (Felsenstein, 1985). This method explores the assumption that interspecific data are not independent, since species might share a different degree of common ancestry in any macroevolutionary dataset. The effect of shared inheritance can be assessed by estimating the “phylogenetic signal” in the data. When fossil species are concerned, two major limitations occur: fossil phylogenies are morphology based, so that testing morphological hypotheses using these trees might generate a circular argument (in the majority of cases fossil dataset might exhibit higher phylogenetic signal); fossil phylogenies are generally incomplete with taxonomic confirmation generally scattered between different publications. In spite of this, early attempts demonstrated that fossil phylogenies can be incorporated to test macroevolutionary hypotheses, and their inclusion provides stronger statistical power (for early examples see: Finarelli and Flynn, 2006; Meloro et al., 2008). We provided on several occasions examples on how comparative methods can be implemented in macroevolutionary studies incorporating fossils and GMM (Meloro and Raia, 2010; Raia et al., 2010; Meloro and Slater, 2012; Piras et al., 2012). More recently, the development of new R packages (including geomorph Adams et al., 2019; and RRphylo Raia et al., 2020) allows to detect evolutionary rates with a high degree of accuracy (in spite of phylogenetic fossil uncertainty, e.g., Smaers et al., 2016; Castiglione et al., 2018).

We take advantage of the most recently published phylogenies for fossil sloths and armadillos in order to test hypotheses about the influence of size and locomotor behavior on humerus shape and rate of its morphological change in Xenarthra. Since behavioral and morphological convergence has been proposed for extant sloths, as well as fossil Megatherium and extant armadillos (Nyakatura, 2012; Billet et al., 2015), we explicitly tested convergence in humerus morphology using a novel approach that can well be applied to multivariate shape data and phylogenies inclusive of extant and fossil species (Castiglione et al., 2019).



MATERIALS AND METHODS


Studied Specimens

We built 3D models of Xenarthra humerii belonging to 29 species housed at the following museum institutions: the Natural History Museum (NHLM, London) and the Muséum National d’Histoire Naturelle (MNHN, Paris, see Supplementary Table S1 for details).

For each specimen, we took about 200 photos based on dorsal, ventral, and lateral views using a dark background and a standard digital SLR (Nikon D5300, lens 18–140 mm). Most of the pictures were taken with the 55 mm lens setting on a fixed focus (see Giacomini et al., 2019). The software Agisoft Metashape was then employed to build 3D models, while MeshLab software (v1.3.3, 2014) was used for scaling them. The scaling was based on one single measurement (generally the maximum bone length), as recommended by Falkingham (2012). Sensitivity analyses testing relative bone proportion were performed on selected specimens of similar-sized mammalian humerii, generally providing a difference smaller than 5% when comparing measurements taken with digital caliper and those with the MeshLab software (v1.3.3, 2014).



Landmarking

The software Landmark (v. 3.0) was employed to identify on each specimen 28 landmarks (Figure 1). The landmarks were designed to cover main anatomical regions of the Xenarthran humerus including proximal and distal epiphyses as possible. The Landmark descriptions are in Table 1 following anatomical nomenclature (Figure 1). Most of the landmarks were type 2, since humerus epiphyses do not allow to identify type 1 points. However, these were previously evaluated in Milne et al. (2009), which we followed as a baseline for our configuration (see Table 1 and Figure 1). Landmarking was performed twice on a subsample of 20 specimens to detect the level of error in size and shape using Procrustes ANOVA, which in all cases turned out to be non-significant explaining less than 5% of inter-individual variation.


[image: image]

FIGURE 1. Humerus model of Thallassocnus littoralis built using the photogrammetry method. Dots represent digitised anatomical landmarks. (A) frontal view, (B) posterior view.



TABLE 1. Landmark descriptions.

[image: Table 1]


GMM and Comparative Methods

The 3D landmarked coordinates of the scaled models were subject to GPA (Generalized Procrustes Analysis, Rohlf and Slice, 1990). This technique removes the non-shape information related to size, position, and orientation of the specimens. GPA returns a new set of coordinates subsequently subjected to Principal Component Analysis (PCA, Rohlf and Slice, 1990). PCA decomposes the shape variation into orthogonal axes of maximum variation named PCs (Principal Components). PC vectors are used as variables in subsequent analyses. Species mean shapes were calculated before performing analyses so that our shape data represented inter-specific variation only. Humerus size was quantified using the natural logarithm (Ln) of the centroid size (=the square root of the sum of the squared distances from each landmark to the centroid of each configuration).

We assembled two different phylogenetic trees. The first was based on molecular data following Presslee et al. (2019) and Raia et al. (2013; Supplementary Data S1). The second tree was based on purely morphological evidence and assembled on a backbone published in Delsuc et al. (2019); Varela et al. (2019), Boscaini et al. (2019); Fernicola et al. (2017), Herrera et al. (2017), and Gaudin and Wible (2006; Supplementary Data S2). We decided to use two different phylogenies because molecular vs. morphological trees may be conflicting (Cohen, 2018). For the phylogenetic position of species for both trees and references see Supplementary Table S2. The phylogenetic trees were calibrated by using the scaleTree function in the RRphylo package (Raia et al., 2020, species last appearance and internal node ages used for calibration are in Supplementary Table S2).

By using plotGMPhyloMorphoSpace function in the geomorph package (Adams et al., 2019), the trees were mapped into PCA in order to generate a phylomorphospace. Phylogenetic signals were quantified by using the K (for size) and the Kmultiv (for shape) statistic (Adams, 2014).

Phylogenetic Generalized Least Squares (PGLS) regression was employed assuming Brownian motion as the mode of evolution to test for macroevolutionary allometry and differences among locomotory categories. We partitioned species into discrete stance categories as proposed by Amson et al. (2017) based on the main lifestyle of extant taxa. Tree sloths were considered as fully “arboreal.” The anteaters, capable of both climbing and having a unique digging style, were classified as “intermediate” (Hildebrand, 1985; Kley and Kearney, 2007), whereas armadillos were divided into fully “terrestrial” and “fossorial.” For fossil species, we carried out an extensive revision of the literature (see Supplementary Table S3). Extant members of Cingulata are specialized diggers as inferred by their limb morphology (Vizcaíno and Milne, 2002; Milne et al., 2009; Marshall, 2018; Mielke et al., 2018). Other specialized diggers can be found also among Pilosa. Glossotherium robustum was demonstrated to be a specialized digger (Bargo et al., 2000; Vizcaíno et al., 2001; de Oliveira and Santos, 2018). On the contrary, other ground sloths were best adapted to a terrestrial lifestyle (Bargo et al., 2000; Vizcaíno et al., 2001; de Oliveira and Santos, 2018). Extant sloths (Bradypus and Choloepus) are known as tree sloths for their strictly arboreal lifestyle (Montgomery, 1985; Chiarello, 2008; Toledo et al., 2012), as well as the anteaters (White, 2010), but the latter are capable of above branch locomotion (Nyakatura, 2011). Locomotor categories were equally employed to test for convergence.

We assessed the rate of humerus size and shape evolution by using the RRphylo function (Castiglione et al., 2018). RRphylo returns a vector of evolutionary rates for all branches in the tree and a vector (or a matrix if the phenotype is multivariate, i.e., with the shape data) of ancestral states estimated for each node. We applied RRphylo on both size (log-transformed) and shape (as PC scores and by using size as covariate).

To search for possible shifts in the evolutionary rates between clades or locomotory categories we used the function search.shift (Castiglione et al., 2018). First, we applied search.shift on shape and size under the “clade” condition. In this case, the function compares the average absolute evolutionary rate of a specific clade with the rest of the tree. The significance level is assessed by randomizations. Then, we applied search.shift on shape and size under the “sparse” condition to test for differences in evolutionary rates among locomotor categories. Under this condition, the function tests if species having the same state evolve differently from the others.

Eventually, we applied the new function search.conv (Castiglione et al., 2019) to test for morphological convergence. This function tests morphological convergence by assessing the angle between phenotypic vectors (vectors of PC scores) between species and comparing this angle to a random expectation. Given two phenotypic vectors (here PC scores), the cosine of angle θ between them represents the correlation coefficient (Zelditch et al., 2012). Under the Brownian Motion, θ is expected to be proportionally related to phylogenetic distance. Yet, convergence violates this assumption. The new method search.conv, calculates the θ angles between entire clades (“automatic”) or species under the same state (“state”). It tests whether the mean θ between the species evolving under a specific state or belonging to a single clade is smaller than expected by chance, and whether θ divided by the mean phylogenetic distance among convergent tips is smaller than expected. We applied search.conv to test for morphological convergence between fully arboreal sloths and the intermediate anteaters, and species evolving under fossorial lifestyles. Then, we tested convergence between the two tree sloths: Bradypus and Choloepus.

To test the robustness of our results to phylogenetic uncertainty and sampling effects, we applied the new implemented function overfitRR (Serio et al., 2019; Melchionna et al., 2020) in the RRphylo package (Raia et al., 2020). Under this function, the original tree is trimmed of a predetermined number of species (here 5%) and the position of tips is changed randomly by up to two nodes away from its original placement. For instance, a simple phylogenetic tree [(A,B),C], would be changed in [(C,B),A] or [(A,C),B] tree topology. In addition, the function changes the node age, randomly, within a range between the age of the focal node immediate ancestor node and the age of its older daughter node. We ran overfitRR with 100 iterations. At each iteration, the function swapped 5% of the tree size of tips and changed in age 5% of the tree size of tree nodes, then used a new phylogenetic tree to perform search.conv to either confirm or reject any instance of significant morphological convergence. All the analyses were performed both with the molecular and the morphological phylogenies.



RESULTS


Geometric Morphometric Results

GMM returned 28 PCs (Supplementary Table S4), of which the first 13 explained up to 95.80% of the shape variation. More in detail, PC1 and PC2 explained 53.58% and 15.72%, respectively, and they show a degree of separation in humerus shape between Cingulata and Folivora, while Vermilingua clade overlap with the latter (Figure 2).


[image: image]

FIGURE 2. Phylomorphospaces of PC1 vs. PC2 mapping molecular (A) and morphological tree (B). Gray lines connect species with their reconstructed ancestral node. (C) Deformation grids and warping model (by using as reference T. littoralis).


Deformations described by PC1 are related to the relative elongation of the humerus. Arboreal species occupy positive scores of PC1 and are characterized by a relatively longer and slender humerus morphology. Both proximal and distal epiphyses are reduced. This configuration is typical of the suspensory tree sloths (genera Bradypus and Choloepus). On the contrary, PC1 negative scores describe short and stocky humerus shape. The head and both the greater and lesser tuberosities are more expanded, as well as the trochlea, capitulum, and epicondyles (Figure 2).

Changes along PC2 axis described differences among Xenarthra clades. Folivora and Vermilingua occupy positive PC2 scores. In these clades, the humerus head is slender, the curvature between the deltoid crest and the distal part is wider and developed backward. On the negative scores of PC2, Cingulata shows distinct humerus head components with the distal part longer and slender (Figure 2).



Comparative Methods

When applying the molecular tree, the phylogenetic signal for both shape and size was statistically significant. The observed K (size) and Kmultiv (shape) are 0.997 and 0.453 (p value = 0.001), respectively. Very similar results were obtained when the morphological tree was used (K size = 0.939; p value = 0.001, Kmultiv shape = 0.497, p value = 0.001).

Differences in shape were explained by differences in size, as resulted by using Procrustes ANOVA without (Table 2A) and with the addition of the phylogenetic effect of the morphological tree (Table 2C). The allometric effect remained significant in Folivora and Cingulata when the phylogenetic relationship was accounted for (Table 3 and Figure 3). Procrustes ANOVA showed a significant impact of locomotor categories on shape, either without considering phylogenetic effects or by using the molecular tree (Table 2). However, locomotion had no impact on humerus size variation (Table 2).


TABLE 2. Xenarthra summary statistics for different Procrustes ANOVA models without (A) and with (B,C) accounting for the phylogenetic effect.
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TABLE 3. Folivora and Cingulata summary statistics for different Procrustes ANOVA models without (A) and with (B,C) accounting for phylogenetic effect.
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FIGURE 3. Ln Centroid Size vs. PC1 scatter plot. Regression for Cingulata is represented by the light blue line. Regression for Folivora is represented by the pink line. At the extreme of PC1 for both groups are present the grids showing shape deformations and warping models (by using as reference T. littoralis).


By applying search.shift to the humerus size, we found a significant increase in evolutionary rates in the clade, including Mylodontidae and Choloepus (average rate difference = 0.080, p = 0.001; Figure 4A), and a significant decrease in the clade, including Panoctus, Doedicurus, Neosclerocalyptus, and Hoplophorus (average rate difference = −0.025, p = 0.006; Figure 4A). This same negative shift applied when the morphological tree was considered (average rate difference = −0.020, p < 0.001; Figure 4B), whereas a positive rate shift was found for the clade including Euphractinae and Chlamyphorus (average rate difference = 0.047, p < 0.001; Figure 4B) by using this tree. We did not find significant shifts in the rate of humerus shape evolution with either tree.
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FIGURE 4. Evolutionary rates (color coded) for the Xenarthra humerus size along the molecular (A) and morphological (B) tree. Species names are coded according to locomotor categories. Large dots at nodes represent clade shifting (blue = low, orange = high).


By testing for rate shifts in humerus size per locomotory state, we found a positive and significant difference in rates pertaining to strictly arboreal species (tree sloths) by using molecular trees (rate difference = 0.123, p value = 0.001, Table 4). Similarly, tree sloths showed significantly higher rates of shape evolution as compared to the rest of the taxa (rate difference = 11.259, p value <0.001, Table 4). With this same molecular tree, fossorial species had slower rates of humerus shape evolution as compared to the species falling in different locomotory states (rate difference = −2.040, p = 0.002, Table 4). When applying the morphological tree, these differences were less apparent although fossorial species still showed slower, and arboreal species higher rates as compared to the rest of the taxa, either by analyzing humerus size or shape (Table 4).


TABLE 4. search.shift results for size showing shift in evolutionary rate.
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By using search.conv, we tested the convergence in humerus shape between species living on tree branches although ascribed to different categories (intermediate and arboreal). search.conv returned a non-significant angle of 98.253° (p value = 0.867) between the species under the two states, the same applied when the angle was tested per unit time (p value = 0.099; Table 5A). A strong evidence for convergence appears within the strictly arboreal species, that is the Bradypus and Choloepus clades (θreal = 0.235, pθreal = 0.010; (θreal+θace)/time = 0.383, p(θreal+θace)/time = 0.001; Table 5B and Figures 5B,D). Morphological convergence was additionally found for species evolving in the “fossorial” category (mean angle among fossorial species = 68.148°; p angle state = 0.002, Table 5A and Figure 5C). This notion is confirmed when the time distance between species is accounted for (θtime = 0.786, pθtime = 0.001, Table 5A).


TABLE 5. Convergence results.
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FIGURE 5. (A,C) PC1 vs. PC2 scatter plot. Convex hulls are colored according to different states. Circular plots represent the mean angle between states, the gray area is the random angle range. (B,D) Traitgram plot with colored branched representing convergent clade. PC1 vs. PC2 scatter plot are produced, convergent clades are color coded. In both, traitgram and PC1 vs. PC2 scatter plot asterisks represent the ancestral phenotypes of the individual clades.


overfitRR returned 0% of significant simulations when convergence between the arboreal and intermediate states is tested for both phylogenies. This is in agreement with search.conv results.

For the issue of convergence between Bradypus and Choloepus overfitRR returned 100% (for both θreal and θreal+θace)/time) instances of significance by using molecular tree. When the same analysis is performed by using morphological tree, overfitRR returned 71% for θreal and 74% for θreal+θace)/time instance of significant convergence.

For the issue of convergence between fossorial species, overfitRR returned 100% (p.θstate) and 99% (p.θtime) of significant p values when molecular tree is used. The same figures for the morphological tree were 100% (p.θstate) and 98% (p.θtime).



DISCUSSION

The taxonomic and phenotypic diversity of extant Xenarthrans represents only a small fraction of their past variations. Perhaps unsurprisingly, giant extinct glyptodonts (Doedicurus, Glyptodon, and their allies) experienced a shift toward a slow rate of size evolution, in keeping with their uniformly large body size. This stands true irrespective of whether molecular or morphological trees are used. In contrast, a significant positive shift in the rate of humerus size evolution appears in Euphractinae plus Chlamyrophus by using the morphological tree only, with Eutatus placed outside the clade of Glyptodontinae plus Euphractinae (Figure 4B). This probably related with a decrease in size of Euphractinae plus Chlamyrophus in contrast with the plesiomorphic condition of Eutatus, whose estimated body size is supposed to range between 36.8 and 71.7 kg (Vizcaíno and Bargo, 2003). On the contrary, extant Euphractine plus Chlamyrophus are only 2 kg in body size on average.

We found no significant instance of shape evolutionary shifts pertaining to the Xenarthran trees, meaning that major shape differences were channelled through phylogeny as further supported by GMM results. Phylomorphospace showed a neat separation between the two clades Cingulata and Pilosa along PC2 (Figure 2).

However, the humerus changed significantly relative to locomotory styles. The rate of shape evolution in fossorial Xenarthrans is significantly smaller than in other species. Such fossorial habitus characterizes most Cingulata and is possibly plesiomorphic to the group (Vizcaíno and Milne, 2002; Milne et al., 2009; Marshall, 2018), although it is surprisingly present among giant ground sloths like Glossotherium (Bargo et al., 2000; Vizcaíno et al., 2001; de Oliveira and Santos, 2018).

Conversely, arboreal species evolved at faster rates than in any other Xenarthra. Tree sloths were noted for their highly derived and convergent morphologies, canalizing change from a plesiomorphic, fossorial condition (Nyakatura, 2011; Nyakatura and Fischer, 2011), although it must be emphasized that scansorial species (which were not included in the analyses here) were present since the Miocene (Pujos et al., 2012; Toledo et al., 2017).

Overall, our results suggest that the acquisition of arboreal and fossorial lifestyles are loaded with great functional demands, leading to constrained, little variable morphologies (fossorial) or to significant changes in shape toward a particular configuration (from the ancestral conditions) to match a demanding lifestyle (arboreal sloths). These challenging adaptations present ideal cases to test convergence. We provided this test for both fossorial species and tree sloths, separately, and confirmed they do represent significant instances of morphological convergence (Figure 5). The same applies if phylogenetic uncertainty is accounted for. The results further support the observation that phylogenetic signal in humerus shape is as much high as for humerus size (Vizcaíno et al., 1999; Vizcaíno and Bargo, 2003), but also suggest that tree-living is the room for morphological change among Xenarthran taxa.

Limb proportions in fossil Eutatus were similar to extant Euphractine (Vizcaíno and Bargo, 2003). These species present limbs specialized in building borrows rather than in gathering food (Vizcaíno and Bargo, 2003). Thus, the high size evolutionary rates can be related with more robust humerii specialized for digging. It was demonstrated that Miocene glyptodonts weighed about 100 kg, but Pleistocene species may have weighed up to 1 ton (Vizcaíno et al., 2010; Milne et al., 2012). Our results indicate that the lowest evolutionary rate in humerus size occurs in Panoctus, Doedicurus, Neosclerocalyptus, and Hoplophorus suggesting humerus size in these taxa was linked to their large but uniform body size.

Xenarthra originated in South America about 62.5 million years ago (Presslee et al., 2019). During the Great Biotic Interchange in late Pliocene (Marshall et al., 1979; Webb, 2006) several species migrated to the North (Bocherens et al., 2017). Studies of fossil species have demonstrated that none of the known fossil sloths had arboreal lifestyle (White, 2010; Nyakatura, 2011). The last common ancestor of sloths probably was terrestrial or semi-arboreal (White, 2010; Nyakatura, 2012). Indeed, fossil sloths appear morphologically closer to extant Vermilingua (i.e., Tamandua and Myrmecophaga, herein classified as “intermediate”) rather than to extant tree sloths (Toledo et al., 2012). We did not find instance of convergence among intermediate and arboreal species (Figure 5). This supports the idea that modern tree sloths acquired the suspensory habitus secondarily, which explains their higher shape evolutionary rates as compared to the humerii of species ascribed to different locomotor categories. Similarly, the long branch separating the extant tree sloth genera (Presslee et al., 2019) are suggestive of secondary adaptation. Extant sloths present a forelimb-dominated locomotion. Bradypus moves up to 10 m only using his forelimbs, and Choloepus hind limbs lost their primarily propulsive elements (Mendel, 1985; Nyakatura et al., 2010).

Similarly, since digging kinematics is one of the most demanding behaviors the mammalian skeleton could be designed for Sansalone et al. (2019), the pervasive call for convergence to a functionally optimal design linked to digging was expected (Sansalone et al., 2020).

One obvious caveat we urge to consider is that, although nearly one-half of the species we considered in our tree are extinct, the history of Xenarthra cautions against giving too much faith to phylogenetic analyses using a tree devoid or otherwise scarce in terms of fossil species representation. The inclusion of fossil phenotypes is, and must carefully be, considered in trait evolution inference, especially when major patterns such as morphological convergence are sought after.
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The Tail of the Late Jurassic Sauropod Giraffatitan brancai: Digital Reconstruction of Its Epaxial and Hypaxial Musculature, and Implications for Tail Biomechanics
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Dinosaur locomotion and biomechanics, especially of their pelvic girdles and hindlimbs, have been analyzed in numerous studies. However, detailed volumetric musculoskeletal models of their tails are rarely developed. Here, we present the first detailed three-dimensional volumetric reconstruction of the caudal epaxial and hypaxial musculature of the Late Jurassic sauropod Giraffatitan brancai, and highlight the importance and necessity of 3D modeling in musculoskeletal reconstructions. The tail of this basal macronarian is relatively short compared to diplodocids and other coexisting macronarians. The center of mass lies well in front of the hindlimbs, which support only ca. half the body weight. Still, our reconstruction suggests a total weight for the entire tail of ca. 2500 kg. We conclude that the hypaxial and tail-related hindlimb muscles (most specifically the M. caudofemoralis longus and its counterpart the M. ilioischiocaudalis) in Giraffatitan were well developed and robustly built, compensating for the shorter length of the M. caufodemoralis longus, the main hindlimb retractor muscle, in comparison with other sauropods. Our methodology allows a better-constrained reconstruction of muscle volumes and masses in extinct taxa, and thus force and weight distributions throughout the tail, than non-volumetric approaches.

Keywords: sauropoda, Tendaguru, Giraffatitan, volumetric musculoskeletal modeling, tail


INTRODUCTION

Reconstructions of the musculoskeletal system of dinosaurs have been inferred from the anatomical comparison of and the inference of homological structures in closely related or osteologically similar animals (e.g., Dilkes, 1999; Carrano and Hutchinson, 2002) based on the extant phylogenetic bracket (EPB) (Bryant and Russell, 1992; Witmer, 1995, 1997). Key examples for this are the highly esteemed and classical publications of Romer (e.g., Romer, 1923), which rely on thorough studies of the anatomy of living taxa. In the case of dinosaurs, numerous publications (e.g., Dilkes, 1999; Carrano and Hutchinson, 2002; Hutchinson, 2002; Organ, 2006; Schwarz-Wings, 2009; Allen, 2010) have analyzed the muscles of the limbs and the axial skeleton of living archosaurs (i.e., crocodilians and birds), and extrapolated this information to infer it on to the preserved osteological remains of extinct taxa.

Musculature and ligaments often leave characteristic traces (= osteological correlates, Witmer, 1995) on the bone surface of all vertebrates. Where such osteological correlates for muscles are present on the vertebrae in both sauropods and crocodilians, these muscles can be reconstructed as level II inference (Witmer, 1995, 1997). However, variation in the soft tissue configuration and uncertainties in the interpretation of osteological correlates demand a cautious approach in reconstructing soft tissue anatomy of extinct taxa (Bryant and Russell, 1992; Witmer, 1995; Carrano and Hutchinson, 2002). Sauropod vertebrae expose a complex surface pattern of laminae, fossa, ridges, bulges and rugosities, which are associated with pneumatic structures and attachment sites of muscles, tendons and ligaments (Wedel et al., 2000; Wedel, 2003a, b, 2009; O’Connor, 2006; Schwarz-Wings, 2009). Unambiguous pneumatic structures can be distinguished from correlates for muscles and ligaments by the presence of pneumatic foramina that penetrate deeply into the bone (O’Connor, 2006).

Over the last few years, vertebrate paleontology took advantage of novel techniques and software (Cunningham et al., 2014; Sutton et al., 2014). Digitization methodologies (e.g., CT scanning and photogrammetry, see Mallison and Wings, 2014; Fahlke and Autenrieth, 2016) and Computer-Aided-Design (CAD) tools made it possible to capture the morphology of the bones upon which three-dimensional reconstructions of the musculoskeletal system of extinct animals could be improved. The spatial organization of muscle groups can be assessed in 3D and thus intersections of individual muscles prevented. These three-dimensional reconstruction methods have overwhelmingly focused on cranial and especially adductor musculature (Lautenschlager, 2013; Sharp, 2014; Button et al., 2016; Gignacand Erickson, 2017), while the axial musculature received little attention. The myological reconstruction of the dinosaur tail in particular is a complex task, as it consists of ten individual muscles, partly subdivided into multiple heads. Previous studies on dinosaur tail musculature have primarily focused on the M. caudofemoralis longus (CFL) (e.g., Mallison, 2011; Persons and Currie, 2011, 2012; Persons et al., 2014), because of its locomotive importance as the main hindlimb retractor muscle. However, none has attempted to reconstruct the complete musculoskeletal system of the tail. Here we present the reconstructed caudal anatomy of Giraffatitan brancai based on the comparison of the caudal vertebral anatomy, which has previously been described in great detail (e.g., Janensch, 1914, 1950a, 1961; Paul, 1988; Taylor, 2009), and muscle attachments with those of extant crocodilians.

The axial skeleton of Giraffatitan has been described extensively (Janensch, 1950a), and a reconstruction was also suggested for the mounted skeleton (Janensch, 1950b). Modern anatomical knowledge was later used to establish a new mount of the skeleton, on display at the Museum für Naturkunde Berlin (MfN) since 2007 (Remes et al., 2011). In the first mount and descriptions, Janensch (1950b) suggested an anteriorly ascending posed dorsal column, induced by the long forelimbs and high anterior trunk, and accordingly a matching tilted position of the sacrum. The lack of keystoning in the anterior caudal vertebrae convinced Janensch (1950b) that the anterior tail of Giraffatitan extended from the hips in a straight, thus caudally descending line, in contrast to the tails of other sauropods, which emerged from the hips horizontally. This posture led to the tail contacting the ground much further anteriorly in relation to its overall length than in the other species Janensch (1950b) mentioned: Dicraeosaurus hansemanni, Diplodocus carnegii and Camarasaurus lentus. During a general renovation of the Berlin dinosaur exhibition hall (between 2005 and 2007), the mounted skeleton was rebuilt. The new mount differs from the old mount in several key characteristics (Remes et al., 2011):


•Improvements to the models of the presacral vertebrae and head,

•The posture of the neck, the shape of the torso,

•The orientation of the pectoral girdle and forelimbs, and

•The posture of the tail, still emerging from the hip caudally descending, but curving slightly dorsally to remain well clear of the ground.



Here, we digitally reconstruct the tail of this sauropod. We applied photogrammetric 3D digitization and 3D modeling tools in combination with information provided by dissections of extant crocodilians (Alligator mississippiensis) (Supplementary Figure S1) and an Extant Phylogenetic Bracket (EPB; Witmer, 1995) approach by comparing the anatomy of the caudal vertebrae and muscles of Giraffatitan with that of extant crocodilians. The other side of the bracket, birds, shows a strongly reduced caudal musculoskeletal system, which is adapted for novel functions in flight and display (e.g., Gatesy and Dial, 1996; O’Connor et al., 2013). Bird tails are much shorter, with fewer vertebrae, of which up to half are co-ossified into the pygostyle. Just anterior to the pygostyle, there is a maximum of six mobile vertebrae present, depending on the species (Gatesy and Dial, 1996). Furthermore, changes between the thoracic and caudal epaxial musculature are hypothesized to coincide with the evolution of the synsacrum (a structure highly involved in the flight, together with the notarium, see Organ, 2006). For example, caudal epaxial muscles were decoupled from their locomotor function on the evolutionary line to birds (Gatesy and Dial, 1996), and several muscles were lost (e.g., Mm. interspinales and M. multifidus). In addition, due to the absence of chevrons, the attachments of the tail depressor muscles shifted to the transverse processes, among further modifications (Pittman et al., 2013). The absence of chevrons and the truncation of the bird tail also relate to a reduction of the hypaxial M. caudofemoralis in birds, but also in maniraptoran theropods, as hypothesized from the lack of a clearly distinguishable fourth trochanter (Gatesy, 1991a; Rashid et al., 2014). In addition, the origin of the M. caudofemoralis longus in birds, where present, is on the pygostyle (e.g., Gatesy, 1991a). These changes on the skeleton and muscle modifications, especially the ones related to the hypaxial musculature, led to a decoupling of the locomotor structures from each other (Gatesy and Dial, 1996; Dececchi and Larsson, 2013), therefore in extant birds the reduced tail muscles have lost their propulsion function and connection to the hindlimbs. This leaves only extant crocodilians as a model for the configuration and architecture of the caudal musculature for sauropod dinosaurs. Modern crocodilians can be used to infer the set of epaxial and hypaxial tail muscles present in sauropod dinosaurs, especially given the similarities in the osteological correlates (see below). The musculoskeletal system of the crocodilian tail has been described in detail by many researchers (e.g., Hair, 1868; Romer, 1923; Frey, 1982a, b, 1988; Frey et al., 1989; Cong et al., 1998; Hutchinson and Gatesy, 2000; Wilhite, 2003; Allen et al., 2014). We focused on these publications for the reconstruction of the tail muscular anatomy of Giraffatitan brancai. We follow the homologization of different epaxial and hypaxial muscle groups in archosaurs by Tsuihiji (2005, 2007).

In addition, crocodilians are the sole living large reptiles that can walk with the belly and most of the tail being held off the ground. They lift their tail from the ground during high walk (distal half of tail sometimes on the ground, proximal half lifted up) and gallop (tail lifted completely), although this is not employed over long distances (see e.g., Cott, 1961; Webb and Gans, 1972; Zug, 1974; Gatesy, 1991b; Hutchinson et al., 2019). This makes them the closest available analog to sauropod dinosaurs.

Institutional abbreviations: MB.R. Museum für Naturkunde Berlin, Berlin, Germany.



MATERIALS AND METHODS


Material

The lectotype of Giraffatitan brancai (Taylor, 2009, 2011) is the partial skeleton SI (MB.R.2180), and the paralectotype is SII (MB.R.2181). The mounted skeleton in the exhibition of the Museum für Naturkunde (Figure 1) is a composite reconstruction, consisting mostly of MB.R.2181 (SII), and including elements of MB.R.2180 (SI), duplicates of some bones, and plaster reconstructions of the missing parts (Janensch, 1950b; Remes et al., 2011). However, neither SI nor SII included caudal vertebrae, even though other skeletal remains of Giraffatitan were found in the same quarry “S” in the Tendaguru area. Therefore, Janensch used the vertebrae from quarry “no,” MB.R.5000, for the mount (Janensch, 1950b).
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FIGURE 1. The current mount (on display since 2007) of the Late Jurassic sauropod Giraffatitan brancai (foreground) at the main hall of the Museum für Naturkunde (Berlin, Germany). Photograph by Antje Dittmann (MfN).


In total, three caudal series are known from the Tendaguru area for Giraffatitan brancai: MB.R.5000 (from quarry “no”), MB.R.2921 (from quarry “Aa”) and MB.R.3736 (from quarry “D”).

Giraffatitan brancai had ca. 50–60 caudal vertebrae.


-The longest caudal series recovered has 50 caudal vertebrae (MB.R.5000). It consists of the second to fifty-first caudal vertebrae (Janensch, 1950a). As Janensch (1950a) states, these caudal vertebrae were found “not articulated, with the exception of a few at the end, but altogether relatively in sequence.”

-Series MB.R.3736 consists of 29 caudal vertebrae. The first 23 caudal vertebrae (from the second to the twenty-fourth of the series) were found in articulation, and the rest (from the twenty-sixth to the thirty-second, missing the thirty-first) were found associated (Janensch, 1950a). No chevrons were found next to this caudal series.

-Series MB.R.2921 consists of the first 18 caudal vertebrae (MB.R.2921.1-18) and fourteen of their chevrons (MB.R.2921.19-32), found in an articulated sequence behind the last sacral vertebra (Janensch, 1950a).



Janensch (1950a, b) mentioned severe taphonomic damage to series “no” (MB.R.5000), including shrinking of many centra. Additionally, there are some anatomical differences between MB.R.5000 and the other two caudal series, in particular concerning the presence of pneumatic features (Wedel and Taylor, 2013). Series MB.R.5000 was therefore used only for comparative purposes for this study, especially considering that access to it on the mount is difficult. Series MB.R.2921 and MB.R.3736 resemble each other in osteology, and were therefore primarily used for this study. For the analysis of the anatomical features both these caudal series were studied, but only MB.R.2921 (the better preserved series) was used for the three-dimensional reconstruction of the musculoskeletal system. Especially information on the neural arches and the epaxial musculature could be more confidently obtained in the caudal series MB.R.2921 and its elements are overall more complete than those of MB.R.3736.

Series MB.R.2921 shows some obvious damage: the left transverse processes of caudal vertebrae 1–3, 5–7, and 9 are missing, as is the right transverse processes of caudal vertebra 4, while those of caudal vertebrae 3 and 5 are damaged. The left prezygapophyses of all vertebrae within the entire series are well preserved, but the right prezygapophysis is missing in caudal vertebra 3. The postzygapophyses are all preserved but for the right one in caudal vertebra 2.

The damage in series MB.R.3736 is far more extensive. Only a small number of caudal vertebrae preserve zygapophyses, and most neural arches and spines as well as transverse processes are missing or badly damaged. The centra, in contrast, are mostly well preserved.

One partial sacrum was found in the same quarry “Aa,” as were the caudal series MB.R.2921 (Janensch, 1950a, fig. 74). However, this sacrum could not be re-located in the collections of the MfN, and it must be assumed that the original fossil was lost during WWII. A simplified cast of it exists in the skeletal mount. For the development of the three-dimensional musculoskeletal model we used this sacrum cast MB.R.5003, as well as the right femur MB.R.5016 (quarry number “Ni”), right tibia MB.R.2181.84 (quarry number “SII”) and right fibula MB.R.2181.85 (quarry number “SII”) on display, adjusting their size to match the caudal series.



Methods

The fossils were digitized via photogrammetry, following the protocols of Mallison and Wings (2014), and the updated version of Mallison et al. (2017). A digital SLR camera (Canon EOS 70D with Canon 10–18 mm f4.5-5.6 lens) was used with a LED ring light. Images were processed in Agisoft PhotoScan Professional v.1.4.01, in order to obtain three-dimensional models of each bone. High-quality polygon mesh files were created (approximately 5 million polygons and 250 MB as binary STL files each) for curatorial and museological purposes, but also lower resolution color-free STL files (50.000 polygons) for the musculoskeletal modeling and biomechanical analysis presented here.

Several chevrons were poorly preserved, some with missing parts, e.g., the distal part of the blade, or one of the rami (MB.R.2921.19-20, 24, 29-30, 31). These elements were digitally restored in zBrush 4R7 (Pixologic)2, either by mirroring the preserved ramus, or by scaling and superimposing the distal part of the blade of adjacent chevrons. The two missing chevrons, 1 and 12, were entirely created digitally. Chevrons MB.R.2921.19 (the second) and MB.R.2921.29 (the thirteenth) were used as proxy models and scaled to fit into the sequence, but also to the articular facets of their corresponding caudal vertebrae.

All 3D models were imported into Rhinoceros 5.0 (McNeel Associates)3 and articulated in the osteological neutral pose (ONP, after Stevens and Parrish, 1999, 2005a,b; Mallison, 2010a, b) following the protocol described by Mallison (2010a, b): individual vertebrae were articulated in pairs to minimize the impact of preconceived ideas (e.g., overall downward position of the tail, as in the former reconstruction of the mounted skeleton of Giraffatitan). Additionally five cartilaginous neutral poses (CNP, after Taylor, 2014) were assessed to test the influence of the intervertebral cartilage on the muscle volume.

As previously commented, we only can rely for a 50% EPB level I inference when reconstructing most of the muscles in terms of insertions and passages, as we only have one part of the bracket (i.e., crocodilians). However, the general presence of the reconstructed muscles for tail and femur are present also in birds in most cases (e.g., the suite of epaxial muscles – at least until the pygostyle –, and the M. caudofemoralis longus), so a level II inference would only apply to the M. ilioischiocaudalis. Besides, and as already mentioned, those bones present in birds too (i.e., femur, sacrum and first two caudal vertebrae) are very strongly modified in extant taxa, as are the muscles because of their locomotionary differences. Morphologically, the sacrum and femur of sauropods are more similar to crocodilians than to birds, helping to confirm this level II inference.

The three-dimensional models of the musculature were created in the software package Autodesk Maya4. We used a polygon-based modeling approach, similar to the box modeling approach by Rahman and Lautenschlager (2017), to build each muscle individually from the origin to the insertion, on the basis of osteological correlates identified by study of the physical and digital specimen. This allowed us greater control over the flow of the muscle shape than in a NURBS-based approach (e.g., Persons and Currie, 2011; Persons et al., 2014). Finely segmented muscles, e.g., the transversospinalis group, were simplified into a single body.

Bone volumes were calculated with Rhinoceros 5.0, and muscle volumes with Maya. For the muscle mass we use the density value proposed by Méndez and Keys (1960) for mammalian muscles (d = 1.06 × 103 kg/m3), which is similar to the measurements obtained by Hutchinson et al. (2015) for the hindlimb muscles of an ostrich (Struthio camelus).

For the calculation of bone mass the following factors were taken into consideration. Most caudal vertebrae of Giraffatitan have small pneumatic fossa indicating a small amount of pneumatisation. Overall, the pattern of pneumatisation in Giraffatitan caudal vertebrae is variable and irregular (Wedel and Taylor, 2013). As the caudal vertebral centra have a high volume to surface ratio, we estimate their cortical portion to be rather smaller than in girdle bones, ribs, or complexly shaped presacral vertebrae, and the trabecular and marrow portion to be accordingly larger. The volumetric bone density is typically close to 2 × 103 kg/m3 for long bones (e.g., Mohiuddin, 2013; Fletcher et al., 2018) and somewhat lower for marrow-rich bones, due to the lower density of marrow of ca. 1 × 103 kg/m3. We here chose 1.5 × 103 kg/m3 for overall bone volumetric density, expecting the amount of pneumaticity to be the main driver von average density variation in the tail of Giraffatitan.



RESULTS


Osteologically Neutral Pose (ONP)

For exact alignment we found the reduced size files with 50.000 polygons insufficiently detailed. We therefore worked with the higher-resolution files with five million polygons.

Initially, we used the prezygapophyses and postzygapophyses as proxy for assessing the correct articulation between vertebrae, assuming that given full zygapophyseal overlap and – as far as possible – sub-parallel centra faces, the distance between vertebral bodies probably reflects the approximate intervertebral cartilage volume (Christian and Preuschoft, 1996; Christian and Dzemski, 2007).

Articulating the zygapophyses of series MB.R.2129 with full overlap (Figure 2E) resulted in a nearly straight line of vertebrae, but tilted some of the centra around their vertical and longitudinal axes (Figures 2A,B). Also, a slight but noticeable asymmetry and “twisting” around various axes of most neural arches, including the postzygapophyses, induced a slight sigmoidal curve, initially to the left, then to the right. The deformations also caused a long-axis rotation in parts of the series, tilting the neural spines of caudal vertebrae 3 through 8 noticeably to the left (Figure 2B). Additionally, due to slight taphonomic deformation of some zygapophyses, we could not completely avoid small intersections between zygapophyses (e.g., between caudal vertebrae 17 and 18) or larger, unrealistic gaps in the zygapophyseal joints.
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FIGURE 2. Left lateral views (A,C,D) and dorsal view (B) of the three-dimensional skeletal reconstructions of two caudal vertebral series of the Late Jurassic sauropod Giraffatitan brancai. (A–C). MB.R.2921 (D) MB.R.3736. (A,B) show alignment based on best fit of zygapophyses and sub-parallel centra, (C,D) show alignment based on centra faces. (E) Oblique close-up of the sets of zygapopyseal pairs (C 7–8 and C 8–9) from articulation in panels (A,B) aligned for best fit. Only the preserved remains have been illustrated here.


We therefore reassembled the series MB.R.2129 based on centra faces to create a more life-like, less taphonomy-influenced reconstruction (Figure 2C), with higher lateral symmetry, which we used for the 3D reconstruction of the musculature. This second articulation consequently suffers from some additional, massive intersection between zygapophyses. While the anterior rim of the first caudal vertebral centrum is markedly concave in lateral view, the posterior rim is flat in lateral view. In all other vertebrae, both the anterior and posterior rims of the centra are mostly flat in lateral view, allowing a straightforward assembly of the tail based on the centra faces. Therefore, we were able to create this centra-based articulation without any uncertainty with regards to the angles between the vertebrae.

The chevrons were positioned into the existing articulated caudal vertebral series by matching their anterior and posterior articular facets with the orientation of the ventral articulation surfaces of each centrum. A short space was retained between the chevron and the vertebra, representing the volume of the articular cartilage. We found that the centra faces could be retained in practically parallel orientation with the chevrons added.

Overall, series MB.R.2129 shows a slight curvature in lateral view, lifting the posterior end by ca. one full centrum height of caudal vertebra 18 compared to the trend of the first three vertebrae. Repeated “playing” with the bone trios (two vertebrae and their chevron) to optimize alignment tended to increase rather than decrease the curvature.

In the skeletal reconstruction of the MB.R.3736 series a slight sigmoidal shape is created by centra-only alignment in the long axis of the tail in lateral view, between the fifteenth and eighteenth vertebrae, and the terminal section bends slightly ventrally (Figure 2D).



Cartilaginous Neutral Poses (CNPs) (Figure 3)

Several previous studies analyzed the ONP of the neck of sauropods and the effect of the intervertebral cartilage (e.g., Taylor and Wedel, 2013a; Taylor, 2014; Vidal et al., 2020a and references therein), but there is scant published data on the effects of intervertebral cartilage within the tail. As stated by Taylor and Wedel (2013a) the thickness of the articular cartilage between the centra of adjacent vertebrae affects posture. In this work we also assess how this cartilage thickness affects the mass, volume, and extension of the musculature (see below). However, for extinct taxa we can only make assumptions about the cartilage that existed in life. For that, five CNPs (Taylor, 2014) with different cartilage thicknesses (2.5, 5, 10, 15, and 20%) were assessed. Cartilage thicknesses percentages were chosen after the calculations of Taylor and Wedel (2013a) and Taylor (2014) for the cervical vertebrae of several extant animals and sauropod taxa, as data on caudal series is no available yet. Cartilage thicknesses were calculated as percentages of the centrum lengths (Supplementary Table S1).
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FIGURE 3. Comparison between the (A) ONP, (B) CNP at 2.5%, (C) CNP at 5%, (D) CNP at 10%, (E) CNP at 15%, and (F) CNP at 20%. Scale = 50 cm.


Intervertebral cartilage volumes were added to the previous ONP. Taylor (2014) quantified the angle of extension at intervertebral joints when different cartilage thicknesses were included. This extension occurs because the thin zygapophyseal cartilage has no or negligible effect on the angle of extension between vertebrae, while the thick intervertebral one does: the angle of elevation at an intervertebral joint is increased when cartilage is included. This is true for opisthocoelous and procoelous vertebrae, but in the caudal series MB.R.2129 of Giraffatitan this dorsal or ventral extension is not present when different cartilage thicknesses are included, as these caudal vertebrae do not present condyles. Similar poses are obtained for the ONP and all the CNPs. However, it is important to state that in CNP 15% the zygapophyses start disarticulating from ca. seventeenth caudal onward, and in CNP 20% from the twelfth. An improved and more accurate model could be created by articulating the zygapophyses and thickening the base of the cartilage, resulting in a dorsal extension of the tail from this section. However, the cartilage volume is already thick at CNP 20%, and by increasing it in its base probably would lead to disarticulation of the chevrons too. Together with other results (see below) we do not consider this CNP 20% model as a possibility for a living animal. In the other CNPs the zygapophyses appear articulated, but a dorsal extension of the tail section that is not preserved could not be ruled out, as also seen in the CNP 15%. Besides, in the CNP 2.5 and 5% the caudal vertebrae are spaced very tightly, thus limiting movement of the tail, and furthermore making it impossible to correctly articulate the chevrons. Only the CNP 10% and 15% are therefore deemed possible for this caudal series.

Several sauropod caudal series have been found articulated or closely associated. Although it is uncertain linking the intervertebral spaces found in these articulated remains with the cartilage volume present in the living animal, we have checked them looking for hypothetical connections with our model. For example, the titanosaurian taxa Oversosaurus (Coria et al., 2013) and Dreadgnothus (Lacovara et al., 2014) preserved the first 20 caudal vertebrae articulated. Some measurements were made using the published material (figures, and a 3D model for the Dreadgnothus caudal series), and some interesting data were obtained: for Overosaurus intervertebral spaces of 26 to 28% the centrum length were calculated, while for Dreadgnothus the values changed along the series, being larger in the anterior section (ca. 40 to 44%) and decreasing through the series (20 to 22%). One specimen (DFMMh/FV 100) of the camarasauromorph Europasaurus presents an articulated caudal series of 13 vertebrae (Carballido and Sander, 2014). It was not possible to take accurate measurements as most of the vertebrae, although articulated, were displaced, but an intervertebral space of ca. 17–18% was calculated. The brachiosaurid Padillasaurus preserved the first eight caudal vertebrae in articulation (Carballido et al., 2015). The calculated intervertebral spaces were between 26 and 28%. However, this specimen presents a dorsal extension, so the calculated cartilage thicknesses are probably not comparable to the ones of the living animal. This dorsal extension of the tail is present in other sauropod caudal series, as Camarasaurus (Gilmore, 1925) or Spinophorosaurus (Remes et al., 2009). As already seen, numerous taphonomical factors need to be taken into account, so we cannot use these values with fidelity. Besides, they also indicate that cartilage thickness could highly vary through the caudal series, but also depend on the taxon. In addition, the articulation type between vertebrae (i.e., procoely, opisthocoely, etc.) probably affected this thickness too. A recent work on the caudal biomechanics of the titanosaur Aeolosaurus maximus suggests a cartilage thickness between 5 and 10% for the anterior section of the tail (Vidal et al., 2020b). More detailed work on these sauropod articulated caudal series needs to be undertaken to approach more accurately this issue.



Muscle Marks and Musculature Reconstruction

The caudal vertebrae and chevrons of Giraffatitan presents numerous osteological correlates related to the origins and insertions of the muscles and ligaments of the tail (Figure 4 and Supplementary Figure S1). The inferred sets of epaxial and hypaxial muscles, together with the relevant hindlimb musculature for the correct reconstruction of the tail musculature (which are directly in or close to contact and/or restrict the volume of the tail musculature) are detailed in Supplementary Table S2.
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FIGURE 4. (A) Origins and insertions of the caudal musculature of the Late Jurassic sauropod Giraffatitan brancai. (B) Simplified muscle paths of the transversospinalis group of the epaxial musculature. (C) Cross-section of the tail at the fourth caudal vertebrae showing the lateral extent of the tail musculature. The line in A indicates the location of the cross-section through the musculature. Paired ventral elements represent the ischia.



Neural Arches

The lateral faces of the neural spines are slightly concave and show longitudinal (apicoventrally directed) rugosities, parallel to each other. At the apical edge of the neural spine both anterior and posterior processus – with different development stages depending on the position in the series – can be seen in form of the distal tips of both the prespinal and postspinal laminae. From caudal vertebra 3 on, the middle part of the tip of the neural spine is thickened, developing an apical prominence (slightly posteriorly displaced) from the fourth vertebra on. From caudal vertebra 8 on, this bulge shows sharp posterior edges in dorsoventral orientation on the lateral faces of the neural spines. In addition, three spurs are present in the neural spine laminae: two on the base of the spinoprezygapophyseal laminae, and one in the postspinal lamina. The spike present on the postspinal lamina appears in the caudal vertebrae 5, 6, 8–11, and 14. However, this feature could have been present in all caudal vertebrae with a distinct postspinal lamina. The prominences of the spinoprezygapophyseal laminae appear in the caudal vertebrae 2, 3, 5–7, although they were probably present from the first caudal vertebrae to the seventh. These osteological features correspond to the attachment of deep epaxial muscles (mediodistally) and M. multifidus (medially), and both the M. spinalis and M. articulospinalis (laterally). The M. multifidus originates from the distal posterior tip of the neural spineM. articulospinalis from the distal posterior tip.



Zygapophyses

The zygapophyses serve as attachment areas for the epaxial muscles including the M. spinalis (zygapophyseal joint capsule) and M. articulospinalis (lateral rugosity on the prezygapophyses). The M. multifidus inserts in a spur or rugosity on the spinoprezygaposeal lamina of the second next vertebra (from the first to the seventh vertebrae), or in the subtle dorsal rugosity on the prezygapophyses from the eighth vertebra onward. The M. articulospinalis inserts on a lateral rugosity of the prezygapophysis two vertebrae further down the tail. The development of the mentioned attachment structures also depend on the position in caudal series, being steadily reduced distally.



Vertebral Centra

Although the prezygodiapophyseal lamina is not well developed, an oblique bulge and rugosity can be seen between the prezygapophysis and the transverse process, which is interpreted as the osteological correlate for the insertion of the M. tendinoarticularis.

The transverse process is an important osteological correlate for both the epaxial and hypaxial muscles. Its distal tip is an insertion for the hypaxial musculature (dorsal aspect of the M. ilioischiocaudalis). A bulge and rugosity at the junction between the transverse process and the centrum (proximal tail) and longitudinal ridge (13th vertebra onward) acts as attachment for the bounding septum (Grenzseptum) between the lateral epaxial musculature (M. tendinoarticularis and M. longissimus caudae) and is further the insertion for the M. longissimus caudae. Transverse processes are present in all the caudal vertebrae of MB.R.2921, becoming smaller and rounder distally. In MB.R.3736 the transverse processes disappear by caudal vertebra 25 in the series. As they disappear, the mentioned longitudinal ridge persists close to the junction between the neural arch and the centrum, delineating the insertion of both the M. longissimus caudae (dorsally) and the M. ilioischiocaudalis (ventrally).

The major part of the M. caudofemoralis brevis originates from the medial surface of the postacetabular process of ilium and the ventral aspect of the last sacral rib. From there, the muscle extents distally and also attaches anterolaterally on the centra of caudal vertebrae 1 to 3.

The first two caudal centra of MB.R.2921 show a lateral concavity below the transverse processes, which we interpret as a space for cryptic diverticula (see below). However, between these depressions and the transverse process in caudal vertebra 2 there is a shallow shelf, there are subtle bumps on caudal vertebra 3 to 5 at this position, which we regard to be the attachment site of the medial head of the M. ilioischiocaudalis (see Supplementary Figure S2). Ventral to the lateral depression in caudal vertebra 2 and approximately at the same position on caudal vertebra 3 there is a faint ridge, which serves as the origin for the M. transversus perinei. The muscle extends laterally, wrapping around the M. caudofemoralis longus and the ischial ramus of the M. ilioischiocaudalis to insert on the distal lateral ischium and on the aponeurosis surrounding the cloaca.

The ventral half of the centrum is convex in the anteriormost nine vertebrae, and then becomes gradually more concave (just below the transverse process). In these anterior vertebrae the distal lateral surface of the centrum serves as attachment for the M. caudofemoralis longus. Caudal 11 (right side) and caudal 12 shows the first occurrence of a lateral broadening of the centrum at half its height, forming an incipient ridge, of which there is no trace in the previous vertebrae. This ridge gradually moves ventrally in the next three vertebrae on both sides, separating two lateral surfaces, and merging into the ventrolateral border of the centrum. We interpret this weakly developed ridge as the caudal limit of the M. caudofemoralis longus, constricting the muscle into a narrow tip well separated from the transverse processes, unlike the dorsally directed tapering seen in extant crocodiles. After the fourteenth caudal the ridge merges into the ventrolateral edge of the centrum; accordingly, the ventrolateral surface disappear entirely, indicating that the M. caudofemoralis longus does not extend distally beyond this point.



Chevrons

The lateral surfaces of the chevrons and their general morphology are important osteological correlates for the hypaxial musculature and their development. In the lateral surface of the chevrons, more dorsally located in the anterior ones, a weak oblique rugosity appears, for the insertion of the M. caudofemoralis longus. On the distal tip, in its lateral aspect, another rugosity, for the insertion of the ventral part of the M. ilioischiocaudalis, is apparent. The morphology of the distal blade of the chevrons changes along the series: the first three chevrons have a more acute distal blade, while the next ones have a more rounded and transversally compressed distal third. From the twelfth chevron (thirteenth caudal vertebra) onward, this distal third of the blade becomes more posteriorly directed. These differences in morphology reflect a change in the insertions and development of both M. caudofemoralis longus and M. ilioischiocaudalis.



Sizes, Masses and Volumes

From the addition of all individual bone and muscle masses (Table 1 and Supplementary Tables S3, S4) we here suggest hypothetical weights for the preserved caudal series MB.R.2921, depending on the ONP and CNPs.


TABLE 1. Comparison of the calculated volumes (l) and masses (kg) for each reconstructed muscle group of the caudal series MB.R.2921 of the Late Jurassic sauropod from Tanzania Giraffatitan in CNP and CNPs.
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ONP

The caudal series MB.R.2921 presents a total length (from the first caudal vertebra to the last) of 280.82 cm when articulated in ONP. All the caudal bones (vertebrae and chevrons) weighted 106.92 kg (1775.67 kg with the pelvis and sacrum), and all the muscle (right and left) groups 950.07 kg. So the preserved caudal series MB.R.2921 of Giraffatitan approximately weighted 1056.99 kg in total (2725.74 kg with the pelvis and sacrum). The total volume of the caudal series is 967.57 liters (2080.07 liters with the pelvis and sacrum). It is important to keep in mind that not all the vertebrae were completely preserved (e.g., some of them were missing parts of the transverse processes), and some epaxial muscles have been simplified, but this should not affect the volume.



CNPs

The calculated lengths (from the first caudal vertebra to the last) and masses for the caudal series MB.R.2921 when articulated in the five CNPs are detailed in Table 2.


TABLE 2. Total lengths (cm) and masses (kg) calculated for the caudal series MB.R.2921 of the Late Jurassic sauropod from Tanzania Giraffatitan in CNP and CNPs.

[image: Table 2]A length difference of 44.76 cm is calculated from the lowest to the highest length values. With our model we suggest that the chosen intervertebral cartilage volume could affect between 14.5 and 17% the total length of the tail. A muscular mass difference of 143.32 kg can be stated between the CNP with the lowest cartilage thickness value (2.5%) and the model with the highest value (20%). With our current model we can hypothesize that the chosen cartilage thickness could affect the total mass of the reconstructed muscles between ca.12 and 14% (ca. 5% when we also take into account the mass of the pelvis and sacrum). The increase of the muscle volumes and masses is proportional to the increase in cartilage thickness (r2 = 1, p-value < 5.00E-07) for each muscle individually and all combined (see Supplementary Table S3).



DISCUSSION


ONP and CNPs

In light of the steep position of the tail base on the mounted skeleton, a slight upward turn in the distal part of the anterior tail section as suggested for MB.R.2129 is not surprising, seeing how it is required to keep a full tail of ca. 50 vertebrae from dragging on the ground. Overall, the good fit of the alignment with subparallel centra faces and an overall rather straight long axis matches other sauropods and in fact most dinosaurs well (Upchurch et al., 2004). We therefore find no indication that the strong anterior uptilt of the hip of Giraffatitan in any major way influenced the overall biomechanical organization of the tail. The total lack of keystoning, already mentioned in relation to overall tail articulation by Janensch (1950a, b) is a marked contrast to e.g., the basal sauropodomorph Plateosaurus, in which the addition of chevrons to the digital mount forced a wedge-shaped gap between the caudal vertebral centra that induced a straight tail axis (Mallison, 2010a). Without the chevrons, i.e., with parallel centra faces, the tail of Plateosaurus would show a significant ventral curvature (Wellnhofer, 1993; Moser, 2003). In Giraffatitan, the distance between chevron and vertebra, caused by the articulation process described, is consistent throughout the tail. N.B.: The articulation in the 3D model is noticeably tighter than on the mounted skeleton, where the support rod for the tail runs between centra and chevrons, making an anatomically correct articulation impossible.

A curvature similar to that seen in MB.R.3736 is also discernible in the hypothetical caudal vertebral series of the titanosau- rian sauropod Lirainosaurus (Vidal and Díez Díaz, 2017). However, MB.R.3736 is noticeably straighter, probably because of the articulation morphology between the caudal vertebrae. Lirainosaurus has highly procoelous caudal vertebrae, with anterior and posterior articular surfaces highly inclined (keystoned centra, see Vidal and Díez Díaz, 2017, fig. 6B).

When comparing the calculated values for the ONP and the CNPs, it can be observed that the most similar lengths and masses are obtained for the ONP and the CNP with an intervertebral cartilage thickness of 10% of the centrum length.

Taylor (2009) calculated a volume of 1520 liters (∼1216 kg, although bone and muscle densities cannot be separated from these calculations) for the tail of Giraffatitan, after a modified reconstruction of Paul (1988). Most of the mass of the tail was probably located at its base, where the largest parts of the muscles are placed together with the heaviest bones. It is therefore reasonable to suggest that in Giraffatitan at least half of the weight of the tail would have been placed in the first 20 caudal vertebrae. When following our reconstruction and results, the tail of Giraffatitan could have weighted ca. 2500 kg (not including the pelvis and sacrum), doubling Taylor’s calculations.



Reconstruction of the Mm. caudofemorales

The development of the Mm. caudofemorales, especially the M. caudofemoralis longus, has always been a major issue when reconstructing the tails of extinct animals. The general morphology of the Mm. caudofemorales (as well as their origins and insertions) seems to be highly conservative within crocodilians (see e.g., Gatesy, 1991a; Ibiricu et al., 2014). Previous studies suggested that in crocodilians the M. caudofemoralis longus originates from the sides of the centrum and ventral surface of the transverse processes of caudal vertebrae 3–15 (Romer, 1923; Galton, 1969). However, Wilhite (2003) confirmed that this muscle additionally originates from the lateral surface of the first 13 chevrons, but only runs along the underside of the transverse processes, from which it is separated by a layer of connective tissue and, in well-fed individuals, by a layer of fat. Therefore, chevron morphology may be indicative of the size, shape, and extent of M. caudofemoralis longus in fossil archosaurs. This hypothesis is also followed by Otero and Vizcaíno (2006, 2008). The development and morphology of the transverse processes and the lateral and ventral surfaces of the centra are therefore important indicators for the size, shape and extent of M. caudofemoralis longus in sauropod dinosaurs. Several previous studies highlight the importance of the lateroventral surfaces of the anterior caudal centra for the origin and development of the Mm. caudofemorales in titanosaurian sauropods (Borsuk-Bialynicka, 1977; Salgado and García, 2002; Salgado et al., 2005), and Gallina and Otero (2009) suggest that the development of the M. caudofemoralis brevis and M. caudofemoralis longus occurs in relation with the anterior caudal transverse processes morphological variation along the tail. Several osteological correlates are indicative of the development and extent of the M. caudofemoralis longus in Giraffatitan:

The transverse processes disappear by caudal 25 in MB.R.3736. However, the absence of transverse processes cannot be used for determining the distal end of the M. caudofemoralis longus. Persons and Currie, 2011 found that the process expands beyond the distal end of the M. caudofemoralis longus in some squamates. In Alligator mississippiensis the M. caudofemoralis longus ends at the fourteenth caudal vertebra, the first one without transverse processes (Frey, 1988; Mallison, 2019).


-The ventrolateral surfaces of the centra appear from the third to the fourteenth caudal in MR.2921.

-The dorsolateral rugosity is present from chevrons 4 to 11 (caudal vertebrae fifth to twelfth).



Therefore, we inferred the extent of the M. caudofemoralis longus from the first caudal vertebra onward and not beyond the fifteenth caudal vertebra in Giraffatitan. While the maximal extent of the M. caudofemoralis longus is important for volume calculation (and thus maximal force estimates) the bulk of the muscle is located in the anterior region, thus the influence of a slightly longer or shorter muscle (±1 vertebra) are only minor on the total volume. However, a correct reconstruction of M. transversus perinei is more important for an accurate estimate of hip joint moments than an exact determination of the taper point of M. caudofemoralis longus. The M. transversus perinei acts as a lateral constraint on the M. caudofemoralis longus. If no M. transversus perinei is reconstructed, there is a high risk of overestimation of the M. caudofemoralis longus volume at is base, where even minimal changes to the lateral extent induce large volume changes, and accordingly a misestimation of its overall power.

In basal saurischians (e.g., Eoraptor and Guaibasaurus) and non-avian theropods the M. caudofemoralis brevis originates from the brevis fossa, a transitional structure located on the ventromedial surface of the ilium (Carrano and Hutchinson, 2002; Holtz and Omólska, 2004; Langer, 2004; Makovicky and Norell, 2004; Makovicky et al., 2004; Norell and Makovicky, 2004; Omólska et al., 2004; Tykoski and Rowe, 2004). However, in sauropods the origin of the M. caudofemoralis brevis is somewhat ambiguous, as they lack a brevis shelf and fossa (Upchurch et al., 2004), similar to the condition in extant crocodilians. In Giraffatitan a concave surface appears medially in the postacetabular process, below the last sacral rib and in the junction with the ilium. This surface is inferred as the origin of the M. caudofemoralis brevis, in combination with the anterior lateral surface of the centra of caudal vertebra 1 to 3.

The Mm. caudofemorales insert on the fourth trochanter of the femur. In sauropods the trochanter appears as a longitudinal ridge, without any differential sites for the insertion of both M. caudofemoralis longus and brevis. Otero and Vizcaíno (2008) went as far as suggesting a common tendon for both muscles. In the case of Giraffatitan the trochanteric ridge is well-developed; therefore, we modeled the insertion of each muscle separately, the M. caudofemoralis longus medially and the M. caudofemoralis brevis posterolaterally located to the fourth trochanter. In extant crocodiles the insertion is often highly complex, with the tendon of the longus portion wrapping around the very short tendon of the brevis portion, and often inserting into it (Allen, 2015; HM, 2017). However, this complexity leaves no trace on the bone, so that the exact paths and interactions cannot be reconstructed reliably.



Extent of the Caudal Musculature (Figures 5, 6)

The three-dimensional approach enabled the inference of the size and the spatial arrangement of the musculature. Individual muscles are not only constrained by their origins and insertions, but also by the neighboring musculature. It is therefore insufficient to model only the tail muscles. Consequently the nearby limb musculature was also modeled and taken into account. Nevertheless, some uncertainties regarding the development and proportions, lengths and volumes of the caudal musculature remain. In particular the ventral, lateral and dorsal extensions of the muscles are difficult to reconstruct, e.g., Persons (2009), Persons and Currie (2011), and Mallison (2011) demonstrated that the soft tissues in the tails of crocodilians and many squamates extend significantly beyond the bones dorsally and especially ventrally and laterally. Previous studies on caudal musculature in dinosaurs have predominantly used the extent of the bones as the extension for their soft tissue reconstructions (Carpenter et al., 2005, fig. 17.5; Arbour, 2009, fig. 9; Hutchinson et al., 2011, fig. 5), however, this minimal extension does not appear in any living animal. Persons (2009) correctly pointed out that the lateral width of the transverse processes is often a poor indicator of the lateral extent of M. caudofemoralis longus across a wide range of reptiles. Lacertilians such as the leopard gecko (Eublepharis macularius), the tokay gecko (Gekko gecko) and the green anole (Anolis carolinensis) possess tail muscles that extend beyond the bones (Ritzman et al., 2012; Gilbert et al., 2013, fig. 1.B; Sanggaard et al., 2012, fig.2.C, SI Movie_S2). In these lizards, and in the crocodilian Alligator mississippiensis (see Frey, 1988; Mallison, 2011) the hypaxial muscles are greatly expanded ventrally and laterally.


[image: image]

FIGURE 5. (A) 3D tail muscle reconstruction of the Late Jurassic sauropod Giraffatitan brancai. (B) Sagittal section of the tail musculature, showing the dorsal and ventral extent of the musculature in relation to the vertebrae.



[image: image]

FIGURE 6. 3D reconstruction of the tail and hindlimb musculature of the Late Jurassic sauropod Giraffatitan brancai used to constrain the extent of the Mm. caudofemorales muscles. The m. ilioischiocaudalis and m. flexor tibialis externus are semi-transparent to show the underlying musculature. In color (A) and labeled (B). ADD1, m. adductor femoris 1; ADD2, m. adductor femoris 2; CFB, m. caudofemoralis brevis; CFL, m. caudofemoralis longus; FTE, m. flexor tibialis externus; FTI1, m. flexor tibialis internus 1; FTI3, m. flexor tibialis 3; IIC, m. ilioischiocaudalis; IICmed, m. ilioischiocaudalis medial head; IT2, m. iliotibialis 2; IT3, m. iliotibialis 3; ILFB, m. iliofibularis; LC, m. longissimus caudae; TC, m. truncocaudalis; TRPR, m. transversus perinei; TSP, Transversospinalis group.


The lateral extent of the ventral muscles, the M. caudofemoralis longus and the M. ilioischiocaudalis, in the mid-tail region of Giraffatitan was determined in comparison with the extant crocodilian Alligator mississippiensis and in analyzing the general trajectory of these muscles. As muscles are normally not arbitrarily constrained in width by other soft-tissue, it was assumed that they follow a straight line from the origin to the insertion and not in a concave trajectory. In the proximal region the M. caudofemoralis longus is constrained in all directions. Medially it is confined by the muscles originating on the ischium, namely the Mm. adductores femores and the M. flexor tibialis internus 3. The Mm. adductores femores originate on the obturator plate and the middle ischial shaft, for M. adductor femoralis 1 and M. adductor femoralis 2, respectively. They run down medially on the hindlimb and insert on the posterior surface of the femur distal to the fourth trochanter. The Mm. adductores femores are laterally covered by the M. flexor tibialis internus 3, which originates on a shallow depression on the proximal lateral ischium and inserts on the proximal tibia, and runs between the Mm. adductores femores and the M. caudofemoralis longus, thus limiting the latter medially. Dorsally and laterally the M. caudofemoralis brevis wraps around the M. caudofemoralis longus, and thus limits the extent in these directions. The M. caudofemoralis longus is further constrained laterally by the M. flexor tibialis externus, which spans from the postacetabulur process of the ilium to the proximal tibia and restricts both M. caudofemoralis longus and M. caudofemoralis brevis. Ventrally the M. caudofemoralis longus is constrained by the M. ilioischiocaudalis and the M. transversus perinei, as both encompass M. caudofemoralis longus and insert on the distal ischium, thus preventing a ventral extent below the distal tip of the ischium, see Figure 5.

In Alligator mississippiensis, the M. tendinoarticularis is only mildly developed in the tail base, corresponding to an increase in cross section of M. longissimus caudae (Frey, 1988). Because of the lack of osteological correlates for the contact between the two muscles any reconstruction must remain speculative, and this relative thinning of the M. tendinoarticularis compared to M. longissimus caudae has not been represented in previous muscle volume modeling attempts (e.g., Arbour, 2009; Persons, 2009; Persons and Currie, 2011; Persons et al., 2014). However, in the caudal series of Giraffatitan, the lateral oblique bulge between the prezygapophysis and the transverse process (the inferred osteological correlate for the insertion of the M. tendinoarticularis) becomes more prominent from the seventh vertebra onward (Supplementary Figure S3), disappearing again in the seventeenth caudal vertebra, which formed the basis for the reconstruction and proportions of both the M. tendinoarticularis and the M. longissimus caudae, confirming that the M. tendinoarticularis was less developed at the base of the tail. However, the tendons and fascicles of the epaxial musculature are highly intertwined and thus muscle divisions are not easily distinguishable (e.g., Frey et al., 1989; Tsuihiji, 2005; Organ, 2006; Schwarz-Wings et al., 2009). In our model we simplified the epaxial musculature by only modeling two elements: one gathering all the dorsomedial muscles (the deep musculature, the M. multifidus, and the Transversospinalis group), and the lateral M. longissimus caudae. However, for biomechanical analyses, and considering all the osteological correlates, individual musculo-tendon units are easier to create and model.

As indicated above, the lateral, ventral and dorsal extent of the tail is difficult to estimate in extinct animals. The base of the tail is laterally delimited for three main muscles: dorsally by the M. longissimus caudae, and ventrally by the dorsal ramus of the M. ilioischiocaudalis and the lateral expansion of the M. caudofemoralis brevis. Anatomically, and in terms of volume, the M. longissimus caudae (epaxial), the M. caudofemoralis group and the M. ilioischiocaudalis (hypaxial) seem to be the most important muscles of the base of the tail. Then, from the fifth caudal vertebra, when both rami of the M. ilioischiocaudalis meet and totally enclose the M. caudofemoralis longus, all the muscular groups occupy similar volumes.



Internal Structure of Epaxial Muscles

While we propose that the suite of epaxial and hypaxial tail muscles of Giraffatitan, including the Mm. caudofemorales, are generally comparable in terms of its general extensions, origins and insertions to crocodilians, here are some key differences between extant archosaurs and our inference for the tail musculature in Giraffatitan. Extant crocodilians possess a very specialized internal muscle architecture (e.g., Frey, 1988; Salisbury and Frey, 2001). Whereas the medial epaxial muscles, in particular M. multifidus, M. spinalis, and M. articulospinalis, form a system of counter-running (criss-crossing) tendons, the lateral epaxial muscles M. tendinoarticularis and in particular M. longissimus form large myoseptal sheets and cones. The tendons of the epaxial muscles are connected firmly not only to the vertebrae, but also to the osteoderms. The close association between the myosepts and tendons of the epaxial muscles in crocodilians is important as it forms a part of their bracing system (Salisbury and Frey, 2001). Besides, in contrast to extant birds and sauropods, extant and fossil crocodilians do not possess postcranial skeletal pneumaticity (e.g., Gower, 2001).

Additionally, birds also have a highly modified internal muscular construction, and thus their anatomy cannot simply be extrapolated onto non-avian dinosaurs. In birds, the presacral epaxial muscles form muscles slips that attach only to small areas of the bone (e.g., Boas, 1929; Zweers et al., 1987; Vanden Berge and Zweers, 1993). In combination with that, extant bird skeletons are highly pneumatic, which means that the vertebrae are interspersed by a large number of pneumatic diverticula that occupy parts of the vertebral surface and additionally resolve the vertebral surface to create pneumatic foramina (Gier, 1952; Duncker, 1971; Hogg, 1984a; Witmer, 1997; O’Connor, 2004), and muscle attachment areas are generally small.

For sauropod dinosaurs, a similar slip-like internal muscular architecture of the epaxial muscles as in extant birds has been hypothesized, based on the presence of unambiguous osteological correlates at the presacral vertebrae (see Wedel and Sanders, 2002; Taylor and Wedel, 2013b). Another similarity to birds is the presence of vertebral pneumaticity at least in the presacral vertebral column of most neosauropods (Wedel, 2003a, b, 2009); and additionally saltasaurine titanosaurs possess pneumatic sacral and anterior caudal vertebrae (Cerda et al., 2012; Zurriaguz and Cerda, 2017).

These similarities and differences need to be kept in mind when reconstructing the internal structure of musculature of non-avian dinosaurs. However, our model is a simplification, and the reconstruction of the detailed internal muscle architecture is beyond the scope of this study.



Caudal Skeletal Pneumaticity and Its Influence on the Musculoskeletal System

Caudal pneumaticity is widely present in Neosauropoda, like the camellate internal tissue of titanosaurs. More basal titanosauriforms, as Lusotitan (Mannion et al., 2013; Mocho et al., 2017) and Giraffatitan (Wedel and Taylor, 2013), also present caudal pneumatic features, as lateral fossa and foramina. This caudal skeletal pneumaticity is also present in other sauropods, like Apatosaurus, Barosaurus, Diplodocus, Tastavinsaurus, and Tornieria (McIntosh, 2005; Remes, 2006; Royo-Torres, 2009; Mannion et al., 2013) [for more neosauropods with caudal skeletal pneumaticity see Table 1 of Wedel and Taylor (2013)]. When diagnosing a fossa as pneumatic, is useful to check other pneumatic features on the same bone (Wedel, 2005; O’Connor, 2006), but also observe the presence of pneumatic foramina and subfossa within the fossa (Wilson, 1999; Yates et al., 2012). However, the interaction between air sacs and muscle development has not been studied in detail.

Caudal pneumaticity has been previously described in the three caudal series of Giraffatitan (Wedel and Taylor, 2013). This work describes with high detail all the pneumatic structures, so here we will only address the main features that could be useful for the musculoskeletal reconstruction of the tail of Giraffatitan.

MB.R.5000 caudal series presents the most complex pattern of pneumatization within Dinosauria (see Wedel and Taylor, 2013, fig. 8), but, as previously stated, MB.R.5000 could not be analyzed in our study. However, these characters are very useful when identifying and describing the ones present in the other caudal series from Giraffatitan. Several hypotheses were made related to the different extension of caudal pneumatization between MB.R.5000 and the other 2 caudal series referred to Giraffatitan (see Wedel and Taylor, 2013, and references herein). We followed the hypothesis of intraspecific variation, and used the pneumatic features of the series MB.R. 2921 and 3736 for our reconstruction. We confirmed Wedel and Taylor (2013) observation, that small pneumatic fossa are present on both sides of the centrum, below the transverse processes, in the second caudal of the series MB.R.2921 and MB.R.3736, whereas the rest of the caudal vertebrae of the series is apneumatic. These pneumatic diverticula (cryptic diverticula) also appear on extant birds and pterosaurs, and do not leave any diagnostic skeletal traces. The posterior dorsal vertebrae, synsacrum, pelvic girdle and hindlimb of birds are pneumatized by diverticula of the abdominal air sacs (Cover, 1953; King, 1966, 1975; Duncker, 1971; Hogg, 1984a, b; Bezuidenhout et al., 1999; O’Connor and Claessens, 2005; O’Connor, 2006). In the case of Giraffatitan, the caudal vertebral diverticula most plausibly originated from abdominal air sacs too, as also hypothesized by Wedel et al. (2000) and Wedel (2009) for the pneumatization of postdorsal vertebrae in non-avian dinosaurs.

In extant birds pneumatic diverticula have different ways of distribution, they pass along under the skin, in between the muscles, and among the viscera, and only a few of them leave traces on the skeleton (Duncker, 1971). However, these intermuscular diverticula are highly difficult to assess in extinct species. Although we have evidence of pneumatic features in the proximal part of the caudal series of Giraffatitan we have not included reconstructions of the caudal pneumatic diverticula, as they do not have a huge impact on the final extension of the muscular system.



Functions of the Caudal Muscle Systems


Epaxial Musculature

This complex of muscles has its major importance in the stabilization of all the vertebral column and equally in the flexion of parts of the vertebral column (Alexander, 1985; Salisbury and Frey, 2001; Henderson, 2004; Schwarz-Wings, 2009). Especially, the deep musculature and the M. multifidus help in this stabilization and, by synchronous contraction, in the dorsal bending of the tail, by connecting the apical edges of the neural spines. Lateral flexion of the tail is achieved by synchronous ipsilateral contraction of the M. transversospinalis Group, the M. longissimus caudae and/or the M. ilioischiocaudalis).



Hypaxial Musculature

The M. caudofemoralis longus (together with the M. caudofemoralis brevis) is the main hindlimb retractor in diapsids. It adducts and longitudinally rotates the femur (e.g., Gatesy, 1991a). The M. caudofemoralis longus is correlated with the M. ilioischiocaudalis: while the former is contracted, the M. ilioischiocaudalis (together with the epaxial M. transversospinalis Group and the M. longissimus caudae) help to stabilize the tail base to prevent unwanted movement of the tail by the M. caudofemoralis longus. M. transversus perinei wraps the M. caudofemoralis longus and thereby has a direct effect by limiting its maximum cross-section, which then has the effect of specifying more precisely the moment arm of this muscle. Additional quantitative biomechanical studies are needed to test this hypothesis.



CONCLUSION

We created a detailed three-dimensional musculoskeletal reconstruction of approximately the anterior half of the tail of the Late Jurassic sauropod Giraffatitan brancai, based on comparative anatomy, primarily with crocodilians, and digital techniques, such as photogrammetry and an innovative three-dimensional modeling approach. Using this reconstruction we were able to calculate the mass of the individual elements and hypothesize a total mass of ca. 2500 kg for the complete tail. We further suggest, based on our assessment of the musculoskeletal reconstruction, that Giraffatitan had a powerful tail that assisted in its stabilization, and propulsion, but also as counterweight for the presacral part of the body. The suite of hypaxial and epaxial muscles fulfills an important role in stabilizing the tail and hold it over the ground by synchronous bilateral contraction to optimize the moment arms for the main hindlimb retractor muscles, the M. caudofemoralis longus. Although Giraffatitan had a short tail (compared to other concurrent taxa, e.g., diplodocids and other coexisting macronarians), it was well-developed and robust.

Additionally, we were able to confirm that Janensch (1950b) was right in his original assessment of the tail posture, and the current mount at the Museum für Naturkunde, after the remounting in 2007 when the skeleton was mounted adapting the resting posture of the animal based on the current knowledge on the anatomy and biomechanics of sauropods (Remes et al., 2011), is correct.

Intervertebral cartilage thickness is difficult to assess in extinct taxa. In this work we have observed that similar values for tail length and muscle masses and volumes are calculated for the MB.R.2129 caudal series of Giraffatitan both in ONP and in CNP with a cartilage thickness of 10%. Taylor (2014) also suggested 10% as best estimate for cartilage thickness for the neck of Diplodocus and Apatosaurus. And as previously stated by Christian and Preuschoft (1996) and Christian and Dzemski (2007), the zygapophyseal articulation overall probably reflects the intervertebral cartilage volume, which as seen could be ca. 10% of the centrum length. We agree with Taylor (2014), and suggest using a cartilage thickness between 10 and 15% when reconstructing sauropod axial series.

The methodology applied in this study helps us to better comprehend the biomechanical and detailed anatomical aspects of a reconstructed musculoskeletal system of an extinct animal and, in addition, to estimate the volume and mass more accurately.
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The stapes is the smallest bone of the mammalian skeleton. Being the innermost middle ear ossicle, it is in contact with the inner ear and is directly responsible for sound transmission into it. Today, Ruminantia are one of the most diversified groups of large mammals with more than 200 species. However, their stapes has been very little studied. Here we investigate the shape of 66 stapes from 44 species of extant and extinct Ruminantia, including intra-individual and intra-specific observations, based on 3D tomographic data. Shape differences and similarities are quantitatively discussed thanks to 3D geometric morphometrics. The overall size of the stapes scales with a negative allometry in comparison to body mass. Moreover, the overall shape of the stapes informs about phylogeny. A trend is observed from a concave posterior crus with an enlarged stapes capitulum in Antilocapridae to a relatively straight posterior crus with a little reduced stapes capitulum in Cervidae, Bovidae being intermediate. In addition, the stapes of Antilocapridae is relatively trapezoid in lateral view; that of Cervidae is more triangular in lateral view; and that of Bovidae is relatively rectangular in lateral view. The stapedial footplate shape also gives phylogenetic information. The Tragulidae stapedial footplate is antero-posteriorly asymmetrical. The stapedial footplate is ovoid in stem Pecora. It is asymmetrical in Bovidae, while it is more symmetrical in Cervidae. This is in agreement with previous studies on the ruminant bony labyrinth showing that the oval window, the counterpart of the stapedial footplate on the inner ear, bears a strong phylogenetic signal already distinguishable in early Miocene ruminants.

Keywords: geometric morphometrics, ear region, systematics, middle ear ossicles, micro computed tomography


INTRODUCTION

The middle ear bones (ossicles) compose a chain of three bones (stapes, incus, and malleus) forming a complex structure only present in mammals. These bones play a central role in air-borne sound transmission from the outer environment to the inner ear (Merchant et al., 1996). The evolution of the incus and the malleus from the “reptilian grade” jaw bones to the smallest bones of the mammalian skeleton has been intensively studied (e.g., Rich et al., 2005; Luo, 2007; Meng et al., 2011; Maier and Ruf, 2016a, b). Their morphology and size are often associated to hearing sensitivity (Fleischer, 1978; Rosowski and Graybeal, 1991; Stoessel et al., 2016a; Bernardi and Couette, 2017). However, only a few recent studies (except for Primates and aquatic mammals) focused on intraspecific variability or searched for phylogenetic characters potentially borne by this structure (e.g., Maier and Ruf, 2016b; Orliac and Billet, 2016; Bastl et al., 2017). The stapes is directly in contact with the inner ear through the stapedial fenestra or oval window. This bone can be well-preserved in fossil specimens where it can be found “fallen in a dead ear” as put by Orliac and Billet (2016). The stapes morphology is quite conservative among placental mammals (Fleischer, 1978). Nevertheless, the three dimensional (3D) structure of this bone is complex and can barely be described based on 2D images only (Stoessel et al., 2016b).

Ruminantia, hereafter also referred to as “ruminants,” are one of the most diverse clades of large mammals, with more than 200 extant species living from the boreal tundra (e.g., reindeer) to the tropical forest (e.g., mouse deer), and the high mountains (e.g., Himalayan tahr; Nowak, 1999). Their social behavior ranges from solitary to gregarious. This diversity in ruminant ecology makes them a perfect case study for the investigation of ossicle ecomorphology. However, except for Fleischer (1973) and Maier and Ruf (2016b), there is almost no new data on the morphology of ruminant ossicles since Hyrtl (1845), Doran (1878), and Wilkie (1925, 1936). Costeur et al. (2016) described the ossification timing and the morphology of the ossicles in a mid-gestation cow fetus. The stapedial footplate does not reach its adult size at this stage contrary to the inner ear and its oval window articulating with the stapes (Costeur et al., 2016, 2017).

Here we describe the morphology of ruminant stapes covering all extant families and several fossil examples spanning 25 million years of ruminant evolution. Specific statistical analyses on the stapes shapes are performed in order to assess the impact of evolutionary allometry and phylogenetic inheritance on the morphology of this poorly studied middle-ear ossicle.



MATERIALS AND METHODS


Material

Sixty-six stapes from 44 species of ruminants were reconstructed from micro computed tomography data. The dataset includes Tragulidae (two extant species and one fossil from the early Miocene), stem Pecora (3 species from the latest Oligocene to early Miocene), and crown Pecora: Antilocapridae (3 species from the Pleistocene to recent), Bovidae (21 extant species), Cervidae (12 species from the early Miocene to recent), Giraffidae (1 extant species), and Moschidae (1 extant species; see Table 1). The bones from extant species are extracted from dry specimens of the Naturhistorisches Museum Basel (NMB, Switzerland). The fossil specimens exclusively came from Eurasia and America and are stored in Swiss, German, British, and American institutions (Table 1). To observe the intra-individual variability of the bone, the left and right stapes of the Bovidae Aepyceros melampus (NMB 9017), Bubalus depressicornis (NMB 3269), Redunca fulvorufola (NMB 15091), and Gazella gazella (NMB 11029); of the Cervidae Elaphodus cephalophus (NMB 2067) and Muntiacus muntjak (NMB C.2408); and of the Tragulidae Hyemoschus aquaticus (NMB 2692) and Tragulus kanchil (NMB 2131, NMB 2988, and NMB 3795) were reconstructed and compared. Similarly, insights into intraspecific variability is given through limited samples for the fossil Cervidae Dicrocerus elegans (2 specimens) and Procervulus praelucidens (2 specimens) and the fossil Pecora Dremotherium feignouxi (2 specimens) and quantified in the fossil Antilocapridae Capromeryx arizonensis (3 specimens), as well as 8 Tragulidae Tragulus kanchil.


TABLE 1. List of studied specimens.
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Institutional Abbreviations

AMNH: American Museum of Natural History, New York (United States); MHNT: Muséum d’histoire naturelle de Toulouse (France); NHMUK: Natural History Museum of United Kingdom, London (United Kingdom); NMB: Naturhistorisches Museum Basel (Switzerland); and UF: Florida Museum of Natural History – University of Florida in Gainesville (United States).



Measurements and Nomenclature

The body mass and bony labyrinth length of the extant ruminants are adapted from Nowak (1999), and Wilson (2005) for the duikers (Cephalophus dorsalis and Cephalophus zebra). The stapes anatomical nomenclature is given on Figure 1.
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FIGURE 1. Stapes morphology (based on Hydropotes inermis NMB 9892). (A) anatomical nomenclature; (B) landmark set (in red landmarks of type 2 and white semilandmarks on blue curves). 3D specimen is in Supplementary Data S1.




CT-Scanning and Reconstruction

The specimens were scanned using high resolution hard X-ray computed tomography using nanotom® m (phoenix|x-ray, GE Sensing & Inspection Technologies GmbH, Wunstorf, Germany). Pixel resolution varies between 15 and 60 μm. During each aquisition 1440 equiangular radiographs were taken over 360° using an accelerating voltage of 90 kV and a beam current of 200 μA for recent material and 180 kV with a beam current of 30 μA for fossils. Segmentation of the stapes was done with AVIZO® 9.0 Lite software (Visualization Sciences Group).



Morphometrics Analyses

The main objectives of this article are to characterize the allometry (both in size and shape) and the phylogenetical aspects of the stapes morphology in ruminants.

To quantify size allometry, resulting statistics based on linear measurements were performed with the PAST 4.0 software (Hammer et al., 2001). The correlation interface of the univariate analyses allows testing the relationship between the stapes (volume), the body mass (volume), the bony labyrinth (length), and different stapes parts (surface) using Linear r (Pearson) and p(uncorr) parameters based on decimal logarithm of the values (Supplementary Data S2). The weight (W) and length (L) relationships are W = a × Lα or log(W) = log(a) + α × log(L) (Shingleton, 2010; Karachle et al., 2012). “α” is the slope of the correlation. In an isometric context, “α” is the coefficient balancing the dimensions of the equation (Karachle et al., 2012). Its isometrical values depends on the dimension of the compared data (length vs volume or mass, α = 3/1 when isometric; surface vs volume, α = 3/2 when isometric). When α > isometric value, there is a positive allometry of the first independent variable in comparison to the second dependent one. When α < isometric value, there is a negative allometry of the first variable in comparison to the second one (Shingleton, 2010).

Digitization of the stapes was performed using Landmark Editor 3.6 software (Wiley, 2006). In addition to the landmarks proposed in Stoessel et al. (2016b), we have landmarked the shape of the stapes capitulum (capitulum stapedis), the anterior crus (crus anterius stapedis), and the posterior crus (crus anterius stapedis; Figure 1). Eight landmarks of type 2 identify the maximum length of the stapes capitulum and the stapedial footplate (basis stapedis) and the maximum height of both intercrural foramens (Figure 1). Curves (each containing 10 equidistant semi landmarks) are placed on the stapes: two curves surrounding the stapedial footplate, two curves surrounding each intercrural foramen, one curve on each crus (anterior and posterior on their medial part), two curves surrounding the stapes capitulum.

We tested the correlation between the shape of the stapes and its size using a regression of the shape on the centroid size as defined by Klingenberg (2016) as “the square root of the sum of squared distances of all the landmarks of an object from their centroid [center of gravity, whose location is obtained by averaging the x and y (and z) coordinates of all landmarks].”

The correlation between two shape modules of the stapes has been tested using the modularity implementation of MorphoJ 1.06d software (Klingenberg, 2011). Morphological modules are parts whose components covary strongly, but which are relatively independent of other modules (e.g., Klingenberg, 2008). We have chosen to separate two modules. We have defined as a first module both crurae stapedis since they have a similar embryologic origin. The second module is the remaining set of landmarks. 1.000.000 random partitions have been considered using (1) the original dataset, (2) the dataset without allometrical signal, and (3) the dataset without allometrical signal pooled by family as explained afterward.

Shape variation in stapes morphology (disparity and similarity) was studied using a geometric morphometrics approach implemented in MorphoJ and R. To explore the phylogenetical relevance of this structure, we have created three datasets to characterize the shape of the stapes using (1) the original dataset (with allometrical signal), (2) a dataset without allometrical signal not pooled by family (since a significant correlation between the shape of the stapes and its size exists, p-values = 0.0018, see section “Phylogenetic signal”, and Supplementary Data S3), and (3) a dataset without allometrical signal pooled by family (since a significant correlation between the size of the stapes and its phylogeny exists, p-values = 0.0235, see section “Phylogenetic signal”, and Supplementary Data S3). As mentioned by Klingenberg (2016): “Pooled within-group (here the families) regression uses the shape and size deviations of each specimen from the shape and size averages of the group to which that specimen belongs (here the families), not the grand mean, to compute variances and covariances (…). Equivalently, pooled within-group regression can be explained as a two-step procedure where the differences among group averages are first removed by centering the shape and size data by group and then an ordinary regression is carried out on these centered data.” Working on residual values allows an exploration of the dataset with non-allometric variation (Klingenberg, 2016) and to focus here on phylogenetical parameters.

The principal component analysis (PCA) is used on the three datasets (1 original dataset, 2 dataset without allometrical signal, and 3 dataset without allometrical signal pooled by family) to visualize the overall shape variation among specimens. A permutation test (randomized rounds: 10.000; Klingenberg and Gidaszewski, 2010) based on the phylogenetic tree (Supplementary Data S4) is performed to test the presence or absence of a phylogenetic signal in the three datasets. Klingenberg and Gidaszewski (2010) defined that “The empirical p-value for the test is the proportion of permuted data sets in which the sum of squared changes is shorter or equal to the value obtained for the original data.” Marriott (1979) and Edgington (1987) suggested that 1.000 permutations are a reasonable minimum for a test at 5% level of significance, while 5.000 are a reasonable minimum at the 1% level (Tzeng and Yeh, 1999). The phylogenetic tree was manually created using Mesquite 3.04 software (Maddison and Maddison, 2010) combining tree hypothesis published by Janis et al. (1998), Hassanin et al. (2012), Mennecart (2012), and Mennecart et al. (2019). Time calibration was provided by Bibi (2013) and Mennecart et al. (2017). Since it is difficult to observe the “geographical” proximity of two individuals within a polymorphospace including more than 4 dimensions, a hierarchical analysis using the cluster analysis option of the PAST 4.0 software (Hammer et al., 2001) has been performed (Supplementary Data S2). This allows observing graphically, along a tree, shape distances between specimens. Using the Euclidean similarity value option of PAST considering that the Procrustes coordinates, the Euclidean distances can directly be assimilated to Procrustes distances.

To characterize the phylogenetical differences of the stapes among the different ruminant families, standardized discriminant analyses have been performed.

A between-group PCA (bg-PCA) has been performed based on the three above mentioned datasets using the package Morpho (Schlager, 2017) in R (R Core Team, 2005) with the function “groupPCA.” Contrary to the following Canonical Variate Analysis (CVA), a bg-PCA observes the variance between groups (here the well-defined ruminant families Tragulidae, Cervidae, Bovidae, and Antilocapridae and the stem Pecora) without standardizing the within groups-variance (Renaud et al., 2015). It gives less pressure on the shape similarities within group. Moschidae and Giraffidae have been excluded of the analyses since only one specimen (Moschus moschiferus and Giraffa camelopardis, respectively) possesses a well-preserved stapes. All supporting data of the bg-PCA (script and supporting information) can be found in Supplementary Data S5. Recent studies have cautioned the use of bg-PCA in high dimensional datasets (e.g., Cardini et al., 2019) but as reminded by Cardini et al. (2019) the common feature of correlated data in geometric morphometrics helps to circumvent this problem.

Additionally, the CVA was applied on the three above mentioned datasets to maximize the separation of the between-group means relative to the variation within groups ratio according to the specified chosen grouping variable (Renaud et al., 2015). CVA and bg-PCA provides complementary information (Mitteroecker and Bookstein, 2011; Renaud et al., 2015). Nevertheless, due the high degree of freedom in our analysis, CVA can be found in Supplementary Data S6 as a comparative dataset (Supplementary Data S3 presenting the results and 6 including figure and supporting information).

All statistical reports are shown in the Supplementary Data S2, S3, S5.



RESULTS


Allometric Signal

Stapes centroid size and stapedial footplate centroid size (in decimal logarithm of the values) are correlated with body mass (R2 = 0.6624, p-value < 0.0001 and R2 = 0.6619, p-value < 0.0001, respectively). A strong negative allometry is observed between these elements and body mass (α = 0.1794 and α = 0.1658, respectively, a isometry values being 1 and 1.5, respectively, Figure 2) indicating that larger species have relatively small stapes and smaller species have relatively large ones. The scaling relationship between the stapes centroid size and its bony labyrinth length is positively allometric (α = 1.4164, a isometry values being 0.333) with a clear correlation (R2 = 0.7267, p-value < 0.0001). The intercrural foramen centroid size and the stapes centroid size are correlated (R2 = 0.7637, p-value < 0.0001). The intercrural foramen centroid size possesses a negative allometry in comparison to the stapes centroid size (α = 0.6762, a isometry values being 1.5) indicating that the intercrural foramen grows slower than the stapes (Figure 2).
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FIGURE 2. Size allometry of the stapes structures in comparison to body mass in living ruminants, to other stapes structures, and to bony labyrinth length. (A) body mass against stapes centroid size; (B) body mass against the stapedial footplate centroid size; (C) bony labyrinth length against stapes centroid size; and (D) intercrural foramen centroid size against stapes centroid size. All values are in log. Antilocapridae red; Bovidae, yellow; Cervidae, green; Tragulidae, orange; Giraffidae, and light blue; Moschidae, dark blue. Red line corresponds to isometry.


To study the covariation between the shape and size, regressions of the shape (Procrustes coordinates) on the centroid size have been performed, both un-pooling and pooling the dataset by families. The not pooled dataset gives a statistically significant result (p-value = 0.0018, Supplementary Data S3) indicating a correlation between the size and the shape of the stapes (Figure 3). The effect size is nonetheless small, being R-squared at 0.037. Similar statistical results are observed when pooling the dataset by family (p-value = 0.0037 and a shape prediction at 3.46%). The main shape deformations observed in both analyses are the size of the intercrural foramens relative to the stapes size and the relative size of the stapedial footplate. In small forms, the two intercrural foramens are of similar size and relatively small (1/2 to 2/3 of the height of the stapes in the not pooled analysis and 1/2 for both intercrural foramens in the pooled analysis). Their stapedial footplate is more than twice as long as the stapes capitulum and relatively symmetrical. In large forms (Ovibos moschatus and Connochaetes gnou), one intercrural foramen remains relatively small and the second one almost entirely occupies the space between the stapes capitulum and the footplate, extending antero-posteriorly almost reaching the crura stapedis. Their stapedial footplate is smaller than twice the stapes capitulum length, the capitulum being wider in the pooled data (Figure 3B). The shape differences between the two analyses are mainly located on the shape of the stapedial footplate. While in the not pooled result the stapedial footplate is very asymmetrical with one side being flattened, in the pooled data, the stapedial footplate is only slightly asymmetrical. The two largest stapes of the dataset belong to Bovidae and all the smallest stapes belong to Tragulidae. A significant correlation between the size of the stapes and its phylogeny exists considering the unpooled dataset, (p-values = 0.0235, section “Phylogenetic signal”, Supplementary Data S3). This informs that bovids do possess an asymmetrical stapedial footplate that is phylogenetically relevant.
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FIGURE 3. Results of the regression on the centroid size and of the modularity test. (A) Regression of the shape of the stapes on the centroid size and (B) regression of the shape of the stapes on the centroid size pooled within families. (C) Result of the modularity test (similar to the original hypothesis) on the original 3D landmarks dataset, the stapes with size correction dataset, and the stapes with size correction pooled within families (all three analyses give similar result, graph shows the first result, the two others are not shown). Stem Pecora violet; Antilocapridae red; Bovidae, yellow; Cervidae, green; Tragulidae, orange; Giraffidae, and light blue; Moschidae, dark blue. Statistical results are available in Supplementary Data S3.




Modularity

The determination of the different modules based on the three datasets containing the entire stapes (original data and after correction of the size effect without pooling and pooled by family) leads to similar results. The minimal RV coefficient calculated among the 1.000.000 partitions evaluated is 0.461519 for the original dataset, 0.467736 for the dataset with correction of the size effect, and 0.482582 for the dataset with correction of the size effect pooled within families. In each case, the two modules are “capitulum + stapedial footplate + crura stapedis” and “intercrural foramens” as in the original hypothesis (Figure 3C). There is no alternative partition with an RV coefficient smaller or equal to the value for the hypothesis (proportion is equal to 0.000). It is interesting to note that the crurae stapedis have a similar embryologic origin, forming at the end a hollow structure. The rest of the structure is made of bone: the capitulum and the stapedial footplate are the most massive bone portion of the stapes. These relatively flattened sections receive and transmit pressure perpendicular to their surface thanks to the crura stapedis.



PCA

Very little morphological variation is observed between the left and right stapes of a same individual. Observing the hierarchical analysis result, most of the left stapes cluster with their right counterpart (see hierarchical analysis in Supplementary Data S2). Similarly, a very weak intraspecific variability is observed. Most of the Tragulus kanchil cluster together associated to the other Tragulidae Hyaemoschus aquaticus (Supplementary Data S2). Similarly, the two duiker species (Cephalophus dorsalis, and Cephalophus zebra) cluster together (Supplementary Data S2) indicating that the entire shape of the stapes may provide phylogenetical information.

The shape disparity and the morphospace of the studied samples are very similar in all the three datasets (1 original dataset, 2 dataset without allometrical signal (not pooled by family), and 3 dataset without allometrical signal pooled by family), the PC2 axis being mirrored in the results without size effect in comparison to original dataset (Figure 4). The changes mostly concern the position of the two large stapes (Ovibos moschatus and Connochaetes gnou). Considering the original dataset, the dataset without allometrical signal, and the dataset without allometrical signal pooled by family, the maximum of variance along PC1 (13.75, 13.87, and 13.86% of the variance, respectively) goes from a massive and short stapes in the negative values to a slender and elongated one in the positive values. The stapes capitulum and the stapedial footplate are enlarged with short crura stapedis in PC1 negative values. Their intercrural foramens are relatively rounded and central. The stapedial footplate is ovoid to slightly elongate. The stapes capitulum and the stapedial footplate are short with elongated crura stapedis in positive PC1 values. Their intercrural foramens are ovoid and the space between the intercrural foramens and the anterior crus is narrow. The stapedial footplate is ovoid and short. PC2 explains 9.14, 9.21, and 10.20% of the variance of the original dataset, the dataset without allometrical signal, and of the dataset without allometrical signal pooled by family, respectively. In the negative PC2 values based on the original dataset, the intercrural foramens are a little closer to the stapedial footplate, but the general shape is very similar to the consensus shape (Figure 4). Considering the PC2 positive values based on the original dataset, the height of the stapes is similar to the consensus but the latter is a little narrower. The intercrural foramens are very elongated and closer to the posterior crus. The negative and positive PC2 shape variations are inverted in the datasets without allometrical signal (not pooled and pooled by family) in comparison to the original dataset. The shape of the stapedial footplate is different along the PC2 axis between pooled data on one side and the original dataset and the not pooled ones on the other side (PC2 shape variation of the original data being mirrored in comparison to the not pooled one). The negative values of PC2 in the pooled dataset show a drop-like shape of the surface area of the stapedial footplate. Considering the not pooled data negative PC2 values (positive ones for the original data), the stapes is ovoid and more symmetrical. On the other end of PC2 axis, the stapedial footplate is ovoid and more asymmetrical in all three datasets. However, the asymmetry is more marked from the original dataset to the dataset after size correction and pooled by family, the dataset after size correction being intermediate.
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FIGURE 4. Geometric morphometric PCA results. (A) stapes based on the original 3D landmarks coordinates (dataset 1; PC1 = 13.75%, PC2 = 9.14%), (B) dataset without allometrical signal not pooled by family (dataset 2; PC1 = 13.87%, PC2 = 9.21%), and (C) dataset without allometrical signal pooled by family (dataset 3; PC1 = 13.86%, PC2 = 10.20%). The morphological modifications along the axes (PC) are materialized by the hypothetical stapes shape associated to extreme values. Stem Pecora violet; Antilocapridae red; Bovidae, yellow; Cervidae, green; Tragulidae, orange; Giraffidae, and light blue; Moschidae, dark blue. Statistical results are available in Supplementary Data S3.




Phylogenetic Signal

No clear phylomorphospace can be directly observed using the two first PCs only (Figure 4). Nevertheless, the p-value resulting from the permutation test, testing the phylogenetic signal on the plotting area of the shape variation, is significant considering the original dataset and the dataset of the stapes after size effect correction without pooling by family (p-value = 0.0031 and p-value = 0.0029, respectively, Supplementary Data S3). It is highly significant when testing the phylogenetic signal on the datasets after size effect correction and pooled by family (p-value = 0.0008). It indicates that we can reject the null hypothesis of an overall shape variation (with and without size effect) across the tips of the tree which is not different from random rather than being phylogenetically structured. It means that the overall shape of the stapes is phylogenetically informative. The p-value resulting from the permutation test testing the phylogenetic signal on the centroid size of the stapes original dataset is also significant (p-value = 0.0235). It means that the size of the stapes is related to its phylogeny. Indeed, the two largest specimens from the dataset are Bovidae and the smallest specimens are Tragulidae.



bg-PCA

Bg-PC1 explains 45.51, 45.44, and 47.16% of shape variation associated to the predefined groups (families) for both (1) the original dataset (with allometrical signal), (2) the dataset without allometrical signal not pooled by family (since a significant correlation between the shape of the stapes and its size exists, and (3) the dataset without allometrical signal pooled by family, respectively (Figure 5). Bg-PC2 explains 23.66, 23.12, and 23.86% of the three datasets, respectively (Figure 5). Clear morphospaces for the different clades can be defined based on the shape of the stapes. Even if some overlap exists, notably between the Bovidae and the Cervidae, clear trends can be observed. The general repartition observed along the bg-PC based on the original dataset and dataset without allometrical signal pooled by family are almost similar with a better segregation of the families in the last analysis (Figures 5A,C). Indeed, while the Bovidae mostly plot in the positive values of bg-PC1, the Cervidae are mostly in the negative values in both cases. In these two analyses, the Antilocapridae are among the most negative values along bg-PC1. In all the analyses, the Tragulidae are located around 0 on bg-PC1. A clear separation between Tragulina and Pecora occurs along bg-PC2 of the original dataset and the dataset without allometrical signal pooled by family, the Tragulina being located in the most negative values. Considering the dataset without allometrical signal not pooled by family (dataset 2), the separation between the Bovidae and the Cervidae along bg-PC1 and between the Tragulidae and the Bovidae along bg-PC2 are not clear. It confirms that part of the allometry, deleted in this dataset, provide phylogenetical information. Nevertheless, the mean shape of the different families is relatively similar considering the three datasets.
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FIGURE 5. Geometric morphometric bg-PCA results. (A) stapes based on the original 3D landmarks coordinates (dataset 1; PC1 = 45.5%, PC2 = 23.7%), (B) dataset without allometrical signal not pooled by family (dataset 2; PC1 = 45.4%, PC2 = 23.1%), and (C) dataset without allometrical signal pooled by family (dataset 3; PC1 = 47.2%, PC2 = 23.9%). The mean shape of the Antilocapridae is red, of the Bovidae is yellow, of the Cervidae is green, and of the Tragulidae is orange.


The stapes of the Tragulidae are distinct being massive with a relatively elongated stapedial footplate and a little elongated stapes capitulum. The crura are relatively parallel and do not directly reach the edge of the stapedial footplate forming a strong angle. The stapedial footplate has a tear shape being antero-posteriorly asymmetrical. The Antilocapridae possess a concave crus stapedis and a shorter posterior crus than the anterior crus with an enlarged stapes capitulum, giving a trapezoidal lateral shape to the bone. The stapedial footplate is very enlarged, ovoid and slightly asymmetrical. The stapedial footplate is also ovoid in stem Pecora. In Cervidae, the crura stapedis are of similar length and straightness with a slightly reduced stapes capitulum. Their stapedial footplate is ovoid and narrow. The Bovidae have a relatively rectangular stapes in lateral view due to relatively straight crura stapedis and an enlarged stapes capitulum. The stapedial footplate is laterally asymmetrical.

Significant and similar results are observed considering the CVA confirming the results observed with the bg-PCA (Supplementary Data S6).



DISCUSSION


Allometry in the Stapes

Allometry is one of the main causes known to polarize morphological variation and constrain phenotypic evolution (e.g., Sansalone et al., 2017). Sense organs have been shown to scale negatively with body mass in mammals (Sánchez-Villagra, 2012; Costeur et al., 2019), which has possibly allowed them to evolve very sophisticated hearing capacities. A negative ontogenetic growth allometry is known for the middle ear ossicles including the stapes throughout the deep time evolution of mammals (Luo, 2011). A similar negative allometry at the evolutionary level of species was preliminary observed in a range of extant and extinct mammals (Orliac and Billet, 2016). We show here that the centroid sizes of the stapes and stapedial footplate are correlated with body mass in ruminants with a strong negative allometry (α = 0.1794 and α = 0.1658, respectively). Similar slopes have already been observed using the height of the stapes and the length, width, and the area of the stapedial footplate of large terrestrial mammals as variables against body mass (Fleischer, 1973; Nummela, 1995; Mason, 2001; Orliac and Billet, 2016). The relationship may be different in small size mammals, being more isometric (Nummela, 1995; Mason, 2001). Differences are also observed depending of the ecology of the animal. Subterranean and aquatic mammals, where the acoustic environment is different from the surface, possess a significantly enlarged area of the stapedial footplate in comparison to body mass (Nummela, 1995; Mason, 2001).

A negative allometry of size is observed between the centroid size of the stapes and the centroid size of the stapedial footplate (R2 = 0.9267, p-value < 0.0001, α = 0.8901, a isometry values being 1.5, and see Supplementary Data S2). An isometric variation of the height of the stapes and the width of the stapedial footplate has been observed in Orliac and Billet (2016). The shape of the stapedial footplate may explain such differences. Smaller species of our datatset have a more rounded stapedial footplate while the large ones have more ovoid shapes inducing a smaller relative area. The bony labyrinth shows a negative ontogenetic allometric growth relative to the petrosal bone, to skull length, and to body mass (Billet et al., 2015; Costeur et al., 2017, 2019). It has been demonstrated in ruminants (Mennecart and Costeur, 2016; Costeur et al., 2017) and other placental mammals (e.g., Thean et al., 2017) that bony labyrinth ossification is achieved long before birth, around mid-gestation. The size and weight of the stapes is probably limited by physiological and physical constrains. Nummela (1995) proposed that mammalian tympanic membrane may possess an upper size range to prevent from breakage. Since all the auditory region is highly constrained, this likely imposes an upper size limit to the ossicles in terrestrial mammals (Nummela, 1995), although this hypothesis should be further tested.

The stapedial footplate, the crura stapedis, and the stapes capitulum form a module. They are subject to similar orientations of strength constrains. The module formed by “intercrural foramens” shows a maximum of covariation. Diamond (1989) hypothesized that “the negative allometry of the stapes imposes an upper limit on the size an animal can reach and still retain a fully developed stapedial artery system” since “with increasing body size, the diameter of the intercrural foramen increases much more slowly than the mass of tissue supplied by the stapedial artery.” The intercrural foramens, which are penetrated by the stapedial artery, show a negative allometry in comparison to the stapes centroid size and a clear shape allometry of these structures. It is not clear how long the stapedial artery persists in Ruminantia, it was clearly identified in bovine fetuses (Erdogan and Kilinc, 2012) but its pattern of regression after embryonic stages remains unknown in the group.



Phylogenetic Signal on the Stapes Morphology

The ear region possesses a strong phylogenetic signal (e.g., Schmelze et al., 2005; Quam et al., 2014; Mennecart and Costeur, 2016; Mennecart et al., 2016, 2017; Stoessel et al., 2016a, b; Bastl et al., 2017; Kerber and Sánchez-Villagra, 2018). Stoessel et al. (2016b) noticed that the human stapes differs from the other hominids by its height, a distinct stapedial head, and a specific kidney shape of the footplate, even if the other ossicles may be more phylogenetically informative (Stoessel et al., 2016b). Schmelze et al. (2005) also observed that the ossicles characters help structure the marsupial tree. In particular the stapedial footplate (bullate, flat, or concave), the stapedial ratio, and the overall stapes shape (Schmelze et al., 2005) are phylogenetically informative within the marsupial clade. The marsupial families, and even the Macropodinae subfamily, can be separated based on the association of these three characters only. Orliac and Billet (2016) found that the shape of the stapedial footplate is probably not influenced by allometry. They also suggested that “footplate shape may be examined in order to detect phylogenetically significant differences between artiodactyl groups (…) an elongated stapedial footplate (high footplate ratio) may for example constitute a synapomorphy of the clade Suoidea” (Orliac and Billet, 2016). Mennecart et al. (2017) already proposed that the shape of the stapedial fenestra (the inner ear counterpart of the stapedial footplate) is phylogenetically informative. They noted significant differences within the different Cervidae sub-families. In all considered Cervidae, the stapedial fenestra is ovoid (Mennecart et al., 2017), like the stapedial footplate in the present analysis. However, while the stapedial fenestra is massive in Procervulinae and Dicrocerinae (stem Cervidae), that of Cervinae (crown Cervidae) is elongated (Mennecart et al., 2017). The Capreolinae (crown Cervidae) have an intermediate shape. We here confirm that the stapedial footplate is phylogenetically informative, allowing a distinction between ruminant families. The p-values resulting from the permutation test, testing the phylogenetic signal on the plotting area of the shape variation, are significant considering the shape of the stapes with and without size correction (p-value = 0.0031, p-value = 0.0029, and p-value = 0.0008). Shape differences can be observed especially on the stapedial footplate outline (Figure 6). The stapedial footplate of Tragulidae has a tear shape being antero-posteriorly asymmetrical. The Cervidae have a symmetrical ovoid stapedial footplate. In Bovidae, the stapedial footplate is laterally asymmetrical. This asymmetry is more marked in larger specimens. These shape differences are already observed in early Miocene representatives making it a good character for family distinction along the ruminant deep time evolution.


[image: image]

FIGURE 6. Phylogeny of the studied ruminants with associated general stapedial footplate morphology. Topography of the tree based on (Janis et al., 1998; Hassanin et al., 2012; Mennecart, 2012; and Mennecart et al., 2019; calibration of the Cervidae nodes based on Mennecart et al., 2017; calibration of the Bovidae nodes based on Bibi, 2013). Oligo.: Oligocene; Pl.: Pliocene.




CONCLUSION

This first large scale analysis of the ruminant stapes confirms that this bone grows with a negative allometry, as already observed in other mammal groups, i.e., it is relatively larger in smaller species than it is in larger species. This result is in accordance with ontogenetic and evolutionary studies that investigated the growth of sense organs, and in particular of the middle ear bones and bony labyrinth. This result may confirm the role of the middle ear on the evolution of large sizes in mammals since the stapes accommodates a passage for an arterial branch at least in embryonic ontogenetic stages. Regression of the stapedial artery before birth is known in various groups of mammals, especially in primates, but remains largely unknown in ruminants. More work involving dissections may help provide more information on the evolution of sizes in mammals in combination to presence, absence, or regression of the stapedial artery and its impact on the shape of the intercrural foramen. Ideally developmental works in various mammal groups would be essential to model stapedial growth at a large scale. Very much is known in some groups (i.e., primates or some rodents) but virtually nothing in others, such as in Ruminantia. Likewise, investigating the shape of the stapes and of its intracrural foramen in mammals across their evolutionary history, and not only like here within a relatively young clade, may provide information on the evolution of this regression through time. How critical this regression is in terms of hearing abilities is still unknown, although a functional advantage of not having an arterial branch passing through the stapes may be evident in limiting noise (from blood in the artery) transmission to the inner ear. Some mammals are known to keep the stapedial artery through life and this persistence still does not find functional or adaptive explanations.

Our results on the growth and modularity of parts of the stapes highlight under what constraints this critical bone grows and how integrated the ear region in mammals is when stapes shape analysis is compared to the other structures of the ear, i.e., the bony labyrinth, the other ossicles, or the tympanic membrane. Recent evidence has shown that the stapedial fenestra on the bony labyrinth presented a phylogenetic signal, the shape of its counterpart on the stapes, the stapedial footplate, is significant for family determination within Ruminantia, as demonstrated here. Its shape can indeed distinguish families for taxa already known in the early Miocene, when pecoran ruminants started their radiation. Our results confirm recent studies on the stapes itself in other groups of mammals showing that not only the region of the inner ear (bony labyrinth and petrosal bone) is a critical source of phylogenetic data but also that all aspects of the middle ear may provide information. The stapes is small and often falls into the cavity of the inner ear within the petrosal bone. It is therefore often preserved even in long extinct taxa. Its small size makes it a very easy bone to reconstruct from CT-generated data. It is consequently worth looking for in fossil mammal skulls. Although the stapes has been the focus of attention in anatomy for more than 150 years, its morphology in extant mammals is only starting to be investigated on a large taxonomical scale and museum’s specimens constitute a great and easily accessible source of data for this bone and for the ear region in general. Our study focused on ruminants highlights the evolutionary and phylogenetic interest of the smallest bone of the mammalian skeleton and provides morphological characters of phylogenetic relevance for future works.
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Target Deformation of the Equus stenonis Holotype Skull: A Virtual Reconstruction

Omar Cirilli1,2*, Marina Melchionna3, Carmela Serio4, Raymond L. Bernor5,6, Maia Bukhsianidze7, David Lordkipanidze7, Lorenzo Rook2, Antonio Profico8 and Pasquale Raia3

1Dottorato di Ricerca in Scienze della Terra, Università degli Studi di Pisa, Pisa, Italy

2Paleo[Fab]Lab, Dipartimento di Scienze della Terra, Università degli Studi di Firenze, Firenze, Italy

3Dipartimento di Scienze della Terra, dell’Ambiente e delle Risorse, Università degli Studi di Napoli Federico II, Naples, Italy

4Research Centre in Evolutionary Anthropology and Palaeoecology, School of Biological and Environmental Sciences, Liverpool John Moores University, Liverpool, United Kingdom

5Laboratory of Evolutionary Biology, Department of Anatomy, College of Medicine, Howard University, Washington, DC, United States

6Human Origins Program, Department of Anthropology, National Museum of Natural History, Smithsonian Institution, Washington, DC, United States

7Georgian National Museum, Tbilisi, Georgia

8PalaeoHub, Department of Archaeology, University of York, Heslington, United Kingdom

Edited by:
K. Christopher Beard, University of Kansas, United States

Reviewed by:
Julie Winchester, Duke University, United States
Maria Teresa Alberdi, Museo Nacional de Ciencias Naturales (MNCN), Spain

*Correspondence: Omar Cirilli, omar.cirilli@phd.unipi.it; omar.cirilli@yahoo.com

Specialty section: This article was submitted to Paleontology, a section of the journal Frontiers in Earth Science

Received: 19 December 2019
Accepted: 05 June 2020
Published: 26 June 2020

Citation: Cirilli O, Melchionna M, Serio C, Bernor RL, Bukhsianidze M, Lordkipanidze D, Rook L, Profico A and Raia P (2020) Target Deformation of the Equus stenonis Holotype Skull: A Virtual Reconstruction. Front. Earth Sci. 8:247. doi: 10.3389/feart.2020.00247

Equus stenonis is one of the most prevalent European Pleistocene fossil horses. It is believed to be the possible ancestor of all Old World Early Pleistocene Equus, extant zebras and asses, and as such provides insights into Equus evolution and its biogeography and paleoecology. The Equus stenonis holotype skull (IGF560) was first described by Igino Cocchi in 1867, from the Early Pleistocene locality of Terranuova (Upper Valdarno basin, Italy). IGF560 is a nearly complete, although medio-laterally crushed and badly compressed skull. Here we provide the first application of a new virtual reconstruction protocol, termed Target Deformation, to the Equus stenonis holotype. The protocol extends beyond classic retrodeformation by using target specimens as a guide for the virtual reconstruction. The targets used as a reference are two fragmentary, yet well-preserved E. stenonis skulls, coming from Olivola (Italy; IGF11023) and Dmanisi (Georgia; Dm 5/154.3/4.A4.5), both Early Pleistocene in age. These two specimens do not display any major deformation, but preserve different, only slightly overlapping portions of the skull. The virtual reconstruction protocol we carried out has shown its feasibility, by producing two 3D models whose final morphology is perfectly congruent with the natural variability of a comparative sample of E. stenonis specimens. This study shows the potential of using even broken or otherwise fragmentary specimens to guide retrodeformation in badly distorted and damaged specimens. The application of Target Deformation will allow us to increase the availability of comparative specimens in studies of fossil species morphology and evolution, as well as to the study of taphonomic processes.
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INTRODUCTION

A number of taphonomic processes are known to alter the physical preservation of fossil remains. As a consequence, fossils usually become badly deformed (e.g., losing biological symmetry, being compressed or bent) or incomplete (Shipman, 1981; Lyman, 1994; Schlager et al., 2018). The lack of this valuable information worsens the already fragmentary fossil record, which limits the opportunity to study fossil remains with the same analytical power that is typical for neontological samples. Therefore, paleontologists have to face the classic challenge to take the best out of specimens which show significant deformations, miss anatomical parts, or both. Remains of fossil horses provide no exception. Although moderately frequent in the fossil record, horses are mostly represented (and studied) by post-cranial elements, which by virtue of their stocky built (in the case of long bones) and low aspect ratio (in the case of legs distal elements) are much less deformed (or broken) than either mandibles or skulls. The latter are elongated and full of complex intracranial and extracranial cavities in horses, which makes their complete, undistorted preservation potential exceedingly low (Budras et al., 2009).

Herein, we present a new virtual reconstruction protocol, termed Target Deformation, which takes advantage of recent progress in digital restoration of fossil specimens, including retrodeformation (Schlager et al., 2018), digital alignment of disarticulated portions (DTA, Profico et al., 2019b), and 3D thin plate spline transformation (tps3d) (Bookstein, 1989; Schlager et al., 2018) to provide the virtual reconstruction of badly deformed, partially incomplete cranial material by using target fossil remains of the same species. We demonstrate here that our procedure is viable even by using very incomplete target remains, which are common in the fossil record and cannot be used by themselves in comparative analyses.

Our case study is the Equus stenonis holotype skull (IGF560, Figure 1), originating from the Early Pleistocene locality of Terranuova (Tuscany, Italy), is a 1.8 Ma locality in the Upper Valdarno Basin, which is housed in the Natural History Museum (Geology and Paleontology Section) of the University of Florence. We applied Target Deformation to the E. stenonis holotype by using two different targets, an incomplete E. stenonis skull (Dm 5/154.3/4.A4.5; Figure 2) originating from Dmanisi, Georgia, and another partial skull (IGF11023; Figure 3) retrieved from the fossil locality of Olivola, Italy. Both target skulls are lacking large portions of their crania. Importantly, the Dmanisi specimen has a nicely undeformed mid-cranial vault entirely lacking the muzzle. In contrast, the Olivola skull neurocranium is missing most of the cranial vault, while preserving the muzzle.


[image: image]

FIGURE 1. Equus stenonis IGF560 holotype, housed in the Geological and Paleontological section of the Natural History Museum of Florence. (A) Dorsal view; (B) lateral view, left side; (C) ventral view; (D) lateral view, right side reflected. Scale bar 10 cm.
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FIGURE 2. Equus stenonis Dm 5/154.3/4.A4.5, from the Georgian locality of Dmanisi. (A) Cranial view; (B) lateral view, left side; (C) ventral view. Scale bar 10 cm.
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FIGURE 3. Equus stenonis IGF11023, from the Early Pleistocene locality of Olivola. (A) Ventral view; (B) lateral view, left side. Scale bar 10 cm.


The virtual reconstruction carried out herein has demonstrated the feasibility of this method, by the production of two 3D models whose final morphology is fully congruent with a comparative sample of E. stenonis specimens from other localities in Europe. Eventually, by reflecting the right side of the 3D E. stenonis holotype model, we produced a fully symmetrical, vivid representation of the original skull shape in the Equus stenonis holotype specimen.



EQUUS STENONIS

Equus stenonis Cocchi, 1867 (Figure 1) is the most common Early Pleistocene European fossil horse. It occurs in Spanish, French, Italian, Bulgarian, Romanian, and Greek Early Pleistocene localities (Alberdi et al., 1998; Athanassiou, 2001; Azzaroli, 2003; Alberdi and Palombo, 2013; Bernor et al., 2019; Boulbes and van Asperen, 2019), and in the Georgian locality of Dmanisi (Vekua, 1995) even if its chronological range still remains undefined. Nomade et al. (2014), assigned a new 2.4 Ma age to the French locality of Saint Vallier, yielding Equus stenonis vireti Prat (1964) which therefore represents the oldest evidence of this species in Europe. Equus stenonis last occurrence is more debatable, although the horse’s presence at Farneta/Pirro Nord Faunal Units (FU), in Italy, correlated to circa 1.5–1.3 Ma, possibly represents the species last appearance being replaced shortly thereafter by Equus suessenbornesis (Alberdi and Palombo, 2013; Palombo and Alberdi, 2017).

The Equus stenonis holotype is a skull with associated mandible (IGF560), discovered by the Italian paleontologist Igino Cocchi in the 1867 near Terranuova (Arezzo, Tuscany), a 1.8 Ma fossil locality in the Upper Valdarno basin in Central Italy, belonging to the Olivola/Tasso Faunal Unit (FU). The skull is housed in the Natural History Museum in Florence. Cocchi named the species, without any description. A preliminary description was later given by Forsyth Major (1885) and, in more detail, by Azzaroli (1964). De Giuli (1972) wrote a comprehensive review of the anatomical features of the E. stenonis sample from Olivola. Equus stenonis was discussed in several papers during the last few years, focusing on its biogeographic dispersion and its phylogenetic position within the stenonine horse group (Alberdi et al., 1998; Forsten, 1999; Athanassiou, 2001; Azzaroli, 2003; Alberdi and Palombo, 2013; Palombo et al., 2017; Boulbes and van Asperen, 2019). Recently, Bernor et al. (2019) provided an updated description of the holotype, demonstrating its relationships with the Old World Equus and extant zebras and its possible relationship with the North American Equus simplicidens.


Equus stenonis Holotype Skull IGF560

The Equus stenonis holotype is an almost complete, medio-laterally deformed skull, lacking its left zygomatic arch. The skull has an elongated snout with a large canine, indicating that it is an adult male. The nasal bones are retracted to the level of P3 mesostyle. The snout is elongate with an arcuate incisor arcade. The maxillary cheek teeth are inclusive of dP1-M3. The M3 is worn, dP1 is (remarkably) still in place although with advanced wearing. The maxillary cheek teeth have the following features: dP1 is small and rounded; P2 has a short anterostyle; all cheek teeth have a short protocone linked to the protoloph; pli caballins are single on all cheek teeth; fossettes are well developed on P2-P4 and M2, lesser developed on M1 and M3; hypoglyph is moderately deep on P2-M2 and not expressed on M3.

In ventral view, the palatine processes of the muzzle are medio-laterally compressed, but the muzzle breadth between the posterior I3 borders is well preserved. The palate is highly compressed, and the left upper teeth row is rotated counterclockwise to the internal side and slightly sheared in its antero-posterior sagittal plane. The choanae are heavily distorted and medio-laterally compressed, even if the vomer and the basisphenoid bones are preserved. The ventral occipital bones are damaged, yet the paracondylar processes within the occipital condyles and the foramen magnum are preserved.

In lateral view, the preorbital fossa is faintly delimited as a depression on the postero-superior maxilla level, and the facial maxillary crest is strongly developed on both sides. The zygomatic bone is preserved on the right side only. The orbits are preserved on the right side, while only the anterior ridge of the left orbit is present. The skull shows significant damage in the lateral maxillary region and the area of the paranasal sinuses, being more evident on the right side with respect to the nasal bones. The rostral process is not preserved.

In dorsal view, the temporal bones are preserved on both sides, although compressed medio-laterally. The right frontal bone above the orbital process. On the left side the frontal bone is strongly compressed with concomitant plastic deformation of the frontal sinuses and a shear compression along the sagittal plane. The maxillary and premaxillary bones (the muzzle) are well preserved, although the latter shows a slight counterclockwise rotation on the left side, as it is apparent in the positioning of the left P2-M3 cheek teeth row.



Equus stenonis Dm 5/154.3/4.A4.5, Dmanisi

The Dmanisi Equus stenonis fossil specimen Dm 5/154.3/4.A4.5 (Figure 2) was used as a retrodeformation target. The skull is lacking the muzzle and the occipital bones, although the cranial vault is complete and undeformed. The skull shows the typical E. stenonis occlusal maxillary cheek tooth pattern, including presence of short, squared protocones connected to the protoloph, which is a characteristic of the E. stenonis holotype.

In ventral view, the maxillary cheek tooth rows are nearly complete (only the right P2 is missing) and the teeth show a medium stage of wear. The palate and the choanae are well preserved, the pterygoid bones are lacking, but the anterior border of the vomer is preserved. The two mandibular fossa of the zygomatic process are preserved.

In lateral view, the skull does not display any deformation. The preorbital fossa is small but clearly visible, and dorsally placed on both sides. The infraorbital foramen is preserved on the left side, the two facial maxillary crests are strongly developed from the zygomatic process up to P4/M1 vertical border in both sides and are clearly distinguishable from the orbital processes. The two maxillae do not show any deformation in correspondence to the paranasal sinus.

In dorsal view, the occipital bones are missing, and the frontal bones do not show any deformation in correspondence to the frontal sinuses. The supraorbital foramina are preserved. The nasal bones are broken but preserved up to the level of the preorbital fossa.



Equus stenonis IGF11023, Olivola

The Equus stenonis specimen from Olivola (Figure 3) is our second target skull. The skull is incomplete having preserved its muzzle and palatal regions. The skull, although damaged on the lateral and dorsal surfaces, does not show any sign of deformation in ventral view. The palatine process is preserved in the premaxilla with all the upper incisors in situ, except for the right I1. The palate is not deformed although the choanae are missing. The two maxillary tooth rows are well preserved, the teeth are in a middle stage-of-wear. The protocone displays the typical E. stenonis morphology. In lateral view, the two facial maxillary crests are well developed up to the P4/M1 boundary on both sides. The zygomatic processes are not preserved, the left orbital process is present. The skull shows a slight deformation in proximity to the paranasal sinuses.



MATERIALS AND METHODS


3D Equus stenonis Digital Models

The Equus stenonis 3D digital meshes used in the analysis, the holotype skull IGF560 and the two target specimens Dm 5/154.3/4.A4.5 and IGF 11023, were acquired using the structural light 3D Scanner Artec Eva and Artec Space Spider1. The accuracy of the Artec Eva is up to 0.1 mm, with a resolution of 0.5 mm. It is capable of capturing the object’s texture with a 1.3 megapixel resolution, with a 3D reconstruction rate for real time fusion of up to 16 frames per second, and a data acquisition speed of 2 million points for each second of recording. It works with a flash bulb (not a laser) 3D light source. Artec Eva is designed to digitally acquire objects larger than 10 cm. Artec Space Spider has a the 3D point accuracy of up to 0.05 mm, with a 3D resolution of 0.1 mm. It is capable of capturing the object texture with a 1.3 megapixel resolution, with a 3D reconstruction rate for real time fusion up to 7.5 frames per second, and a data acquisition speed of 1 million points each second of recording. It works with blue LED 3D light source. The optimal object size to be acquired under Artec Space Spider is > 5 cm.

Due to different target specifications, we used both scanners to build the IGF560, Dm 5/154.3/4.A4.5 and IGF 11023 3D meshes. Each skull was scanned with Artec Eva obtaining 6 partial scans (3 for dorsal view and 3 for ventral view), to acquire the external surface geometry. The upper teeth row and the incisor teeth have been scanned with Artec Space Spider (2 scans for each upper incisor row and the incisive arch, along the labial and lingual sides). Through the definition of morphological landmarks, the 12 digital scans obtained with the two light structured scanners have been aligned and the mesh created by using Artec Studio 14 software2. The 3D models have been exported in the. obj format.



Equus stenonis Target Deformation Protocol

Digital reconstruction techniques are becoming very popular in paleontology, as they represent a powerful tool to analyze disarticulated and damaged fossil remains, and even to reconstruct missing parts (Benazzi et al., 2014; Cunningham et al., 2014; Profico et al., 2019a).

Here we designed a workflow that sequentially combines different analytical tools and algorithms to obtain a virtual restoration of the Equus stenonis holotype skull (IGF560) by using target specimens as a guide (all meshes have been decimated to 500,000 triangles).

The procedure includes three steps:


1.Perform the retrodeformation of the Equus stenonis holotype (IGF560) by using a bilateral landmark configuration.

2.Align the target specimens (the Georgian Dm 5/154.3/4.A4.5 and IGF11023 from Olivola) to each other in order to calculate a mean target shape.

3.Warp the retrodeformed holotype onto the mean target shape.



Retrodeformation aims to remove asymmetric alterations due to taphonomic processes by applying a set of corresponding bilateral landmarks. An effective retrodeformation protocol was recently implemented by Schlager et al. (2018) and is available in the R software environment as embedded in the Morpho R package (Schlager, 2017). Despite traditional approaches (Ogihara et al., 2006; Gunz et al., 2009; Ghosh et al., 2010), this algorithm computes a non-linear symmetrization method detecting multiple local affine deformations reducing the interpolation performed by TPS (Bookstein, 1989). This protocol works with bilateral landmarks. For each pair of landmarks, their centroid is computed. The algorithm works by minimizing the stretch required to orthogonalize each local frame. The retrodeformation algorithm is embedded in the retroDeformMesh() function of the Morpho package (Schlager, 2017). The function uses a triangular mesh representing a digital model of the holotype, a set of bilateral landmarks to be placed directly on it, and a two-column matrix defining the left and right landmark indices. We used the IGF560 3D mesh as the initial surface with a set of 60 bilateral landmarks (Figure 4). The landmarks are listed in Supplementary Table S1. All landmarks were manually sampled using the Amira software (ver. 5.4.5 https://www.thermofisher.com/amira-avizo). The 60 bilateral landmarks describe the entire morphology of IGF560. We avoid the use of surface semi-landmarks because the specimen IGF560 exhibits cracks and other damage on its surface. The aim of the retrodeformation procedure is to restore the original symmetry of IGF560. At the end of the process we obtained the retrodeformed version, IGF560R, of the original holotype IGF560 (Figure 5A).


[image: image]

FIGURE 4. Landmark configuration used on IGF560. (A) Dorsal view; (B) ventral view; (C) lateral view.
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FIGURE 5. Fossil restoration process explained step by step. (A) The IGF560 specimen is symmetrized by using retroDeformMesh() to obtain IGF560R. (B) IGF11023 is first oriented on Dm5 (DTA 1), then Dm5 is oriented on IGF11023 (DTA 2). A mean shape between the first aligned set and the second is computed. The target set is built by using the Dm5 landmark set and the landmarks of the mean shape set belonging to the snout. (C) IGF560R is warped via thin plate spline transformation based on the target configuration.


The second step involved the alignment of the two target specimens (Dmanisi Dm 5/154.3/4.A4.5 and Olivola specimen IGF11023) and the calculation of a mean shape which can be used as a guide for further deformation (Figure 5B). The alignment of the two specimens was performed by applying the Digital Tool for Alignment (DTA), recently developed by Profico et al. (2019a) in the R environment (R Core Team, 2013) and embedded in the Arothron package (Profico et al., 2020). DTA uses the shape information contained in a reference sample (or in a reference specimen) to find the best alignment fit for disarticulated regions of a damaged specimen. To achieve this, the DTA algorithm includes first a generalized Procrustes Analysis between the reference and target models. The quantification of the morphological distances between the aligned configuration and the reference model dataset allows us to choose the best reference model, identified in the alignment with the least morphological distance. In this case study, we performed two inverse DTAs (Dm5/154.3/4.A4.5 vs. IGF11023 and IGF11023 vs. Dm5/154.3/4.A4.5), by considering the two target specimens as if they were individually undeformed portions belonging to a single, disarticulated skull. We used a set of 30 bilateral landmarks for Dm 5/154.3/4.A4.5 and 24 bilateral landmarks for IGF11023 (Figure 5B and Supplementary Table S1). All landmarks were manually sampled with Amira software. Once we obtained two different aligned sets, we computed the mean shape.

Eventually, the third step consisted of warping IGF560R on the mean shape obtained by using the two targets. As we know that the Dm 5/154.3/4.A4.5 specimen is mostly undeformed, we decided to build the target set for the final warping by keeping all the landmarks originally sampled on Dm 5/154.3/4.A4.5 and embedding all the extra landmarks coordinates from the mean shape set. The warping process was performed through the Morpho function tps3d() (Schlager, 2017), which deforms a set of coordinates or a mesh via thin plate spline transformation based on a reference and a target configuration. This step produced the retrodeformed and warped-to-targets mesh IGF560W (Figure 5C).

We further applied 3D reflection to IGF560R to obtain a perfectly symmetrical model with two zygomatic arches. This produces a symmetrical rendering of IGF560 which we refer to as IGF560R-S. We repeated the warping process on IGF560R-S, producing the virtual reconstruction IGF560W-S. The goal of the mirroring process is to compare the simple restoration procedure, as accomplished in IGF560R, to a more stretched application, where the starting digital model is forced to be symmetrical.

In order to compare the restoration model results, we used the Morpho function meshDist() (Schlager, 2017) to compute the surface mesh distances between all the virtual models sharing the same mesh, that is all the pairwise comparisons between IGF560, IGF560R, IGF560W and their symmetrical equivalents IGF560R-S and IGF560W-S. The surface distances were computed as the differences between homologous vertex coordinates of two meshes, which can be retrieved by the Morpho function vert2points() (Schlager, 2017).

In addition, to visualize the local deformation between the original and the retrodeformed model we used the function localmeshDist() (Profico et al., 2020). The localmeshDist returns a 3D color map showing the local deformation in terms of area reduction or expansion. In this way, it is possible to visualize which areas during the target deformation procedure were either reduced or expanded.

Finally, we performed a Principal Component Analysis (PCA) by comparing biometric distances taken on the virtual specimens to equivalent measurements taken on several skulls of fossil and extant species to evaluate the goodness of the Target Deformation procedure.



TARGET DEFORMATION RESULTS

The Target Deformation results on the Equus stenonis holotype are shown in Figure 6. Figures 6A–D represent IGF560, IGF560R, IGF560W, respectively, with the color scale bar obtained from the meshDist() and localmeshDist() function to evaluate the morphological distance between the three target deformation versions of IGF560 (Table 1).


[image: image]

FIGURE 6. Comparison of the 3D models obtained with the Target Deformation. (A) Represent IGF560. Color gradient (from blue to red) indicates the increase in mesh vertex displacement in millimeters in IGF560R (B) and IGF560W (C). Panel (D) shows the mesh triangles area variation in terms of contraction (red/yellow) and expansion (blue/purple).



TABLE 1. Surface mesh pairwise distances in terms of maximum (lower triangle) and absolute mean values (upper triangle) between IGF560, IGF560R, IGF560W, and their symmetrical equivalents IGF560R-S and IGF560W-S.

[image: Table 1]Compared to IGF560, IGF560R displays a maximal deformation of 12 mm in correspondence to the frontal bones above the orbital processes and the temporal bones, where the brain case has been rendered symmetrical on the right side. The left maxillary and premaxillary process, within the P2-M3 cheek teeth row, show a higher value of distance, due to the slight rotation on the left side of the original holotype. In ventral view, IGF560R renders the two upper teeth rows completely parallel. The palatine processes of the muzzle still remain medio-laterally compressed, even if the anterior breadth of the muzzle within the incisor arch (left I3 – right I3) displays a slight rotation on the right side. The palate exhibits a medium deformation between the two upper teeth rows, more evident on the left side.

Figure 6C renders a 3D model, IGF560, rendered by applying the DTA and tps3d protocols. Here, the power of Target Deformation becomes evident. This specimen exhibits an strong deformation on the right zygomatic arch, on both lateral facial crests behind the maxilla level and the orbits. The maximum distortion reached on this model is of 35 mm, as represented by the red areas. The temporal and occipital bones show the homologous deformation target, within a deformation average from 15 mm from the sagittal plane of the skull to 25 mm on both lateral sides. In ventral view, the best evidence of the Target Deformation is provided on the palate and the palatine process of the muzzle. The maximum palate distance between P4 and M1 is up to 28 mm, and between the posterior border of I3 (see M13–M14–M15 in Table 2). It is remarkable that the two upper cheek teeth rows and maxilla processes behind the M3 have not been broadened, and the upper teeth occlusal morphology has not been deformed. The choanae show the analogous deformation on both sides, within the sphenoid, the two paracondylar processes and occipital condyle. In ventral and lateral views, the muzzle and the nasal processes have been slightly elongated and widened, even if the final breadth of the palatine process does not diverge significantly from the holotype. This demonstrates that the maximum medio-lateral deformation has been reached in the central and posterior areas of the skull, whereas the muzzle has not been involved with the same stress deformation.


TABLE 2. Measurements of IGF560, IGF560W, IGF560R-S, and IGF560W-S. Measurements follow Eisenmann et al. (1988) and Bernor et al. (1997).

[image: Table 2]Supplementary Figure S1 illustrates the IGF560R-S model. To obtain this model, the right side of Equus stenonis Holotype has been reflected, to get a perfectly symmetrical skull with two zygomatic arches. In IGF560R-S, the damage on the left side of the holotype has been altered by restoring the left zygomatic arch. The Target Deformation performed on IGF560R-S has yielded IGF560W-S (Supplementary Figure S1). The results on this model are quite similar to IGF560W, with the most deformed areas represented from the two zygomatic arches, both lateral facial crests behind the maxilla level and the orbits. In ventral view, both sides of the skull exhibit a homologous level of deformation at the posterior borders of the I3, in the palatine process and the palate and on the basal occipital region with sphenoid, the two paracondylar processes and occipital condyle. Greater deformation occurs on the upper incisors, probably due to a slight elongation of the muzzle. Deformation in the same area is also evident on IGF560W. No landmarks have been selected on the zygomatic arch (Figure 4), due to its absence on the left side of the holotype and also due to the incomplete preservation of both sides on the skull from Dmanisi. However, the results are in accordance with skull retrodeformation, even if slightly overestimated (see M19 in Table 2). Definitely, a set of control landmarks on the zygomatic arch and processes would have given a better result for this area of the skull.

The blue areas recognizable in dorsal view on IGF560W and IGF560W-S can be interpreted as the results of the original vector stress deformation to which IGF560 has been exposed. Indeed, these areas are located on the most damaged dorsal and ventral area of the skull and, in IGF560W, follow the deformation of the left side of the skull on the central region of the neurocranium.

In Figure 6D we reported the mesh area variations between IGF560 and IGF560W computed by using the function localmeshDist. Cold and warm color palettes indicate respectively local expansion and reduction in the final virtual reconstruction (i.e., IGF560W) compared to the original model (i.e., IGF560). The target deformation procedure leads to a great expansion of the neurocranium, which is laterally compressed and broken in the original specimen, and a moderate expansion of the ventral aspect of the right zygomatic arch. The choanae and the sphenoidal region show an analogous expansion on both sides. Only the upper portion of the frontal bone resulted in a contraction. The remaining anatomical regions of the IGF560 do not result in local differences.



MORPHOMETRIC ANALYSIS

We evaluated the Target Deformation performance by undertaking a PCA on the IGF560W and IGF560W-S models in addition to a set of fossil and extant Equus specimens. The skull measurements we used follow the standards published by Eisenmann et al. (1988) and Bernor et al. (1997). The comparison sample includes Equus simplicidens (Hagerman Horse Quarry, Idaho, United States, 3.3 Ma; Rook et al., 2019), Equus eisenmannae (Longdan, Linxia Basin, Gansu Province, China, 2.55 Ma; Wang and Deng, 2011; Rook et al., 2019), Equus huanghoensis (China, Early Pleistocene; Li et al., 2016; Sun and Deng, 2019), Equus sanmeniensis (China, Early Pleistocene; Sun and Deng, 2019), Equus sp. from Senèze (Senèze, France, 2.1 Ma; Nomade et al., 2014; Eisenmann, 2017), Equus stenonis vireti (Saint Vallier, France, 2.4 Ma; Nomade et al., 2014), Equus koobiforensis (Koobi Fora, Kenya, 1.9 Ma; Rook et al., 2019), and extant Equus grevyi. The IGF560 holotype has not been included in this sample due its severe medio-lateral deformation.

We have chosen the most distinctive skull measurements to evaluate whether IGF 560W and IGF 560W_S effectively place close to other E. stenonis specimens: M1 = basal length of the muzzle; M3 = vomerine length; M4 = post vomerine length: from the middle of the vomerine notch to basion; M6 = total basal length of the skull; M7 = upper premolar row length (P2–P4); M8 = upper molar row length (M1–M3); M9 = upper cheek tooth row length (P2–M3); M15 = muzzle width, between the posterior sides to distal limits of the I3; M18 = frontal breadth behind the orbits; M23 = anterior ocular line: from the prosthion to the most external point of the orbital process; M30 = length of the naso-incisival notch: from the prosthion to the back of the narial opening; M31 = cheek length: from the back of the narial opening to the most anterior point of the orbit. The complete dataset used in the PCA is reported in Supplementary Table S2.

In Figure 7 we reported the PCA plot showing the morphological similarities of IGF560W and IGF560W-S as compared to the comparative sample. The loadings of the PCA are reported in Supplementary Figure S2, whereas the PCA component values are shown in Table 3. The PC1 and PC2 explain the 59.4% of the total variance (PC1 = 36.89%; PC2 = 22.51%). PC1 mostly clusters specimens by the measurement M6 and M23 (total linear length) from negative to positive values. PC2 separates species by the M3 and M31 variables at positive values, and M4 and M30 at negative values. The two models obtained with the new Target Deformation protocol, IGF560W and IGF560W-S, are positioned closed to the E. stenonis vireti sample from Saint Vallier and the Equus sp. from the Early Pleistocene of Senèze. These results allow us to confirm the performance of the Target Deformation, where the two IGF560W and IGF560W-S 3D models can be considered as coherent and trustworthy with the skull morphology of the European E. stenonis samples form Saint Vallier and Senèze. Only these two localities have provided complete slightly deformed or undeformed skulls, which can be considered in a multivariate analysis including several skull measurements.
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FIGURE 7. Principal component analysis, comparing IGF560W and IGF560W-S with a set North American and Eurasian Plio-Pleistocene Equus and with the extant Equus grevyi.



TABLE 3. PCA components values.
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DISCUSSION AND CONCLUSION

The new virtual reconstruction protocol, which includes recent implementations in digital restoration of fossil specimens as retrodeformation (Schlager et al., 2018), a digital tool for alignment (DTA, Profico et al., 2019b), and 3D thin plate spline transformation (tps3d) (Schlager, 2017), has been applied on a case study utilizing one of the most important type specimens in the evolution of Old World Equus during the Pleistocene, the Equus stenonis from the Upper Valdarno Basin, Italy. We have demonstrated that this 3D virtual reconstruction protocol is capable of virtually restoring a severely crushed specimen by using partially complete skull specimens, such as the fragmentary E. stenonis skulls from Olivola and Dmanisi. Fossil horses are often deformed in their skull, due to their long and slender morphology and the presence of several pneumatized paranasal sinuses which occur within the skull. Through Target Deformation, the original shape of the skulls can be restored in a detail that allows performing morphologic, morphometric and phylogenetic analyses.

The Target Deformation study undertaken on the E. stenonis holotype IGF560 has produced the 3D model IGF560W which has revealed a skull morphology congruent with other specimens ascribed to the same species. This reconstruction is further supported by a multivariate analysis of cranial measurements. Our results indicate that the new 3D meshes IGF560W and IGF560W-S have a skull whose shape falls within the intraspecific variability of the European Equus stenonis from the Early Pleistocene of Saint Vallier and Senèze.

One potential caveat is that Target Deformation cannot provide shapes outside the range of the target specimens, potentially replicating their measurements. However, we argue that by producing intermediate shapes using separate specimens via DTA, Target Deformation does not produce measurement pseudoreplication, provided the original specimens are not themselves part of the analysis. In our case, neither the incomplete Dmanisi and Olivola skulls, nor the mediolaterally compressed and partially broken IGF560 could serve the goal to perform a comparative analysis of Equus skull shape variation. Nevertheless, as reported in the PCA, the new 3D models obtained with the Target Deformation protocol, IGF560W and IGF560W-S, can be included in a morphometric multivariate analysis in order to increase the E. stenonis fossil skull representatives. This means target deformation promises to increase the statistical power of comparative analyses and could improve the digital restoration process. Although not specifically tested here, we argue that by sizing up deformation directly from the original specimens, Target Deformation can be a viable tool to study the impact of taphonomic distortion on fossil preservation.

The virtual restoration protocol presented here can be undertaken on any other 3D species model involving either vertebrate or invertebrate fossils. Target Deformation could provide substantial improvement for examining and reporting damaged fossil specimens.
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FIGURE S1 | IGF560R-S (A) and IGF560W-S (B) comparison by meshdist(); color gradient (from blue to red) indicates the increase in mesh vertex displacement in millimeters.

FIGURE S2 | Principal component analysis loadings.
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TABLE S2 | Raw data used in the principal component analysis.
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Modern humans have larger and more globular brains when compared to other primates. Such anatomical features are further reflected in the possession of a moderately asymmetrical brain with the two hemispheres apparently rotated counterclockwise and slid anteroposteriorly on one another, in what is traditionally described as the Yakovlevian torque. Developmental disturbance in human brain asymmetry, or lack thereof, has been linked to several cognitive disorders including schizophrenia and depression. More importantly, the presence of the Yakovlevian torque is often advocated as the exterior manifestation of our unparalleled cognitive abilities. Consequently, studies of brain size and asymmetry in our own lineage indirectly address the question of what, and when, made us humans, trying to trace the emergence of brain asymmetry and expansion of cortical areas back in our Homo antecedents. Here, we tackle this same issue by studying the evolution of human brain size, shape, and asymmetry on a phylogenetic tree including 19 apes and Homo species, inclusive of our fellow ancestors. We found that a significant positive shift in the rate of brain shape evolution pertains to the clade including modern humans, Neanderthals, and Homo heidelbergensis. Although the Yakovlevian torque is well evident in these species and levels of brain asymmetry are correlated to changes in brain shape, further early Homo species possess the torque. Even though a strong allometric component is present in hominoid brain shape variability, this component seems unrelated to asymmetry and to the rate shift we recorded. These results suggest that changes in brain size and asymmetry were not the sole factors behind the fast evolution of brain shape in the most recent Homo species. The emergence of handedness and early manifestations of cultural modernity in the archeological record nicely coincide with the same three species sharing the largest and most rapidly evolving brains among all hominoids.

Keywords: endocast, brain volume, asymmetry, primates, human evolution, Homo neanderthalensis, Homo heidelbergensis


INTRODUCTION

The evolution of the human brain is one of the most intensely investigated topics in anthropology. Most studies on the subject matter focus on the achievement of our outstanding brain size (Rilling, 2006); fewer more focus on brain shape, which is intrinsically hard to study given it takes producing skull endocasts of our ancestors that come short in numbers and are not always easily accessible (Holloway, 2018). Recent developments in virtual anthropology (Weber, 2014) are now making fossil human endocasts a less rare commodity (Bruner et al., 2018), so that we are gaining scientific knowledge on our brain evolution at an unprecedented rate (Falk et al., 2000; Zollikofer and De León, 2013). Paralleling such increasing availability of brain endocasts, phylogenetic comparative methods offer ever better opportunities to study the rate and direction of phenotypic evolution, allowing the inclusion of fossil forms in studies of trait evolution. This is a key addition as the inclusion of fossils to extant-species phylogenies provides better understanding of the tempo and mode of evolution (Slater et al., 2012; Puttick, 2016; Schnitzler et al., 2017).

Recent studies on endocranial volume (i.e., the best proxy for brain size) in hominins invariably point to the presence of phenotypic leaps coinciding with the appearance of Homo (Du et al., 2018), although several lines of evidence indicate that not all Homo species belong to this “unusually big-brained” class of species, the latter being restricted to Homo heidelbergensis, Homo neanderthalensis, and Homo sapiens (Ruff et al., 1997; Rightmire, 2004; Profico et al., 2017; Diniz-Filho et al., 2019). These studies point to a non-gradual process of brain increase along the hominin lineage, probably prompted by the causal association between speciation and brain size (Du et al., 2018; Melchionna et al., 2019; Rocatti and Perez, 2019; Sansalone et al., 2020). These recent findings are slowly superseding earlier reports describing a pattern of gradual brain size increase in hominins (e.g., Lee and Wolpoff, 2016).

Our understanding of the evolution of brain shape in the human lineage might be experiencing a reverse trend. Despite logical enthusiasm around early findings illustrating an exquisitely human brain shape and level of brain asymmetry (Holloway, 1981; Holloway and De La Coste-Lareymondie, 1982), it has been later noted that the typical brain shape in H. sapiens, which is characterized by a strong left-occipital right-frontal asymmetry known as the Yakovlevian torque (Toga and Thompson, 2003) or occipital bending (LeMay, 1976; Holloway and De La Coste-Lareymondie, 1982; Chance and Crow, 2007; Balzeau et al., 2013), is present to a degree in both fossil human species and great apes (Gannon et al., 1998; Balzeau and Gilissen, 2010; Frayer et al., 2016; Neubauer et al., 2020). This casts doubt on the link between brain asymmetry and properly human cognitive abilities and still suggests that the evolution of human brain shape is best viewed as a gradual process toward exaggerated asymmetry and large size (Balzeau and Gilissen, 2010; Corballis, 2010; Gomez-Robles et al., 2013; Neubauer et al., 2018). However, the observation by Xiang et al. (2019) that torque magnitude is independent of brain size variation within H. sapiens and repeated findings that brain asymmetry is more variable in humans than in apes (Balzeau et al., 2012a; Neubauer et al., 2020) challenge this view and point to either a punctuational evolutionary event (Crow, 1993; Hou et al., 2019; Xiang et al., 2019) or a shift in the rate of evolution adding variability in humans (Balzeau et al., 2012a; Neubauer et al., 2020).

Here, we used 3D geometric morphometrics to study brain size and shape evolution in Hominoidea using 123 cranial endocasts belonging to 19 different extant and fossil species, including Australopithecus africanus, Homo ergaster, Homo erectus, H. heidelbergensis, and H. neanderthalensis. We built a phylogenetic tree for the species in the study sample and applied a phylogenetic comparative method especially thought to work with phylogenetic hypotheses including paleontological data. We computed the rate of brain shape evolution and searched for possible rate shifts, and how they correlate to levels of brain asymmetry. We eventually tested whether there is a significant allometric component in brain shape variation.



MATERIALS AND METHODS


Endocasts, Volumes, and Landmark Configuration

We included 123 skull digital models of both extinct and extant species in the analysis. The fossil specimens are Sts 5 (A. africanus); KNM-ER 3733 and KNM-ER 3883 (H. ergaster); Ngandong 7, Ngandong 12, Sambungmacan 3, Zhoukoudian DI, and Zhoukoudian LIII (H. erectus); Kabwe 1, Petralona, and Atapuerca 4 (H. heidelbergensis); Saccopastore 1, La Chapelle-aux-Saints, and La Quina 5 (H. neanderthalensis); and Abri Pataud, Chancelade 1, Cro-Magnon 1, Mladeè 1, and Skhul V (anatomically modern humans). We also included endocasts of 10 modern H. sapiens, 10 Pan troglodytes, 10 Gorilla beringei, 10 Gorilla gorilla, six Pongo abelii, eight Hylobates agilis, nine Hydrophis klossi, 10 Hylobates lar, 10 Hylobates muelleri, four Hoolock hoolock, five Hylobates pileatus, eight Symphalangus syndactylus, two Nomascus concolor, and two Nomascus leucogenys. To produce the digital endocasts, we used the CT scans of crania belonging to living species from the Smithsonian Institute and the Digital Morphology Museum, Kupri1, repositories. We first reconstructed the cranial surfaces by using the software Amira® (version 5.4.5, Visualization Sciences Group, ©20132). Endocasts were obtained within the R software environment by using the endomaker function (Profico et al., 2020). The function works by reproducing the inner surface of the cranial cavity. It is based on an automatic reconstruction procedure named AST-3D (Profico et al., 2018). The procedure consists in reproducing the inner surface starting from multiple points of view (POVs) manually placed inside the cavity. The advantage of endomaker is that it performs the AST-3D algorithm automatically on brain case, without placing POVs. The function further computes the endocranial volume (i.e., the actual volume of the digital endocast) calling the volendo function of the Arothron R package. volendo calculates the 3D space occupied by the digital endocast discretized into voxels, identifying the voxels inside the mesh as those included within a concave-hull containing the mesh of the endocast and then computing the sum of inner voxels.

We extracted the cranial endocasts of Sts 5, Petralona, Saccopastore 1, Ngandong 7, Ngandong 12, KNM-ER-3733, and KNM-ER-3883 by using the Arothron R package (Figure 1). The other hominin fossil specimens are either manually segmented 3D models or laser-scanned physical casts (details are reported in Supplementary Table S1).
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FIGURE 1. Ngandong 7 skull (gray) and its endocast produced with the function endomaker.


To register endocast shapes, we manually collected from each specimen 16 landmarks by using Amira (Supplementary Table S2). Then, 1000 bilateral semilandmarks (500 on each side) were automatically placed and slid in the R software environment by using the Morpho R package (Schlager, 2017) (Figure 2).
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FIGURE 2. Landmark configurations used in the present work. Fixed landmarks (in blue) were manually defined. Semilandmarks are shown smaller and in dark green.


Some fossil specimens may suffer distortion by the taphonomic process, including missing portions. We did not include deformed specimens as they miss the relevant phenotypic information. However, in order to maximize sample size, we applied shape mirroring some specimens but nonetheless excluded them from the analysis of brain asymmetry as the mirroring erases such information. In particular, Kabwe I, La Quina 5, and KNM-ER 3883 are incomplete. In Kabwe I, small portions of the right occipital and parietal lobe are missing. A portion of the left cerebellum is missing in KNM-ER 3883. La Quina 5 lacks the entire base and a portion of the left frontoparietal lobe. Whenever we were not able to sample specific landmarks due to missing parts, the configurations were fixed by using the Morpho function fixLMmirror, estimating missing landmarks from their bilateral counterparts. This procedure is based on the reflecting and relabeling technique (Gunz et al., 2009). More specifically, the landmark configuration is mirrored, left and right landmarks are relabeled, and the missing data are imputed by deforming the mirrored version to the original one (Schlager, 2017). The same procedure was applied on the semilandmark sets after the sliding step. As this technique involves mirroring, the hominin specimens Kabwe I, La Quina 5, and KNM-ER 3883 were excluded from the asymmetry analysis.



Procrustes Analysis and RRphylo

We computed the mean landmark configuration per species. To this aim, we first performed a preliminary alignment of the specimens via Generalized Procrustes Analysis (GPA) (Gower, 1975) using the function procGPA in Morpho (Schlager, 2017). Subsequently, we computed the mean shape configuration per species.

To analyze the differences in brain shape among different species, we performed a Procrustes superimposition and a principal component analysis (PCA) on the vectorized landmark sets through the Morpho function procSym. This function returns both aligned coordinates and scores from the PCA.

In order to analyze the rate of brain shape evolution, we computed the phylogenetic tree for the species under analysis by using the phylogenetic hypotheses implemented in Meloro et al. (2015) and Melchionna et al. (2019). To search for evolutionary shifts in brain shape, we applied the RRphylo function in the R package RRphylo (Raia et al., 2020). The function relies on ridge regression to compute phenotypic evolutionary rates for each branch of the phylogeny and to estimate ancestral phenotypes with either univariate or multivariate data (Castiglione et al., 2018). In the present framework, we used all the principal component (PC) scores retrieved from the PCA pooled by species as phenotypic data, along with the Hominidae tree including the 19 analyzed species as the phylogeny (see Supplementary Material). Individual clades within the phylogeny were tested for the presence of rate shifts in brain shape evolution by applying the function search.shift. This function locates nodes subtending to clades possessing significantly higher/lower absolute phenotypic rate values by using a two-tailed permutation test (Castiglione et al., 2018). Since brain shape variations might possess a strong allometric component (Aristide et al., 2016), and brain asymmetry (see below) might represent an important source of brain shape variation, we performed the analysis by using once the endocranial volume and once the mean asymmetry per species as predictors. This is currently implemented in the multiple regression version of RRphylo (Melchionna et al., 2019; Serio et al., 2019). The analysis without endocranial volume taken as a prediction (pure shape) is presented as part of the Supplementary Material.

We analyzed the evolution of brain size using the mean endocranial volume per species as the phenotype and scanned the phylogeny and data seeking after significant shifts in the endocranial volume. The same procedure was applied to brain asymmetry. Eventually, to assess the presence of allometry in the brain shape data, we regressed brain shape against the mean endocranial volumes by means of generalized phylogenetic least squares regression (multivariate PGLS). We applied two different PGLS models. The first implements classic PGLS by using the procD.gls function in geomorph (Adams et al., 2019). The second rescales the tree branch lengths according to the multivariate rate variation across the tree branches as calculated by RRphylo before running procD.gls. These implementations are available in the function PGLS_fossil in the RRphylo package.



Measuring Asymmetry in Cranial Endocasts

Bilateral endocast asymmetry was assessed by comparing the brain morphology on the right and left sides. We used the same landmark and semilandmark configurations shown in Section “Endocasts, Volumes, and Landmarks Configuration.” In order to record differences in shape between the two halves of the endocast, we defined a set of 1000 semilandmarks, sampling 500 homologous points on each side. We built a symmetric reference for semilandmark placing and sliding procedures. In this way, the slid semilandmarks can be used as a proxy to calculate the difference in shape between right and left sides in all the specimens composing the sample.

After the sliding procedure, we applied the following procedure to each bilateral semilandmark configuration:

i. Calculation of the rotation matrix to mirror, scale, and align (ordinary Procrustes analysis step) the left side into the right side and vice versa following Klingenberg et al. (2002) (Figure 3);
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FIGURE 3. Workflow illustrating the procedure to compute bilateral asymmetry in cranial endocasts. First, the semilandmark configuration of one side (red spheres on the left side) is reflected on the other hemisphere (green spheres). Second, the mirrored semilandmark configuration is scaled to the centroid size of the right side (blue spheres). Third, the configurations are superimposed and rotated around the common centroid to achieve the best fit between the corresponding semilandmarks. For graphical purposes, the procedure is shown on one side only.


ii. Definition of a matrix of differences between the symmetric semilandmark configuration and the original one;

iii. Definition of a matrix of difference between right and mirrored left sides and vice versa.

At the end of this process, we obtained two suitable matrices to analyze the asymmetry of the cranial endocasts. We explored the relation between asymmetry and shape by applying a partial least squares (PLS). We defined as first block the endocast shape and as second block the matrix of asymmetry calculated on each specimen. The endocast shape consists in the semilandmark configurations after the GPA analysis (scaling included). We perform also a PLS on a less dense semilandmark configuration (50 semilandmarks on each side).



RESULTS

The PCA results are shown in Figure 4 (PC1 vs PC2). On the PC1 (which explains 35.93% of the total variance), the overall shape goes from flattened endocasts (PC1 positive values) to more globular shapes with a rounded and expanded frontoparietal region. The occipital lobes become markedly asymmetric at PC1 negative values. Along the PC1, there is a separation between the most recent species of Homo (H. heidelbergensis, H. neanderthalensis, and H. sapiens) and the other hominids. Positive values of PC2 correspond to a brain shape that narrows in the temporal area (which is typical of the Australopithecus brain morphology), whereas at negative values of the PC2, the brain endocast flattens dorsoventrally.
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FIGURE 4. PC1 and PC2 scores are shown. Species represents the mean shape configuration between samples after alignment. They are colored by genus. The endocasts represent the shape at the extreme of the PC axis (endocasts are not in scale). Blue tones represent expansion from the consensus shape, and orange/red tones represent contraction. The two PCs explain, respectively, 35.93 and 14.95% of the total variation.


Brain volume (per unit mass) shows a negative rate shift coinciding with the genus Hylobates (ptwo–tailed < 0.001; Supplementary Figure S1). Interestingly, brain shape asymmetry shows a positive rate shift regarding the species of the genus Homo (ptwo–tailed = 0.979; Figure 5, right). When the average brain volume is considered as a predictor in RRphylo, there is a positive and significant rate shift in brain shape evolution for the clade including H. heidelbergensis, H. neanderthalensis, and H. sapiens (ptwo–tailed = 0.999; Figure 5, left) and a negative and significant rate shift for the Hylobatidae clade (ptwo–tailed < 0.001; Figure 5, left). When brain asymmetry is considered as a predictor in RRphylo, the results do not change; there is a positive and significant rate shift in brain shape evolution for the clade including H. heidelbergensis, H. neanderthalensis, and H. sapiens (ptwo–tailed = 0.999) and a negative and significant rate shift for the Hylobatidae clade (ptwo–tailed < 0.001). Eventually, the same two rate shifts still apply when shape is analyzed on its own, ignoring the allometric component.
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FIGURE 5. Results of the evolutionary rate analysis of brain shape when mean volume per species is used as a predictor (left). The reconstruction of the endocast shape of the common ancestors is provided (endocasts are not in scale) for the tree root and for the common ancestor of modern Homo species. Results of the rate analysis of the average asymmetry values are shown on the right side. Evolutionary rates are scaled for the branches of the tree from higher (cyan) to lower (magenta) values. Clades that show significantly higher and lower rates are highlighted with blue and red rectangles, respectively.


We found a positive allometric scaling between the brain shape and the endocast volume, either using the Brownian motion (p = 0.001) or allowing the evolutionary rates to change across the tree with RRphylo (p = 0.001).

The PLS performed between endocast shape and asymmetry highlights a significant correlation between the two blocks. The correlation coefficient related to the first axis is equal to 0.56, and the p-value is equal to 0.010 as assessed by a permutation test (N = 1000). The correlation coefficient of the second axis is equal to 0.45, and the p-value is equal to 0.001 (see Supplementary Figure S2). On the first PLS axis, Homo erectus and Middle to Late Pleistocene humans (i.e., H. neanderthalensis, H. heidelbergensis, and H. sapiens) are located at negative values of both axes (shape and asymmetry, Figure 6). The Hylobatidae are found at positive values of blocks 1 and 2. The first axis of covariation (PLS1, block 1) explains 14.23% of the total variance of the endocast shape. The shape variations related to the genus Homo show as in this group of species that the left hemisphere is larger (see Figure 6 and Supplementary Figure S3) with an expansion of the right parietal lobe.


[image: image]

FIGURE 6. Biplot showing the first axis of the PLS. On the x-axis is the endocast shape, and on the y-axis is the endocast asymmetry. The species are reported with the same dot colors reported in Figure 4. The shape variations related to both shape and asymmetry are reported at the extreme of the x- and y-axes. The displacement between the right (wireframe in red) and left (wireframe in green) sides is shown overlapped to the colored mesh, indicating the local deformation. Warm and cold colors indicate, respectively, which regions are more contracted and expanded in the right side compared with the left one.


On the second axis of the PLS (see Supplementary Figure S2), the morphology associated at positive values highlights the right hemisphere extending anteriorly, according to the classical Yakovlevian torque pattern. At negative values of both axes, the endocast morphology shows a distortion along the midsagittal profile with a greater asymmetry in the superior parietal region and in the anterior portion of the frontal lobe. By reducing the number of semilandmarks on each hemisphere from 500 to 50, we observe the same pattern of shape variations in the PLS analysis (see Supplementary Figures S6, S7).



DISCUSSION

Humans are often noted for their exceptional brain size and extremely developed cognitive abilities. It has long been noted that our brain is strongly asymmetric, with evident differences between the left and right sides (Leuret and Gratiolet, 1839). The left cerebral hemisphere often extends posteriorly beyond the right, and the latter extends beyond the left frontally, originating the so-called petalia (Galaburda et al., 1978; Toga and Thompson, 2003; Balzeau and Gilissen, 2010). This asymmetric structure is often described as the Yakovlevian torque (Yakovlev and Rakic, 1966). The torque is more than a mere distortion of the bilateral symmetry of the brain. Several studies have indicated that a significant relationship exists between brain asymmetry and the lateralization of cognitive functions such as handedness and linguistic processing. In modern humans, the right frontal (RF) protrusion and left occipital (LO) protrusion are statistically correlated with right-handedness in 85–90% of individuals (Cashmore et al., 2008; Häberling and Corballis, 2016), whereas the reverse pattern is associated to some degree with left-handedness and ambidexterity (Cashmore et al., 2008; Grimaud-Herve and Lordkipanidze, 2010). Lateralization is further observed in hemispheric language dominance. Approximately 95% of right-handed individuals have left-hemispheric dominance for language (Rasmussen and Milner, 1977; Pujol et al., 1999; Szaflarski et al., 2002). A strong variation in the degree of Yakovlevian torque is associated with several functional disorders like depression and schizophrenia (Mackay et al., 2010; Maller et al., 2015; Liu et al., 2016). In schizophrenia, in particular, cerebral asymmetry is reduced, and language processing is less lateralized than in non-schizophrenic subjects (Sommer et al., 2001). This evidence testifies to the intimate connection between the pattern of structural brain asymmetry and lateralization in the development of higher cognitive abilities (Walker, 1980; Gevins et al., 1983; Lefebvre et al., 2004).

Brains of non-human anthropoids are also functionally lateralized to a degree (Holloway, 1981; Cantalupo and Hopkins, 2001; Wu et al., 2006; Falk, 2007; Hofman and Falk, 2012; Gomez-Robles et al., 2013; Hopkins et al., 2015; Poza-Rey et al., 2017). Hylobatids possibly show higher frequency of left- than right-handers (Morino et al., 2017). The great apes present specific patterns of hemispheric asymmetry, which is less frequent than in humans and rarely involves both the frontal and the occipital lobes. Some scholars (Prieur et al., 2016, 2019; Marie et al., 2018) noted the presence of a low-frequency right-handedness bias in bimanual tasks in chimpanzees and gorillas (Hopkins et al., 2019). Although several studies (McGrew and Marchant, 2001; Mosquera et al., 2007; Harrison and Nystrom, 2008) indicate that great apes do not display any hand preference at the population level (Fitch and Braccini, 2013; Uomini, 2015), some groups can have a majority of left-handers (Cashmore et al., 2008; Uomini, 2009; Chapelain et al., 2011), chimpanzee groups were reported to be predominantly right-handed (Hopkins et al., 2004), and even in monkeys, handedness is related to hemispheric specialization (Margiotoudi et al., 2019).

With so much emphasis on brain asymmetry and its relationship to cognition, it is unsurprising that profound effort has been devoted to studying fossil endocasts so as to reveal the evolution of brain asymmetry in hominids and non-human apes. Different studies now point in the direction that a clearly asymmetrical brain pertains to modern human species, whereas the status of australopiths and early Homo is much less obvious (Tobias, 1987; Rightmire, 2004; Wu et al., 2006). Brain asymmetry is documented in Paleolithic H. sapiens, in H. neanderthalensis (albeit the endocast of La Chapelle-aux-Saints has a reversed RO/LF petalia pattern), and in Middle Pleistocene H. heidelbergensis (Holloway et al., 2004). A reversed RO/LF petalia pattern has been described in Homo floresiensis (Falk et al., 2005) as well in KNM-ER 1813, in some specimens of H. erectus from Asia (Sangiran 2, Sangiran 10, Sangiran 17, and Ckn.L.2) and in D2280 from Dmanisi, while D2282 is described as possessing an RF/LO pattern (Grimaud-Herve and Lordkipanidze, 2010) like four of the five endocasts of H. erectus from Ngandong (Poza-Rey et al., 2017). A human-like pattern is also described in Homo rudolfensis KNM-ER 1470 (Holloway, 1983) and H. ergaster KNM-ER 3733, KNM-ER 3883, and KNM-WT 15000 (Holloway et al., 2004). Small RF/LO petalias have been described for A. africanus, Paranthropus boisei, and Paranthropus aethiopicus (Holloway et al., 2004), while the Homo habilis specimens from Olduvai usually lack RF/LO petalias (Tobias, 1987; Holloway et al., 2004, but see Frayer et al., 2016). Despite this wealth of data apparently suggesting a continuous development of brain asymmetry throughout human evolution, the precise quantification of the magnitude of the asymmetry and its evolutionary significance in terms of cognitive abilities remain elusive (Balzeau et al., 2020). Furthermore, given the 3D geometric complexity of the torque, its recognition on endocranial casts by using traditional linear measurements as in these studies is often prone to a consistent degree of uncertainty. Our analysis based on 3D geometric morphometrics overcomes this limitation and offers the first integrated glimpse on the rates of evolutionary change of brain shape in the different branches of the Hominoidea. Although the allometric component of brain shape change is strong, the pattern is not linear. Rates of the shape change are distinctly lower for Hylobatidae and distinctly higher for the clade including H. heidelbergensis, H. neanderthalensis, and H. sapiens. The early Homo (H. erectus + H. ergaster) and Australopithecus, conversely, are in line with the apes (Figures 4, 6), although early Homo show the same level of asymmetry as later species in the genus, resulting in a significant rate shift in the asymmetry level coinciding with the genus (Figure 5, right). This means that the relative expansion of brain size in Middle to Late Pleistocene Homo is accompanied by a major reorganization in the brain morphology that goes beyond sheer allometric effects and asymmetry and possibly keeps changing in H. sapiens (Bastir et al., 2008; Neubauer et al., 2018; Weaver and Gunz, 2018; Gunz et al., 2019) and H. neanderthalensis (Balzeau et al., 2012b; Mounier et al., 2016).

The pattern of low evolutionary rates in hylobatids is consistent with their evolutionary history and ecologies. The origin of Hylobatidae is placed at 21.8 Ma, and the radiation of the clade occurred between 6.4 and 8.0 Ma (Israfil et al., 2011). Israfil et al. (2011) suggest that such rapid radiation could be paired with biogeographic factors as the population dispersal and variations in the density of the forestal habitat (vicariant speciation). The low degree of body size differentiation and relatively minor ecological diversity when compared to great apes might be responsible for the apparently slow rate of brain shape evolution in this group.

Along the human lineage, the shifts in evolutionary rate in brain size evolution (Du et al., 2018; Diniz-Filho et al., 2019) and increased rates of brain shape evolution (this study) coincide, thus suggesting that brain evolution followed a distinctive path joining H. heidelbergensis, H. neanderthalensis, and H. sapiens. This is entirely consistent with the archeological record of human behavior. Numerous studies on the anterior dentition in H. heidelbergensis, Neanderthals, and Paleolithic modern humans show a predominant right-hand frequency (> 90%), similar to the pattern for living humans attributed to right-handers (de Castro et al., 1988; Lozano et al., 2009; Frayer et al., 2012; Poza-Rey et al., 2017). Studies of experimental production of lithic stone tools demonstrate that brain lateralization is involved in the production of late Acheulean tools or when participants watch Acheulean tool production, but not when participants make or watch others making Oldowan tools (Stout, 2011; Stout and Khreisheh, 2015). Uomini and Meyer (2013) suggested that the same areas for stone tool manufacture, of the Acheulean in particular, are lateralized and located on the left side in brain areas also involved in language processing and social learning.

It is intriguing that the birth of symbolic culture, marked by the use of pigments and personal ornamentation, traces back to the Middle Stone Age with Acheulean tradition at some 300 ka and is itself consistent with human fossil specimens belonging to the species H. heidelbergensis (Henshilwood et al., 2002; d’Errico, 2003; d’Errico and Henshilwood, 2007; Manzi, 2016) and H. neanderthalensis (Zilhão et al., 2010). It must be noted, though, that the indication for symbolic culture in species other than H. sapiens is controversial to say the least (Mcbrearty and Brooks, 2000; White et al., 2019).

Here, we demonstrate that the pace of brain shape evolution shifted since the appearance of the common ancestor to H. heidelbergensis, H. neanderthalensis, and H. sapiens. Although these species share a large brain, levels of brain asymmetry were comparatively large in earlier Homo species, and allometric effects cannot entirely account for the shift toward the faster rate of brain shape evolution in the Middle to Late human species. Remarkably, the rate shift coincides with archeological evidence for the emergence of symbolic culture.
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In recent years photogrammetry has become an essential tool in the study of tetrapod footprints. Morphological analyses of footprints are interpretative; thus, researchers should use as much information as possible in order to eventually provide an objective conclusion. In this regard, photogrammetry is an extremely helpful tool to avoid potential biases and to better present ichnological data. We review the use of this technique in several Permian and Triassic tetrapod ichnological studies, with considerations on (1) ichnotaxonomy, (2) track-trackmaker correlation, (3) locomotion and/or behavior, (4) substrate induced effects, and (5) preservation of the fossil record and heritage. Furthermore, based on the available three-dimensional (3D) data on Permian and Triassic material, we present a first qualitative interpretation of relative depth patterns and the related functional prevalence (most deeply impressed area) within footprints. We identified three main groups: (1) anamniote, captorhinomorph/parareptile tracks (medial-median functional prevalence), (2) diapsid tracks (median functional prevalence), and (3) synapsid tracks (median-lateral functional prevalence). The use of 3D photogrammetric models brings new light to the tetrapod footprint record, helping to better understand tetrapod communities throughout the late Paleozoic (and the end-Guadalupian and end-Permian extinctions) and the tetrapod recovery during the early Mesozoic.
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INTRODUCTION

Tetrapod footprints are abundant vertebrate remains in upper Paleozoic to lower Mesozoic terrestrial successions (Klein and Lucas, 2010; Lucas, 2019). Their study facilitates the reconstruction of past ecosystems, especially where skeletal remains are absent, scattered, or poorly preserved. Tetrapod tracks of late Carboniferous to Middle Triassic age have been intensively studied since the 19th century, and especially during the 20th century, with the publication of an extensive literature that includes research articles, books, and monographies (among many other publications: Kaup, 1835; Geinitz, 1861, 1863; Curioni, 1870; Geinitz and Deichmüller, 1882; Pabst, 1895, 1908; Marsh, 1894; Maidwell, 1911; Nopcsa, 1923; Gilmore, 1927; Moodie, 1929, 1930; Abel, 1935; Peabody, 1948; Heyler and Lessertisseur, 1963; Haubold, 1970, 1971a,b; Gand, 1987). These works often include morphological analyses, usually comprising (1) a graphic interpretation (mostly represented by line and shadow drawings) of footprints and (2) a quantification of the track and trackway proportions by measuring different features (for measurement standards: Haubold, 1971b; Leonardi, 1987). Such analyses form the basis of ichnotaxonomy that follows the rules of the International Code of Zoological Nomenclature (ICZN; International Commission on Zoological Nomenclature, 1999). Based on these morphological analyses, hundreds of ichnotaxa (grouped in ichnogenera and ichnospecies, and sometimes in ichnofamilies as well) have been erected. Nevertheless, in several studies the conditions of the original substrate (e.g., composition, granulometry, original moisture, rheology) where footprints were impressed and the behavior of the trackmakers have not been fully considered, though such factors are the main constraints (together with the autopodia anatomy) of the final track morphology (Falkingham, 2014; Gatesy and Falkingham, 2017; Belvedere et al., 2018; Marchetti et al., 2019a). Therefore, several ichnotaxa have been erected on the basis of extramorphological features, which represent variations not due to the foot anatomy (Peabody, 1948; Haubold, 1996). This has resulted in an oversplitting of ichnotaxa and also, in particular cases, in an oversimplification (McKeever and Haubold, 1996; Marchetti et al., 2019c, d). This is why footprints useful for ichnotaxonomy need to be selected by means of morphological preservation, which is the preservation of features derived from the foot anatomy (Marchetti et al., 2019a).

At the end of the 20th century, new techniques to create 3D digital models started to be applied in tetrapod ichnology, revolutionizing this field. These techniques allowed a better understanding of the processes of footprint formation, and thus of producers’ locomotion, by creating virtual 3D models of this mechanism (e.g., Gatesy et al., 1999; Falkingham and Gatesy, 2014). 3D digital modeling rapidly expanded in dinosaur ichnology by digitizing actual fossil footprints in order to provide more objective interpretations and measurements (e.g., Leonardi and Mietto, 2000; Bates et al., 2008a, b, 2010; Petti et al., 2008). However, 3D modeling has not been widely used in the study of Permian and Triassic tetrapod ichnofossils, with few exceptions including 3D models, mostly used as complementary representations of footprints (e.g., de Klerk, 2002; Petti et al., 2009). In the beginning, the use of 3D techniques, often based on laser scanning, was very limited, especially due to the cost and limited portability of the scanners; however, this completely changed with the rapid advances of photogrammetric techniques (Matthews, 2008; Remondino et al., 2010; Falkingham, 2012; Mallison and Wings, 2014; Falkingham et al., 2018). In fact, because of its low cost and efficiency, photogrammetry rapidly spread out in ichnological studies, especially in dinosaur ichnology. The introduction of 3D models brought more objectivity to the analyses of a given morphology. Several studies focused in the best procedure to obtain the raw data for 3D photogrammetric models (i.e., digital photos), as well as in the methodologies to create models and/or how they should be studied and presented in scientific articles (e.g., Matthews, 2008; Petti et al., 2008; Falkingham, 2012; Mallison and Wings, 2014; Belvedere et al., 2018; Falkingham et al., 2018). Historical photogrammetry, in which 3D digital models are created from scans of analog photographs taken before photogrammetry even existed (e.g., Falkingham et al., 2014; Lallensack et al., 2015), is now also being used. Only recently, several works dealing with tetrapod footprints from the Permian and Triassic (and, to a lesser degree, the upper Carboniferous) used photogrammetry to better interpret the morphology of the tetrapod footprints and locomotion (e.g., Mujal et al., 2015, 2016b,2017a; Marchetti et al., 2017a,2019c,d; Citton et al., 2018; Lagnaoui et al., 2019; Mujal and Marchetti, 2020; Mujal and Schoch, 2020; and references therein).

The study between non-avian dinosaur ichnology and Permian–Triassic tetrapod ichnology is slightly different, though they both follow the same conventions and use the same methodologies to correctly interpret the footprint morphology. In fact, non-dinosaur tetrapod footprints are generally smaller in comparison with most dinosaur footprints and show a higher degree of complexity, whereas dinosaur tracks (with some exceptions related to small-sized dinosaur ichnotaxa) show more complex depth patterns and thus difficulties to trace footprint outlines (e.g., Lallensack, 2019). In this work, we review different ichnofossil records in which photogrammetry was used, ranging from the lower Permian (Cisuralian) to the Middle Triassic. We review previously published works on tetrapod ichnology including 3D models. In addition, in order to provide a wider overview and for further comparisons, we also create new 3D models of some tracks and ichnotaxa, from which photogrammetric studies have not been carried out. We synthesize examples with the aim to demonstrate how photogrammetry helped in the ichnological analyses, not only for newly uncovered fossils but also in ichnotaxonomic revisions. We identify up to five fields in which photogrammetry is of great use: (1) ichnotaxonomy, (2) track-trackmaker correlations, (3) locomotor and/or behavioral considerations, (4) substrate induced effects, (5) preservation of the fossil record and heritage. Moreover, for the first time, we discuss the footprint relative depth patterns of the most important upper Carboniferous, Permian, and Triassic tetrapod groups using 3D digital models and compare them to the phylogenies of these groups.



MATERIALS AND METHODS


Elaboration of 3D Photogrammetric Models

Photogrammetry plays a prominent role in tetrapod ichnological analyses and is essential in some cases (e.g., in the identification of the true shape of footprints when other techniques fail). Furthermore, a single 3D model can be used for different purposes. Photogrammetry provides important information in ichnotaxonomy, in track-trackmaker correlations, in elucidating the locomotion of the producers, in the reconstruction of taphonomic processes and of paleoenvironmental settings, as well as in the digital preservation of this heritage.

Herein, we provide a brief resume of how we created 3D photogrammetric models. Noteworthy, the majority of the examples reviewed in this work are uncollected specimens. In this case, the photographs for the 3D models were obtained during fieldwork, so the data collection was usually constrained by the natural light conditions. The following work flow is modified from Mujal (2017).

Overall, photogrammetry relies on obtaining digital 3D models of an object. The photogrammetric models are built from photos of the specimens (Figure 1). For detailed explanations on the procedures of photo acquisition, we refer to Matthews (2008), Falkingham (2012), and Mallison and Wings (2014). In the examples presented here, these procedures were set according to the (field) conditions of each specimen. First of all, the track-bearing surface must be cleaned. Then, centimetric and/or millimetric scales, as well as white paper squares with specific black geometric forms (being easily recognizable by the modeling software), are placed around the footprint or trackway to be modeled (Figure 1A). Afterward light conditions are evaluated, as specimens must not have too much shadow nor too many bright zones during the photo acquisition. If necessary, a (weak) shadow is projected over the entire specimen to be modeled in order to obtain homogeneous light conditions. Once light conditions are suitable, photographs can be taken in these ways: (1) photos of the specimen from all its perspectives and angles, i.e., moving along a cupola- or umbrella-like form around the specimen while photographing (Figure 1B), and/or (2) photos orthogonal to the surface, covering the entire area to be modeled and taking into account that two consecutive photos must overlap at least one third (Figure 1C). On average, 30 photos per footprint/pes-manus couple were taken, but this number varies according to the size and complexity of each specimen (e.g., some models are built up with 50, 60, and 70 photos, or in specific cases, such as whole trackways, with more than 200 photos). The use of camera tripods is recommended, although in most cases (for specimens in the field) they cannot be used due to the location of the samples. Different digital cameras were used, all being characterized by having at least 8.1 Megapixel of resolution. The cameras we used are Sony DSC-T200, device standard lens 35–175 mm F3.5–F4.4; Sony DSC-H50, device standard lens 31–465 mm F2.7–F4.5; Panasonic DMC-FZ18, device standard lens 28–504 mm F2.8–F4.2; Canon PowerShot SX410 IS, device standard lens 4.3–172 mm F.3.5–F6.3; Canon EOS 70D, lenses 18–135 mm and 10–18 mm; focal lengths are usually of 4, 5, or 6 mm. Once the photos were obtained, they were processed by a workstation, with recommended minimum requirements: i7 processor (or equivalent-updated) with minimum 32GB RAM and graphic card GeForce RTX 2060 equivalent or updated. Photos were taken (in JPG format) without any size reduction in different software, most of which are freely available:
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FIGURE 1. Photogrammetry workflow (from Mujal, 2017). (A) Set of photos to generate the 3D model with different centimetric scales. (B,C) Relative position of the photos as seen in Visual SfM software; photos were obtained changing the perspective in each one (B) and moving the camera laterally (C). (D) 3D model with the original texture of the specimen as prepared with MeshLab. (E) Depth color map and contours of the 3D model as prepared with ParaView. (A,C–E) Correspond to the same modeling process. The example used is a right manus-pes couple of Limnopus isp. from the Pyrenean Basin (corresponding mold and replica are IPS82608).


(1.1) Visual SfM (open access; v.0.5.22 to v.0.5.251): Generation of the dense point cloud on which the 3D model is based (Figures 1B,C).

(1.2) Agisoft Photoscan (standard version 1.1.42): Generation of the dense point cloud and the triangular mesh, and application of the original texture (i.e., color) of the specimen.

(2) MeshLab (open access; v.1.3.2 and v.2016.123): (1) generation of the triangular mesh based on the dense point cloud; (2) application of the original texture (i.e., color) of the specimen; (3) cleaning (removing) of the generated odd points; (4) aligning, scaling, and orientation of the 3D model (Figure 1D). Note that the two first steps are unnecessary if Agisoft Photoscan is used.

(3) ParaView (open access; v.3.98.1 to v.4.1.04): Generation of the depth map by using a color scale and application of the contours (Figure 1E). In order to provide a homogeneous view of the whole track sample, in this work we have used the “Rainbow Desaturated” filter for the elevation map. Otherwise, the number of contours is set according to the complexity of each specimen; the number of lines in each model generally varies between 30 and 60.



Depth Pattern Analysis

We conducted a qualitative analysis aiming to identify and classify depth patterns among tetrapod ichnotaxa from the upper Carboniferous to the Middle Triassic (see section “Relative Depth Patterns on Permian to Triassic Tetrapod Footprints” below). The database includes new data and a review of the published 3D data (de Klerk, 2002; Mujal et al., 2015, 2016a, 2016b, 2017a, 2017b, 2018b; Citton et al., 2016, 2018, 2019a, 2019b,2020; Meade et al., 2016; Milàn et al., 2016; Marchetti et al., 2017a,b, 2018a,b, 2019b,c,d; Francischini et al., 2018, 2020; Lagnaoui et al., 2019; Marchetti, 2019; Cavin and Piuz, 2020; Cisneros et al., 2020; Farman and Bell, 2020; Mujal and Marchetti, 2020; Mujal and Schoch, 2020; Reolid et al., 2020). Note that the number of tracks and localities from the upper Carboniferous is notably lower than those from the lower Permian. Nevertheless, most of the upper Carboniferous ichnotaxa are also present in the lower Permian (Lucas, 2019, and references therein).

In order to avoid misinterpretations, here we define the functional prevalence of footprints as the part of the footprint that is more deeply impressed than the other parts of the same footprint. This character must be consistent along a trackway and/or between tracks assigned to the same ichnotaxon, and under different substrate (as well as different paleoenvironments) and locomotory conditions.

The relative depth patterns of footprints are independent from all the ichnotaphonomic effects as defined by Marchetti et al. (2019a). Therefore, it should be related to the functional anatomy of the trackmakers’ postcranial skeleton (or, more specifically, autopodia). Medial, median, and lateral refer to the inner, middle, and outer parts, respectively, of a footprint as defined by Leonardi (1987). To characterize the track-bearing substrate (e.g., mudstone, sandstone, limestone), we evaluated composition, granulometry, and sedimentary structures. Such information, when available (e.g., some tracks are currently only documented by artificial casts), was integrated with data from the geological successions that yielded the studied specimens. For the sake of clarity, and as further explained in section “Relative Depth Patterns on Permian to Triassic Tetrapod Footprints” below, the substrate features, if not relevant for the analysis, are not specified nor discussed.



Tetrapod Ichnoassociations From the Lower Permian to the Middle Triassic

Here, we list the localities yielding the tetrapod ichnofossil record (for which 3D photogrammetric models were created) reviewed in section “Results and Discussion” below; further details on such localities are found in the Supplementary Data S1. The label of each analyzed specimen is mentioned through the present work and/or in the corresponding figure caption (see also institutional abbreviations below). For further specimen numbers we also refer the reader to the publications herein cited.


- Pyrenean Basin (northeastern Iberian Peninsula):


∘ Artinskian (Cisuralian) ichnoassociations from the Lower Red Units (time-equivalent to the Peranera Formation) (see Gisbert, 1981; Voigt and Haubold, 2015; Mujal et al., 2016a, 2018a) analyzed by Mujal et al. (2016b), who included 3D models.

∘ Guadalupian–Lopingian ichnoassociation from the Upper Red Unit analyzed by Mujal et al. (2017b), who included 3D models.

∘ Lower–Middle Triassic ichnoassociations from the Buntsandstein facies unit analyzed by Mujal et al. (2016a, 2017a), who included 3D models.



- Catalan Basin (northeastern Iberian Peninsula): Middle Triassic ichnoassociations from the Buntsandstein facies (early–middle Anisian; Fortuny et al., 2011, who did not include 3D models) and middle Muschelkalk facies (late Anisian–middle Ladinian; Mujal et al., 2015, 2018b, who included 3D models).

- Lodève Basin (southern France; for units datations see Michel et al., 2015):


∘ Asselian (Cisuralian) trackways of Ichniotherium cottae from the Usclas Saint Privat or the Tuillières-Loiras formations (previously studied by Heyler and Lessertisseur, 1963; recently reanalyzed by Mujal and Marchetti, 2020, who included 3D models).

∘ Artinskian (Cisuralian) ichnoassociations from the Rabejac Formation (e.g., Gand, 1987; Heyler and Gand, 2000; Gand and Durand, 2006, who did not include 3D models).

∘ Guadalupian tracks of Merifontichnus from the La Lieude Formation (e.g., Gand et al., 2000, who did not include 3D models).

∘ Middle Triassic archosauromorph tracks from red-bed deposits (e.g., Demathieu, 1985; Demathieu and Demathieu, 2004; Gand et al., 2007, and references therein, who did not include 3D models).



- Orobic Basin (northern Italy): Kungurian (Cisuralian) trackway of Amphisauropus kablikae from the Pizzo del Diavolo Formation of the Orobic Basin (see Marchetti et al., 2015; Marchetti, 2016) analyzed by Marchetti et al. (2017a), who included 3D models.

- Hessian Basin (Germany): Lopingian ichnoassociations from eolian units of the Cornberg Formation (see Schmidt, 1959) analyzed by Marchetti et al. (2019c), who included 3D models.

- Central European Basin (Germany): Ladinian (Middle Triassic) tracks from the base of the Antrhakonitbank at the Vellberg Fossil-Lagerstätte, Lower Keuper (Erfurt Formation; see Schoch and Seegis, 2016) analyzed by Mujal and Schoch (2020), who included 3D models.

- Lochmaben and Dumfries basins (Scotland, United Kingdom): Lopingian ichnoassociations from eolian units of the Cornockle and Locharbriggs formations (see Anonymous, 1828; Jardine, 1853; McKeever and Haubold, 1996) analyzed by Marchetti et al. (2019c), who included 3D models.

- Arizona (United States): Kungurian (Cisuralian) ichnoassociations from the eolian units of the De Chelly and Coconino formations (see Gilmore, 1927; Haubold et al., 1995a) analyzed by Marchetti et al. (2019b), who included 3D models.

- Karoo Basin (South Africa): Guadalupian to Lower Triassic ichnoassociations from continental fluvial units of the Abrahamskraal, Teekloof, and Balfour formations (see Smith and Botha-Brink, 2014; Klein et al., 2015) analyzed by Marchetti et al. (2019d), who included 3D models.





Institutional Abbreviations


AM, Albany Museum, Grahamstown (Makhanda, as of 4 October 2018), South Africa.

DUMFM, Dumfries Museum and Camera Obscura, Dumfries, Scotland, United Kingdom.

EMVG, ‘Casa del Tempo’, Ecomuseo della Val Gerola, Sondrio, Lombardy, Italy.

IPS, Institut Català de Paleontologia Miquel Crusafont, Sabadell, Catalonia, Spain.

MF-LOD, Lodève collection at Musée Fleury, Lodève, France.

MNA, Museum of Northern Arizona, Flagstaff, AZ, United States.

MNHN.F.LOD, Lodève collection at Muséum National d’Histoire Naturelle, Paris, France.

NHMUK PV, British Museum of Natural History, London, United Kingdom.

NMK, Museum of Natural History in the Ottoneum, Kassel, Germany.

RAM, Raymond M. Alf Museum of Paleontology, Claremont, CA, United States.

RMS, National Museum of Scotland, Edinburgh, Scotland, United Kingdom.

SMNS, Staatliches Museum für Naturkunde Stuttgart, Stuttgart, Germany.

UCMP, University of California, Berkeley, CA, United States.

UG, Faculty of Geoscience and Geography, Göttingen University, Göttingen, Germany.

UGKU, Urweltmuseum GEOSKOP/Burg Lichtenberg (Pfalz), Tallichtenberg, Germany.

UM-LOD, Lodève collection at Université de Montpellier, Montpellier, France.

USNM, Smithsonian – National Museum of Natural History, Washington, DC, United States.

YPM, Yale Peabody Museum of Natural History, New Haven, CT, United States.





RESULTS AND DISCUSSION

Herein, we present a review of research on tetrapod tracks involving 3D photogrammetric models. Taken together, the analyzed examples cover both a long age interval (Cisuralian to Middle Triassic) and a wide range of substrates and paleoenvironments (eolian, fluvial, lacustrine, and coastal settings). Subsequently, we provide a first analysis based on the relative depth pattern of tetrapod footprints, suggesting a link with the functional prevalence of autopodia.


Photogrammetry: A Toolkit for Ichnologists

Following we identify different ichnological fields in which photogrammetry is useful, independently from the analyzed ichnotaxon, age, substrate, and paleoenvironment.


Ichnotaxonomy

Tetrapod ichnotaxonomy is primarily based on the morphology of footprints (distinguishing manual and pedal impressions for quadruped trackmakers) and, to a lesser extent, on the trackway pattern. In ideal conditions, the footprint morphology and the trackway pattern are considered to reflect anatomical traits of the trackmaker (e.g., Olsen, 1995; Carrano and Wilson, 2001; Belvedere et al., 2018; Marchetti et al., 2019a). In fact, each ichnotaxon could be potentially correlated with a specific trackmaker group, often at family or higher level groups (Falcon-Lang et al., 2010).

Anatomy-consistent morphology is the very base of ichnotaxonomy (e.g., Baird, 1957; Haubold et al., 1995b; Haubold, 1996; Marchetti et al., 2019a). Autopodial anatomy is recorded during the trackmaker’s locomotion, i.e., footprints record a dynamic behavior. Therefore, before doing ichnotaxonomical inferences, the process of autopodia impression in the sediment should be understood (e.g., Gatesy et al., 1999; Falkingham and Gatesy, 2014; Gatesy and Falkingham, 2017; Mujal and Schoch, 2020). In addition, the effects of the substrate conditions at the time of impression should be considered (see also section “Relative Depth Patterns on Permian to Triassic Tetrapod Footprints” below), because they can alter significantly the morphological traits linked to anatomy (Falkingham, 2014). Moreover, a number of other effects occurring after the track recording, such as trace fossil and sedimentary structure superimpositions and the sediment erosion, should be correctly interpreted (e.g., Marty et al., 2009). Nonetheless, as shown in section “Relative Depth Patterns on Permian to Triassic Tetrapod Footprints” below, we observe that 3D models help to identify the anatomy-related ichnotaxa morphology through the analysis of shape and relative depth patterns of imprints, even if the track morphologies are apparently different due to different substrates. Therefore, 3D models help in comparing track morphologies useful for ichnotaxonomy, thus avoiding oversplitting or overlumping of ichnotaxa that would have no faunistic and hence no evolutionary, biomechanic, biostratigraphic, and paleobiogeographic meaning (e.g., Marchetti et al., 2019a, d; Mujal and Marchetti, 2020).

3D models help to identify important anatomy-consistent features of both new and already known ichnotaxa that may remain unseen to the naked eye. Indeed, this is the case of several ichnotaxa (including different morphologies and sizes) from previously published specimens. Herein we review and summarize examples from some of our studies (see section “Tetrapod Ichnoassociations from the Lower Permian to the Middle Triassic” above and Supplementary Data S1) showing the use of 3D photogrammetric models in recognizing relevant ichnotaxonomic features:


- The complete shape of pedal impressions in MNHN.F.LOD83 from the Cisuralian of southern France re-analyzed by Mujal and Marchetti (2020) was identified through the study of the 3D model that these authors carried out (Figure 2A). Impressions of pedal digits IV and V (roman numbers and red arrows in Figure 2A) are unclear when observed in the original specimen, but a consistent depth pattern was observed in the false color depth maps. The 3D model also facilitated the identification of two trackways, which were also unclear from the previous analysis by Heyler and Lessertisseur (1963). The actual length of several digit impressions, as well as the shape of sole and palm impressions, is masked by the presence of digit scratches and other irregularities of the surface; nevertheless, the false color maps allowed for the discrimination of all these features. Because of the correct recognition of these features, Mujal and Marchetti (2020) assigned the tracks of MNHN.F.LOD83 to Ichniotherium cottae, being the first unambiguous report of this ichnogenus from the French Lodève Basin.
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FIGURE 2. 3D models [except (A,D), which include a photo instead] and corresponding depth maps of Cisuralian (A–E) and Lopingian (F) ichnotaxa. (A) Tracks and trackways of Ichniotherium cottae (MNHN.F.LOD83), Lodève Basin; arrows indicate expulsion rims (white) and pedal digit V impressions (red); 1 and 2 indicate detailed 3D models of pes tracks showing digits IV and V. (B) Right manus-pes couple of Limnopus isp. (mold and replica IPS82608), Pyrenean Basin; arrows indicate parts of the pes track (red) and a hole on the substrate that apparently looked like a digit impression (white). (C) Left manus-pes couple of cf. Varanopus (mold and replica IPS82607), Pyrenean Basin. (D) Left manus-pes couple of Hyloidichnus isp., Pyrenean Basin. (E) Trackway in upslope progression of cf. Varanopus (YPM 2143), Coconino Formation; arrows indicate sliding and true orientation of digit impressions. (F) Right manus-pes couple of Karoopes gansfonteinensis (GF-TR 1), Karoo Basin.



- In some Limnopus isp. specimens (some of the originals were not collected; e.g., mold and replica IPS82608), from the Artinskian of the Catalan Pyrenees studied by Mujal et al. (2016b), the actual shape of the tracks (including also diagnostic features of the ichnogenus, such as the number of digit impressions and their relative length and proportions) was inferred from the false color depth maps, which also revealed the presence of deformed pedal impressions (Figure 2B).

- The tracks referred to cf. Varanopus (original not collected; mold and replica IPS82607) by Mujal et al. (2016b) (Figure 2C) are notably deformed (most probably due to an originally water-saturated substrate), and the digit impressions were recognized only after the study of the false color depth maps. The 3D model that Mujal et al. (2016b) published better illustrates the orientation of the footprints, allowing observation of the trackway arrangement and thus providing correct measurement of the trackway parameters. In the same way, some digital impressions (e.g., from the pedal track in Mujal et al., 2016a; Figure 2C) were only recognized through the study of the 3D model, because their relief is relatively low. All these features are diagnostic of Varanopus; nonetheless, given the relatively poor preservation of the tracks, an open nomenclature was preferred by Mujal et al. (2016b), which we follow here.

- The Hyloidichnus isp. specimens (not collected) studied by Mujal et al. (2016b) could only be identified after analyzing the 3D model of a manus-pes set (Figure 2D). The impression of pedal digit IV was first identified in the false color depth map provided by Mujal et al. (2016b): such impression is partially masked (overprinted) by rain drop impressions and flow ripples. In fact, it is a very shallow impression that could not be distinguished on photographs due to the light conditions. After this first identification, further tracks from the same surface and stratigraphically close levels (not collected) were also classified as Hyloidichnus isp. by Mujal et al. (2016b).

- The type material of Laoporus (YPM 2143, 2144, USNM V 8422) from the Kungurian Coconino Fm. of the United States was recently re-analyzed by Marchetti et al. (2019d), who concluded that the supposed diagnostic features of this ichnogenus (subequal pes and manus with digit impressions of subequal length) were actually due to the locomotion on sandy inclined planes (dune foreset surfaces). The 3D model created by Marchetti et al. (2019d) allowed to identify both the generally deeper, parallel, and sub-equal digit drag traces and the actual digit imprints, which are generally shorter, shallower, and with a different orientation (arrows in Figure 2E). Therefore, the inferred digit impressions of Laoporus are actually digit drag traces parallel to the slope and they actually represent the digit sliding during locomotion. Therefore, this ichnogenus is considered a nomen dubium and this material is assigned to cf. Varanopus isp. based on anatomy-consistent features, i.e., the actual length of digit impressions and their relative proportions (for further details, see Marchetti et al., 2019d) (Figure 2E).

- The holotype of Chelichnus duncani (DUMFM 5) from the Lopingian of Scotland, United Kingdom, was re-analyzed with the aid of photogrammetry by Marchetti et al. (2019c). The 3D model shows a ridge between the digit tip and the digit base impressions. This was an important feature for the assignment of this material to cf. Dicynodontipus and for its attribution to therapsid tracks. C. duncani is considered a nomen dubium due to its incompleteness, especially as regards the pes imprints.

- The study of the false color depth maps on 3D models was central for the ichnotaxonomic revision of the Guadalupian–Lower Triassic tetrapod tracks from South Africa (Marchetti et al., 2019d). This is true especially for the erection of the ichnotaxon Karoopes gansfonteinensis, which is characterized by tracks more deeply impressed laterally (e.g., GF-TR 1, 2, 3, SAM-NN 3) (Figure 2F). This is an important feature different from some morphologically similar captorhinomorph tracks such as Hyloidichnus and Merifontichnus. The same is observed in material assigned to cf. Capitosauroides isp. (GF-TR 9, GFTS 1, SAM-PK-K 7878a, b). Because of the deeper lateral impression of these tracks, an assignment to Batrachichnus or Limnopus (anamniote ichnogenera) could be discarded by Marchetti et al. (2019d), although the overall morphology is quite similar, especially in incomplete imprints. Therefore, as we further discuss in section “Relative Depth Patterns on Permian to Triassic Tetrapod Footprints” below, the relative depth pattern allows the clear distinction of Karoopes and Capitosauroides from captorhinomorph and anamniote ichnotaxa, which are instead more deeply impressed medially.

- Several anatomical traits of Prorotodactylus mesaxonichnus from the Lower–Middle Triassic of the Catalan Pyrenees described by Mujal et al. (2017a), including impressions of pedal digits IV and V, as well as the proximal impression of pedal digit III, were first recognized in 3D models (red arrows in Figures 3A,B). This allowed the measurement of the actual length of the digit impressions and of the digit divarication. In addition, the equivalent depth patterns observed in specimens with an apparently different morphology (e.g., Figures 3A,B) allowed to assign this material to the same ichnotaxon.
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FIGURE 3. 3D models [except (F), which includes a photo instead] and corresponding depth maps of Lower–Middle Triassic archosauromorph tracks from the Pyrenean Basin. (A,B) Left (A) and right (B) manus-pes couples of Prorotodactylus mesaxonichnus. (C,D) Manus (C) and pes (D) tracks of a left couple of Chirotheriidae indet. (similar to Protochirotherium; mold and replica IPS82616). (E) Chirotheriidae indet. left track similar to Protochirotherium. (F) Large partial right pes track of Chirotheriidae indet. Arrows indicate anatomical (red) and sedimentary (e.g., digits collapse) (white) features; see text for discussion.



- The large archosauromorph tracks from the Lower–Middle Triassic of the Catalan Pyrenees described by Mujal et al. (2017a) were identified as Chirotheriidae footprints resembling Protochirotherium through the analysis of the 3D models. Several digit impressions are partially collapsed (white arrows in Figures 3C–E), and some parts of the impressed surface are missing due to natural erosion (Figures 3C–E); in one case a pes track preserves only three digit impressions (Figure 3F). Nonetheless, the false color maps allowed Mujal et al. (2017a) a correct interpretation of the digits outline and their relative position, showing the typical morphology of chirotheriid ichnotaxa.



Generally, despite different types of preservation and even in different (or slightly different) trackway parameters, examining the whole set of 3D models we observe a consistent (“homogeneous”) relative depth pattern within tracks of a single ichnotaxon, even if impressed in different substrates. This is because the tracks assigned to an anatomy-based ichnotaxon are impressed by the same type of trackmakers, which probably had autopodia with analog structure and morphology (e.g., Voigt et al., 2007; Marchetti et al., 2017a; Mujal et al., 2017a; Mujal and Schoch, 2020).

According to the recommendations by Belvedere et al. (2018) and Falkingham et al. (2018), 3D models, when possible, should be used in the definition of ichnotaxa, being tools to recognize ichnotaxobases (see also Bertling et al., 2006). When depth patterns are considered in ichnotaxonomy (i.e., contributing in ichnotaxobases), the use of 3D models is recommended. Henceforth, a further consideration must be raised: several holotypes of tetrapod ichnotaxa, from different geological periods correspond to tracks and trackways that were documented but not collected. In these cases, high fidelity molds and replicas were created instead. Here the question regarding such type material is highlighted. According to the ICZN rules (International Commission on Zoological Nomenclature, 1999), a holotype must correspond to an original fossil stored in an adequate repository (museum, research institute, university, etc.) for its safe keeping. However, this is not always feasible (especially in the case of trace fossils), and in most cases, the uncollected type material remains unprotected, and sooner or later will be lost due to erosion (Lucas and Harris, 2020).

Molds and casts of holotype specimens (i.e., “plastotypes”) are stored in institutions, but they can eventually deteriorate (as it could also occur with original specimens) as the life time of the mold/cast material is limited and suffers degradation through time (see also section “Preservation and Heritage” below). In this case further molds from the original fossil should be created through time, but the preparation of new molds from the first cast would easily imply a loss of fidelity with respect to the original fossil. As already suggested by Adams et al. (2010) [being further supported by Mallison and Wings (2014), as well as by Belvedere et al. (2018), and Lucas and Harris (2020)], we support the use of digital (3D) models as type material, i.e., digitypes (see further discussion on physical replicas by Lucas and Harris, 2020). 3D models have great advantages in the study, as well as in their sharing and repository. A recent study has partially applied such solution: Lockley et al. (2019) erected a new ichnotaxon of Pleistocene marine turtle tracks, the holotype of which remains in the field; the authors created a 3D model of the holotype trackway and printed part of it in order to appropriately store it in fossil collections, even if possibly the lifetime of the replica material is also limited.



Track-Trackmaker Correlation

The analysis of relative depth patterns of footprints is strictly linked to morphofunctional features of the possible trackmakers (see section “Relative Depth Patterns on Permian to Triassic Tetrapod Footprints” below), which can be inferred from the analysis of articulated and complete appendicular skeletons. In addition, the whole set of movements performed by the trackmaker’s limbs (and, potentially, by the whole body of the trackmaker) can also be elucidated by the study of depth patterns (e.g., Gatesy et al., 1999; Falkingham and Gatesy, 2014; Gatesy and Falkingham, 2017; Marchetti et al., 2017a; Mujal et al., 2017a; Mujal and Schoch, 2020). Therefore, a thorough study of these features is of fundamental importance for the track-trackmaker correlations. Following, different case-studies discussions are presented based on above considerations:


- The large tracks of Ichniotherium cottae preserved in MNHN.F.LOD83 (Figure 2A) are attributed to large basal diadectomorph reptiliomorphs, being different from those of smaller specimens of I. cottae and of I. sphaerodactylum (Mujal and Marchetti, 2020), which were produced by more derived taxa of the group (Voigt et al., 2007). In fact, the comparison of 3D photogrammetric models of different specimens (see Figure 5 by Mujal and Marchetti, 2020) showed that the large French I. cottae tracks display a more deeply impressed medial area, whereas smaller Ichniotherium tracks are more deeply impressed in their median part (Mujal and Marchetti, 2020). In this case, the differences in the relative depth of tracks, together with the relative position (rotation) of each track respect to the trackway midline, are a key feature to distinguish the most probable trackmakers. Therefore, when trackways are not available, 3D models of isolated tracks may still provide information for the track-trackmaker correlation (see also Mujal and Schoch, 2020).

- The ichnogenus Amphisauropus shows tracks more deeply impressed in their medial part, as suggested by Voigt (2005) and Avanzini et al. (2008). The 3D model of the Amphisauropus kablikae trackway (EMVG 2), from the Kungurian of the Italian Southern Alps and created by Marchetti et al. (2017a), confirms this hypothesis. According to the analysis by Marchetti et al. (2017a) of the false color depth maps (Figure 4A), the most deeply impressed area is placed at the base of digits I and II, where it is possible to observe a large circular pad impression (see red arrows and zoom inset in Figure 4A). This is exactly the same area that is subject to the stronger strain within the tarsus and carpus of the seymouriamorph Seymouria sanjuanensis. Therefore, this constituted an important feature for the correlation of Amphisauropus to the seymouriamorph group (Marchetti et al., 2017a). Of note, a similar medial functional prevalence, with digits I and II and their bases being much deeper than the rest of the footprint, is also observed in 3D models of temnospondyl tracks (Mujal et al., 2016a) (Figure 2B).
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FIGURE 4. 3D models [except (E,F,G), which include photos instead] and corresponding depth maps of Cisuralian (A,E), Lopingian (B,C,D), and Ladinian (Middle Triassic) (F,G) ichnotaxa. (A) Trackway of Amphisauropus kablikae (EMVG 2), Orobic Basin; arrows indicate the deepest parts of tracks (red) and the steepest parts of the tail impression (white); zoom of one of the manus-pes couples (white square) showing the deeper medial side of tracks. (B) Right manus-pes couple of Brontopus giganteus (KW-TR 1), Karoo Basin. (C) Left manus track of Dolomitipes accordii (BE 3), Karoo Basin. (D) Left manus-pes couple of Dolomitipes isp. (UG-NN 1), Hessian Basin. Asterisks (*) in (C,D) indicate equivalent anatomical part. (E) Left manus track of Characichnos isp. produced by a Limnopus-trackmaker, Pyrenean Basin. (F,G) Right manus tracks of an indeterminate ichnotaxon attributed to capitosaur stereospondyl trackmakers by Mujal and Schoch (2020); (F) is a track natural cast not recovered and (G) is preserved in SMNS 97003.



- The identification of footprint depth patterns was central in the track-trackmaker correlation of the Guadalupian–Lower Triassic therapsid tracks from South Africa carried out by Marchetti et al. (2019d). The very broad and more deeply impressed lateral part of the palm of the ichnogenus Brontopus (KW-TR 1; Figure 4B) suggests that trackmakers were dinocephalian therapsids, which have a broad metacarpal V. The more deeply impressed manus compared to pes imprints helped in the attribution of the ichnogenus Dolomitipes (BE-TR 1, AM 5744/5) (Figures 4C,D) to dicynodont therapsids, which are characterized by a marked postural dichotomy. The more deeply impressed lateral side of footprints helped Marchetti et al. (2019d) in the attribution of the ichnotaxa Karoopes (GF-TR1, 2, 3, SAM-NN 3) (Figure 2F) and Capitosauroides (GF-TR 9, GFTS 1, SAM-PK-K 7878a, b) to therapsid synapsids.

- In the tetrapod ichnoassemblages from the Lower–Middle Triassic of Port del Cantó and Tossal de Pollerini ichnosites (Pyrenean Basin), Mujal et al. (2017a) observed a similar depth pattern between different ichnotaxa: the posterior (proximal) part of digit I impression displays an elevated relief (Figure 3). This is related to the collapse of the footprint wall in its side (white arrows in Figure 3C–E). In other cases, this area is less impressed (red arrows in Figures 3A,B). Such features could be linked to the nature of the footprint producers, all of which are considered to be archosauromorphs (Mujal et al., 2017a). Alternatively, this could be the result of a similar gait of the trackmakers under similar substrate conditions. In any case, the impressions of digits II, III, and IV from both manus and pes tracks are usually the deepest (though exceptions exist: e.g., Mujal et al., 2017a), denoting a trend toward a tridactyl functional prevalence of autopodia. This is the case of chirotheriid ichnotaxa, as well as of other archosauromorph tracks, such as Prorotodactylus, Rotodactylus, and Rhynchosauroides (the later also referred to lepidosauromorph trackmakers) (Mujal et al., 2015, 2017a,2018b).





Locomotion and Behavior

Differential depths within a track, as well as subtle differences in steepness of impressions, are often indicative of the functional prevalence and progression direction of the trackmakers (Figures 4, 5). Footprints and trackways may record the whole set of limb movements (or at least partially) (e.g., Gatesy and Falkingham, 2017; Mujal and Schoch, 2020). In these cases, 3D models help to elucidate the timeline of footprints impression.
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FIGURE 5. 3D models [except (A), which includes a photo instead] and corresponding depth maps of Cisuralian (A–D) and Lopingian (E) ichnotaxa. (A,B) Right manus-pes couples of Dimetropus leisnerianus, Pyrenean Basin; note that tracks in (A) are partially eroded. (C) Trackway in upslope progression of Varanopus curvidactylus (MNA-V 3327), Coconino Formation. (D) Trackway in downslope progression of Amphisauropus isp. (MNA-V 3442A), De Chelly Formation. (E) Trackway in upslope progression with significant lateral component of Dolomitipes isp. (NMK-PAL 183), Hessian Basin. Arrows in (C–E) indicate sliding and true orientation of digit impressions.


The 3D model of the Amphisauropus kablikae trackway in EMVG 2 was used in the identification of the locomotion pattern by Marchetti et al. (2017a) (Figure 4A): the tail impression displays different steepness of the lateral margins along the trackway (white arrows in Figure 4A). This, combined with the relative position of the tail impression respect to the tracks, indicates the direction of movement of the tail and the body of the trackmaker during locomotion. Moreover, the continuous digit drag traces indicate the precise position of the limbs during the entire step cycle. The 3D model provided additional clues to Marchetti et al. (2017a) on the digits that were closer to the substrate while lifted and thus generated deeper drag traces. It should be taken into account that the observed depth patterns and different steepness along the trackway are small, often indiscernible to the naked eye.

The Permian tetrapod footprints from eolian paleoenvironments were commonly preserved on the foreset dune surfaces (e.g., Gilmore, 1926, 1927; Schmidt, 1959; McKeever and Haubold, 1996). Since these surfaces were inclined and the sand was likely dry at the time of impression (as indicated by the sand avalanches and expulsion rims; the sand was probably dampened shortly after the impression or in the first phases of burial, allowing the preservation of tracks; Marchetti et al., 2019b; for further details on track preservation, see Mancuso et al., 2016, and references therein), the tetrapod locomotion could be difficult, and it was influenced by the force of gravity not perpendicular to the trampled surface. This caused asymmetric trackway pattern, footprint morphology, and footprint depth in trackways not perpendicular to the slope, which were caused by the trackmaker trying to oppose the force of gravity. While these effects are long known (e.g., Leonardi, 1987; Fornós et al., 2002; Hunt and Lucas, 2005; Loope, 2006; Krapovickas et al., 2015), only recently have they been thoroughly interpreted with the aid of the 3D models (Marchetti et al., 2019b, c). The most accurate tool to evaluate these asymmetries is certainly the study of false color depth maps and contours from 3D models. Commonly, the downslope side of the asymmetric trackway is more deeply impressed and shows higher expulsion rims. This was observed by Marchetti et al. (2019b, c) in several specimens, including trackways of Amphisauropus (MNA-V 3442A; Figure 5D), Ichniotherium (UCMP 42945), cf. Tambachichnium (USNM-V 11502), Dolomitipes (UG-NN 1; Figure 4D), and Pachypes (DUMFM-NN 2).

In all the 3D models of Prorotodactylus mesaxonichnus manus tracks from the Lower–Middle Triassic of the Catalan Pyrenees created by Mujal et al. (2017a), a broad and relatively high expulsion rim between the impressions of digits IV and V is observed (white arrow in Figures 3A,B). This feature, clearly visible in the false color maps (but often unseen at naked eye), indicates that the forelimbs applied a postero-lateral pressure during the taking off phase (Mujal et al., 2017a). Hence, the manus was slightly rotated outwards and/or the trackmaker performed a lateral movement of the trunk (as also suggested by the sinuous tail impressions of some trackways; Mujal et al., 2017a).

The ichnogenus Characichnos is interpreted as the trace fossil of swimming tetrapods. Characichnos generally consists of digit drag traces on the substrate, therefore, not fully representing the anatomy of the trackmaker’s autopodia (except for number of digits and width) but rather its behavior. In fact, Characichnos tracks are associated with different ichnotaxa and are attributed to very different trackmakers, in a very long stratigraphic interval (e.g., Thomson and Droser, 2015; Vila et al., 2015; Mujal et al., 2016a). Nevertheless, in some cases Characichnos may show features similar to the associated ichntoaxa, possibly due to specific morphofunctional characteristics of the trackmaker. This was observed by Mujal et al. (2016b), who performed 3D models of Characichnos isp. (although not figured there) associated with Limnopus isp. tracks (mold and replica IPS82604) from the Artinskian of the Catalan Pyrenees. The 3D models reveal the same depth pattern in trace fossils assigned to both ichnogenera. In some cases, only impressions of digits I and II are preserved as scratches, and the false color depth map revealed that these scratches are associated with two digit tip imprints corresponding to digits III and IV (Figure 4E). This trait enhanced the correlation between the two track morphologies (Limnopus and Characichnos, walking and swimming tracks, respectively; see Mujal et al., 2016a). This provides additional support to the interpreted medial functional prevalence of the trackmakers’ forelimbs, with digits I and II more deeply impressed (or in this case, producing deeper drag traces) than digits III and IV (see section “Relative Depth Patterns on Permian to Triassic Tetrapod Footprints” below).

The set of tracks from the Ladinian of southern Germany, referred to temnospondyls producers by Mujal and Schoch (2020), could not be assigned to a specific ichnotaxon due to the paucity and preservation of the material. Nevertheless, the 3D models of footprints revealed a consistent depth pattern within footprints of apparently different shape due to their different size and preservation mode (Figures 4F,G). This allowed Mujal and Schoch (2020) to decipher a consistent locomotor pattern of the trackmakers (interpreted as a bottom-walking locomotion in subaqueous conditions), hence implying that they most probably correspond to the same trackmaker group.



Substrate Induced Effects

The 3D model of MNHN.F.LOD83 from the Asselian of Lodève, southern France (Mujal and Marchetti, 2020), reveals the presence of shallow and relatively wide expulsion rims around most of the tracks (white arrows in Figure 2A). Such structures remain difficult to identify by the naked eye due to their low relief: they were not reported by Heyler and Lessertisseur (1963), and Mujal and Marchetti (2020) noticed them only after the analysis of the 3D models. The identification of expulsion rims allowed for better inference of the substrate conditions, despite tracks preserved as plaster casts and the original substrate is lost. The expulsion rims, together with the relative depth patterns of the tracks, denote a peculiar fact: those from the pes tracks are higher (in this case, deeper, as they are casts) than those of the manus tracks, whereas manus tracks are much better impressed than pes tracks. This indicates an impression of the hindlimbs relatively stronger than of the forelimbs (but more focalized to a part of the autopodia in the case of the hindlimbs; see further discussion in Mujal and Marchetti, 2020).

A manus-pes set of Dimetropus leisnerianus from the Artinskian of the Catalan Pyrenees (not collected) was strongly eroded (smoothed) by the water flow probably soon after the impression of the footprints (Mujal et al., 2016a) (Figure 5A). Indeed, in the field, tracks were identified as shallow irregular impressions within a surface featured by unidirectional flow ripples. The identification of such impressions as D. leisnerianus was possible thanks to the 3D model: the false color depth map shows the depth pattern that characterizes this ichnospecies, with a broad and rounded sole impression and relatively thin digit impressions; the same can be observed in other manus-pes couples found by Mujal et al. (2016b) within the same stratigraphic succession (Figure 5B).

The morphology of Permian tracks from eolian paleoenvironments was strongly influenced by the substrate (Marchetti et al., 2019b, c). This is because the track-bearing surfaces were foreset dune surfaces; thus, they were relatively dry sand slopes that caused difficulty in trackmaker progression and very common digit sliding and sand avalanches. These digit drag traces were generally parallel to the slope and were generated when the trackmaker’s foot slid downslope with respect to the touch-down position. This was observed in trackways directed parallel, perpendicular, and transverse to the slope and masks the original orientation and morphology of the digits, causing problems in ichnotaxonomy (Marchetti et al., 2019b, c; Francischini et al., 2020). In order to correctly interpret this substrate-induced effect and recognize the actual digit impressions, the analysis of the 3D models is very helpful. Some notable examples of this are observed for trackways of Amphisauropus, Varanopus, and Dolomitipes with different orientations compared to the slope studied by Marchetti et al. (2019b, c) (RAM-NN 1, UCMP V 42944, MNA-V 3327, MNA-V 3442A, NMK-PAL 183, YPM 2143) (Figures 2E, 5C–E).



Preservation and Heritage

Collecting and/or excavating tetrapod footprints (and especially complete trackways) is often difficult or impossible. Therefore, an alternative solution in order to preserve the fossil record must be found. Traditionally, the use of molds and replicas of tracks and complete trackways has fulfilled this necessity (e.g., Heyler and Lessertisseur, 1963; Gand et al., 2000; Mujal et al., 2016a, b, 2017a; Marchetti et al., 2019d; Lucas and Harris, 2020). However, such molds and casts usually do not preserve the whole record of a site but a small part of it and even if adequately stored, can be deteriorated, depending on the lifetime of the mold/cast material nature, even becoming useless, as all material has a lifetime before degradation (mostly being of silicone, gypsum, acrylic resin, etc.).

The preservation of the tetrapod ichnofossil record may present some difficulties that should be considered. This is commonly due to difficult access to the localities (either because they are in private properties or due to orographic characteristics, i.e., remote areas) that may lead to the loss of specimens due to erosion and weathering. This problem has been faced by several of our works, in which photogrammetry has been a useful tool to overcome the impossibility to collect/cast/move specimens (e.g., Mujal et al., 2016a, b, 2017a,b; Marchetti et al., 2019b, d; Mujal and Marchetti, 2020):


- Manipulation of large casts can be harmful for their preservation, as they can be damaged during analysis. Nevertheless, 3D photogrammetric models facilitate the analysis, as tracks can be (virtually) moved and observed in different perspectives. This was indeed the case of MNHN.F.LOD83 (see Mujal and Marchetti, 2020).

- Photogrammetry is advantageous through time: previous non-optimal photogrammetric results may become useful thanks to newer versions of software. In fact, herein we have re-run a model using the same photos of a Limnopus isp. manus-pes set (IPS73724) and results show that the new 3D model is more detailed than the previous one (which due to its poor resolution was discarded by Mujal et al., 2016a) and also ichnologically informative (Figure 6A).
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FIGURE 6. (A) Photo (top) and depth maps of the 3D models (new, middle; old, bottom) of a right manus-pes couple of Limnopus isp. (IPS73724), Pyrenean Basin, Cisuralian; note that the surface is much smoothed in the new model, allowing better elucidation of footprint features. (B) Captures of the 3D model obtained with drone of the Coll de Terrers outcrop, Pyrenean Basin, Guadalupian–Lopingian; left image contains the position of each photo. (C) 3D model with the depth map superimposed on transparency of a large surface containing abundant Prorotodactylus mesaxonichnus tracks, including the trackway paratype (mold and replica IPS93867), Pyrenean Basin, Early–Middle Triassic.



- Creation of molds (and replicas) can be impossible due to difficult access to localities (e.g., remote areas only accessible by foot, crossing creeks and relatively dense forests) and to the situation of the track-bearing surfaces (in high slopes, being even vertically exposed), as is the case of Catalan Pyrenees localities. In the case of relatively small tracks (e.g., 2–5 cm long), molds may still be possible to create (e.g., Mujal et al., 2016b, a, 2017a), although those of relatively large trampled surfaces are often of difficult transport and are easily damaged, implying further careful lab work (EM and JF, pers. obs. 2016). Therefore, 3D photogrammetry is the optimal tool for the preservation of such record. Recently, during fieldtrips to Tossal de Pollerini and Coll de Terrers sites (Mujal et al., 2017a, b) an unnamed aerial vehicle was used to take photos for the creation of high-resolution 3D photogrammetric models of: (1) the whole outcrops (Figure 6B) (for similar documentation of tracksites, see Citton et al., 2017; Romilio et al., 2017; Petti et al., 2018) and (2) relatively large (∼2–5 m2) track-bearing surfaces (with sets of around 100 photos per surface) (Figure 6C). Besides providing new ichnological and sedimentological data (currently under analysis), these new models constitute a digital repository of this paleontological heritage.

- The most important Guadalupian–Lower Triassic tetrapod ichnosites from South Africa (Marchetti et al., 2019d) are surfaces left in place on private property. This is potentially harmful for the preservation of this heritage because of erosion and weathering while the tracksite remains unprotected. This is the case of Klein Waterval and Bethel sites, which are located in canyons/rills and covered by sediment at the time of field work (LM, pers. obs. 2018). Some latex casts of portions of these surfaces are preserved in repositories, but their quality is often not adequate for a new study. Therefore, the creation of 3D photogrammetric models of the most important trackways and surfaces from all these localities, as Marchetti et al. (2019d) did, is the ideal way to preserve such heritage for the scientific community (for further discussion see also Reolid et al., 2020).





Relative Depth Patterns on Permian to Triassic Tetrapod Footprints

Herein we present and discuss the relative depth patterns of tetrapod tracks and their implications for the functional prevalence of autopodia in a phylogenetic framework.


Substrates and Paleoenvironments

The localities of the herein reviewed tetrapod footprints encompass a wide range of substrates and paleoenvironments (see section “Tetrapod Ichnoassociations from the Lower Permian to the Middle Triassic” above and Supplementary Data S1). Most of the localities belong to siliciclastic successions commonly including red-beds, but also dark mudstones. Such successions usually represent alluvial, fluvial, and lacustrine paleoenvironments. Besides, a few of them represent coastal (e.g., sabkhas and tidal flats) and eolian paleoenvironments. In a few cases, the track-bearing substrate is a carbonate mudstone, usually of microbial origin, in coastal or restricted marine settings.

More specifically, the substrate preserving footprints, either in concave epirelief or convex hyporelief (or both, if part and counterpart strata/slabs are found) includes: (1) mudstones (claystones and siltstones), either massive or laminated; (2) sandstones, ranging from very fine-grained to coarse-grained, either massive or with parallel lamination and/or flow and wave ripples; (3) fine-grained and well-sorted (eolian) sandstones with large-scale cross lamination, wind ripples, and sand avalanches; (4) fine grained limestones (i.e., carbonate mudstones), either massive or laminated. Footprint surfaces are either flat or undulated; other structures, such as desiccation cracks, raindrops and wrinkles, as well as other vertebrate and/or invertebrate trace fossils, may also be present. In many cases, other trace fossils and structures cross, overprint, and/or mask the analyzed tetrapod footprints. In such cases, 3D models help to elucidate the sequence of events and, as a result, to correctly identify the footprint outline (see Marchetti et al., 2013; Mujal et al., 2015).

Although paleoenvironmental settings (and paleoclimatic conditions) constrain the distribution of tetrapod ichnotaxa (e.g., Mujal et al., 2016a), we observe that the same ichnotaxon can be present in a relatively wide range of substrates (e.g., Mujal et al., 2018a). Also, the absolute depth of footprints from the same ichnotaxon (or even along the same trackway) can vary consistently on different substrates, from very deep, to intermediate, and to very shallow. Nevertheless, all the diagnostic (anatomical) features of ichnotaxa (e.g., digit number, morphology and relative length, palm/sole impression shape and size, relative depth within a footprint) do not vary, even if their recognition relies on the effects caused by substrate rheology and behavior (see Gatesy and Falkingham, 2017; Mujal et al., 2018a; Marchetti et al., 2019a). The whole set of 3D photogrammetric models (i.e., both reviewed from previous publications and newly presented, see Figures 2–7) show a consistent relative depth pattern within pes and manus imprints of each ichnotaxon, independently from the absolute depth of each footprint. Therefore, the original substrate conditions (rheology) and environmental settings do not play a major role in the relative depth pattern (i.e., the diagnostic 3D features) observed within tracks of the same ichnotaxon, whereas their absolute depth may vary consistently (see also discussion in Mujal et al., 2018a).
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FIGURE 7. Depth patterns among Cisuralian to Middle Triassic tetrapod ichnotaxa shown by selected 3D models and corresponding depth maps. In the left part of each section, schematic unscaled left manus-pes couples showing the parts with functional prevalence (black areas) of each group are depicted. (A) 1 left couple (partial pes track) of Limnopus isp. (mold and replica IPS82606), Pyrenean Basin, Cisuralian; 2 left couple of Ichniotherium sphaerodactylum (UGKU 130), Tambach Formation (Germany), Cisuralian; 3 left couple (partial manus track) of Hyloidichnus isp. (MF-LOD 2001.1447.1), Lodève Basin, Cisuralian; 4 left couple of Merifontichnus thalerius (UM-LOD 16), Lodève Basin, Guadalupian; 5 right couple of Pachypes loxodactylus (DUMFM-NN 2), Dumfries Basin, Lopingian; 6 left couple of Procolophonichnium nopcsai (NHUMK R3173), Karoo Basin, Early Triassic. (B) 1 left manus track of Prorotodactylus mesaxonichnus (mold and replica IPS93869), Pyrenean Basin, Early–Middle Triassic; 2 left couple (partial pes track) of Chirotherium barthii (mold and replica IPS17899), Catalan Basin (Buntsandstein), Middle Triassic; 3 right pes track of Rhynchosauroides isp. (IPS73720), Catalan Basin (middle Muschelkalk), Middle Triassic; 4 right pes track of Isochirotherium isp. (IPS81873), Catalan Basin (middle Muschelkalk), Middle Triassic; 5,6 left couples of Chirotherium barthii (MF-LOD 2001.1438.1 and MF-LOD 2001.1437.1, respectively), and right pes track of Rotodactylus isp. (arrow in 6), Lodève Basin, Middle Triassic. (C) 1 and 2 pes tracks of Dimetropus leisnerianus (1, right imprint, MNHN.F.LOD59; 2, left imprint –undertrack–, UM-LOD 260), Lodève Basin, Cisuralian; 3 right couple of a Dicynodontipus-like morphotype, Pyrenean Basin, Lopingian; 4 left pes of cf. Capitosauroides (SAM-PT-K 7870), Karoo Basin, Lopingian; 5 right couple of Dolomitipes icelsi (AS-TR Q), Karoo Basin, Lopingian; 6 left couple of Dolomitipes accordii (AS-TR 2), Karoo Basin, Lopingian. Scale bars represent 10 mm [in 1 and 3 of (B)], 20 mm [in 1, 3, 5, and 6 of (A), and 4 of (C)], 50 mm [in 2 and 4 of (A), 2, 4, 5, and 6 of (B), and 1 and 2 of (C)] and 10 cm [in 3, 5, and 6 of (C)].


Our qualitative interpretation of footprint relative depth patterns allows us to identify the functional prevalence of the autopodia, which results from specific morphofunctional features of the trackmaker, thus further linking the ichnotaxa to the potential trackmakers (see section “Relative Footprint Depth Patterns and Functional Prevalence of Autopodia” below). 3D models elucidate potentially biased observations related to the absolute depth of footprints: false color depth maps help to minimize the differences between shallowly and deeply impressed tracks of the same ichnotaxon (e.g., see Figures 5H,I of Mujal and Marchetti, 2020). As highlighted in the introduction of the present work, there is a major difference between upper Carboniferous to Triassic tetrapod ichnology and non-avian dinosaur ichnology. For instance, a deeply impressed theropod dinosaur track may show four digit impressions, whereas a shallow one would be just tridactyl, which could eventually lead to oversplitting and misinterpretation of ichnogenera (for a thorough study of such case, see Razzolini et al., 2014). On the contrary, within upper Carboniferous, Permian, and Triassic tetrapod tracks the anatomy-related morphological features are the same in deep and shallow imprints (only very shallow tracks may show less digit and/or palm/sole impressions) and/or in imprints impressed on mudstones, siltstones, carbonates, and dune sandstones. In fact, in different substrates or substrate rheological properties the relative depth pattern of tracks assigned to the same ichnotaxon is generally constant (especially if trackmakers maintain the same locomotion; e.g., Mujal et al., 2018a; Marchetti, 2019; Mujal and Schoch, 2020). Even on originally inclined surfaces, which caused additional asymmetries to the footprint depth, the relative depth pattern within footprints of the same ichnotaxon is still recognizable (e.g., Marchetti et al., 2019b). In fact, ichnotaxonomy is based on footprint outline morphology and relative depth patterns of the impressions (i.e., anatomical features of autopodia) (Voigt, 2005). Hence, relative depth patterns are recognizable in any substrate. In this sense, only footprints with substantial extramorphological variations (that completely mask/overprint anatomical features; see Peabody, 1948; Haubold, 1996) are excluded from such analyses (see section “Substrate Induced Effects” above).



Relative Footprint Depth Patterns and Functional Prevalence of Autopodia

As a whole, we preliminary identify three main groups of upper Carboniferous–Middle Triassic ichnotaxa (selected, representative specimens are shown in Figure 7) characterized by a different functional prevalence:


1) Anamniote and captorhinomorph/parareptile tracks: medial-median functional prevalence (Figures 2A–E, 4A,E–G, 5C,D, 6A, 7A).

2) Diapsid tracks: median functional prevalence (Figures 3, 6C, 7B).

3) Synapsid tracks: median-lateral functional prevalence (Figures 2F, 3B–D, 5A,B,E, 7C).



The first group of tracks (Figure 7A) includes ichnogenera produced by temnospondyl and lepospondyl amphibians (Batrachichnus, Limnopus, Matthewichnus), seymouriamorphs (Amphisauropus), diadectomorphs (Ichniotherium), and captorhinomorph/parareptiles (Erpetopus, Hyloidichnus, Merifontichnus, Notolacerta, Procolophonichnium, Pachypes, Varanopus). The medial (inner) part of these tracks (usually digits I and II, and the corresponding portion of the palm/sole) are generally the most deeply impressed parts. Depth patterns may vary between manus and pes tracks, the medial-lateral decrease in relief is usually more evident in the pes tracks. Besides, the trackways are often broad, with relatively low pace angulations (with the only exception of some captorhinomorph/parareptile tracks such as Erpetopus and Varanopus, which show also relatively high pace angulation and primary pes-manus overstep).

The second group of tracks (Figure 7B) includes ichnogenera produced by diapsid reptiles, being archosauromorph tracks the most representative group. It includes ichnogenera from the Chirotheriidae ichnofamily (e.g., Brachychirotherium, Chirotherium, Isochirotherium, Parachirotherium, Protochirotherium, Sphingopus, Synaptichnium), dinosauromorph tracks (e.g., Atreipus, Eubrontes, Evazoum, Grallator), relatively small-sized non-chirotheriid ichnotaxa such as Dromopus, Prorotodactylus, Rotodactylus, and Rhynchosauroides, as well as larger non-chirotheriid ichnotaxa such as Apatopus and Paradoxichnium. Of note, the Rhynchosauroides trackmakers may correspond to archosauromorphs or lepidosauromorphs, hence broadly corresponding to neodiapsid reptiles. Interestingly, also the varanopid ichnogenus Tambachichnium belongs to this group. Recently, varanopids have been interpreted as diapsids instead of synapsids (Laurin and Piñeiro, 2018; Ford and Benson, 2020; but see discussion in MacDougall et al., 2018). Based on the present analysis of relative depth patterns, different options could explain why varanopids are found within the group of diapsid tracks: (1) perhaps they reflect a very basal position of varanopids within synapsids; (2) a functional/convergent signal rather than a phylogenetic signal for this group. However, the latter option seems unfeasible as, in general terms, functional prevalence is correlated with phylogenetical signal. The first option is herein preferred; nonetheless, it should be remarked that the present analysis of depth patterns is preliminary, including only one ichnotaxon (Tambachichnium) correlated to varanopids, not precluding that further sampling could reveal differences across varanopid evolution.

Tracks of the second group are most commonly produced by autopodia with semidigitigrade to semiplantigrade postures, and digits II, III, and IV are usually the deepest, being in many cases the only impressed parts of the autopodia. Noteworthy, some chirotheriid tracks also display a relatively deep impression of the proximal pad of pedal digit V, being similar to that of digits II, III, and IV (see 5 and 6 in Figure 7B). Trackways are usually narrow, though most of the Dromopus and Rhynchosauroides specimens and some Prorotodactylus specimens display relatively low pace angulations (Mujal et al., 2017a). In the small-sized ichnotaxa, a certain degree of overstepping of the pes respect to the manus impressions is common, ranging from a slight lateral position of the pes respect to the manus to a complete overstepping of the pes, being positioned to the anterolateral side of the manus tracks. Generally, the tracks of this group show a trend toward a tridactyl functionality that can be mesaxonic (e.g., Chirotherium, Isochirotherium, Parachirotherium, Sphingopus, Atreipus), as observed in ornithopod and theropod dinosaur tracks (e.g., Castanera et al., 2013; Lallensack, 2019), or ectaxonic (e.g., Dromopus, Rhynchosauroides, Rotodactylus), as observed in most modern diapsids.

The third group of tracks (Figure 7C) is attributed to the synapsid group (i.e., including therapsids), with the exception of varanopid synapsid tracks (i.e., Tambachichnium; see discussion above). This group of tracks includes ichnogenera from the Pennsylvanian–Cisuralian (e.g., Dimetropus), the Guadalupian (e.g., Brontopus), the Lopingian (e.g., Capitosauroides, Dicynodontipus, Dolomitipes, Karoopes), and the Triassic (e.g., Capitosauroides, Dicynodontipus, Pentasauropus, Therapsipus) (see also Figure 9 by Marchetti et al., 2019d). These tracks often show a more deeply impressed digit IV, or in some cases even digit V, as well as the parts of palm/sole impressions proximal to digits IV and V. In addition, these tracks are generally suggestive of trackmakers with a plantigrade posture, with relatively broad sole and palm impressions and short digit imprints. Complete overstep of pes respect to manus tracks is uncommon and only observed in the ichnotaxa Dicynodontipus and Karoopes.

The relative depth patterns of footprints become more significant when mapped onto a cladogram of tetrapods (Figure 8). Although the discussion on the phylogeny at the amniote and reptile origin is currently debated (e.g., Laurin and Piñeiro, 2017, 2018; MacDougall et al., 2018; Ford and Benson, 2020), the three groups that we identify are very wide. We plotted our groups on two cladograms based on MacDougall et al. (2018) (see Figure 8A) and Ford and Benson (2020) (see Figure 8B), both of which including a possible new position of the varanopid group, being out of Synapsida. Group 1 apparently forms the primitive condition of upper Carboniferous to Middle Triassic tetrapods, as it occurs in both the putative lissamphibian stem-group (temnospondyls) as well as amniote stem lineages (e.g., seymouriamorphs and diadectomorphs), which are at the base of both cladograms represented (Figure 8). Interestingly, group 1 does not only encompass anamniotes and stem amniotes, but also extends to parareptiles and captorhinids, which form successive sister taxa of diapsid reptiles (Reisz et al., 2011; MacDougall et al., 2018) (Figure 8A). This suggests that the depth pattern of group 2 (diapsid tracks) derived from the depth pattern of group 1 (probably from captorhinomorphs), independently from the evolution of the synapsid footprint depth pattern (group 3), which forms a separate modification from the basal tetrapod footprint depth pattern (Figure 8). Further studies should focus on the question why the pattern of group 1 is so widespread across early tetrapods and what this means in functional and locomotory terms.
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FIGURE 8. Simplified cladograms of tetrapods showing the relationship of the three footprint groups of relative depth patterns. (A) Tree based on MacDougall et al. (2018); note the dashed lines of varanopids: the line from the reptile lineage was recovered by these authors, the line from the synapsid lineage corresponds to the classical interpretation (here preferred; see text for discussion). (B) Tree based on Ford and Benson (2020); note the split of group 1, implying a less parsimonious chain of events.


Some recent studies nested the parareptiles within diapsids (Ford and Benson, 2020). This would imply a separation of group 1 in two sub-groups: (1) anamniotes, stem amniotes, and captorhinids and (2) parareptiles (Figure 8B). A possible explanation for this is a morphological reversal between group 2 (Diapsida) and group 1 (Parareptilia) to the ancestral depth pattern condition. However, this would represent a less parsimonious chain of events. All in all, based on available interpretations of early amniotes, we concur in general terms with the interpretation of MacDougall et al. (2018).

The present work is the first step to (1) create a general framework to analyze upper Paleozoic to Triassic tetrapod trace fossils and (2) evaluate how the three identified groups evolved through time and space. Of note, these analyses also have to consider the exceptions/differences observed within the groups, as well as differences between ecosystems (i.e., different paleoenvironments in which the footprints are preserved and the related biases, as not all the paleoenvironments are equally preserved in the fossil record). In addition, future studies of tetrapod tracks from any age interval and (ichno-) taxonomic group should also test this analysis. For instance, in a preliminary overview, we observed that dinosaur tracks from different lineages (see examples in Castanera et al., 2013; Salisbury et al., 2016; Lallensack et al., 2017) appear to fit with group 2, which encompasses diapsids. Furthermore, the identification of these groups, when possible, should be accompanied with additional data regarding the ichnotaxa considered, including general footprints’ morphologies, relative proportions, and trackway parameters. In fact, depth patterns are considered ichnotaxobases (e.g., Voigt, 2005; Marchetti et al., 2017a). Also, such classification must be based on a representative sample, avoiding assumptions or interpretations derived from the study of a small number of specimens.

Of interest, despite the different types of substrates (even for the same ichnotaxon) and the wide age range of each of the three identified groups, a substantially consistent relative depth pattern of tracks is observed within the groups (Figure 7). Indeed, all these groups cross major biotic crises, such as the end-Guadalupian and end-Permian mass extinctions. This would indicate that the functional prevalence of each group is preserved and inherited despite environmental and climatic (catastrophic) changes. Henceforth, evidences of such events may be found in broader context analyses, including quantitative studies of the functional prevalence of autopodia, encompassing a relatively wide stratigraphic range.

A further question to explore is the relationship of these groups with the postcranial skeleton record of the supposed producers, which may help to identify the anatomic and functional reasons of these depth patterns. Also, it should be checked if the herein proposed groups of footprints according to their functional prevalence keep a relationship and/or present a correlation with the morphofunctional categories of temporal skull fenestra in amniotes (Wernerburg, 2019; Ford and Benson, 2020). Indeed, in a general point of view, a similar distribution of high-rank taxonomic groups exists between these two different grouping.



CONCLUSION

Photogrammetry has been proved to be an extremely useful tool in the study of upper Paleozoic and Triassic tetrapod ichnofossils. Nevertheless, this technique has not been commonly applied in this ichnological record, especially when compared with dinosaur footprints. Through the present work, we review and highlight the benefits of using photogrammetry. Indeed, it is proved that 3D models can be key elements in ichnotaxonomy. Footprint relative depth patterns, when appropriately compared with other tracks and skeletal remains, refine the correlation of tracks with the potential trackmakers. False color depth maps also help to unravel the formation and superimposition of structures that can mask footprints. Such structures may result from both the locomotion of the same (or other) trackmakers and from sedimentary processes (e.g., ripples, collapse of the substrate in inclined surfaces), as well as from weathering of the footprints. Furthermore, 3D models are a suitable solution to preserve the ichnological record, especially when original specimens cannot be collected and thus are subjected to disappearance.

A review of the available 3D data of Permian and Triassic (and upper Carboniferous to a lesser degree) tetrapod footprints allowed us to preliminary identify three main groups of tracks linked to specific relative depth patterns derived from the functional prevalence of autopodia: (1) anamniote and captorhinomorph/parareptile tracks (medial-median functional prevalence); (2) diapsid tracks (median functional prevalence); and (3) synapsid tracks (median-lateral functional prevalence). This qualitative analysis shows a substantially consistent depth pattern within each group, despite being preserved in different substrates and corresponding to a wide stratigraphic interval. All in all, this indicates that 3D models may show features linked to the potential trackmakers that remain unseen by the naked eye.
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This article focuses on new virtual advances to solve technical problems usually encountered by paleontologists when using X-ray computed tomography (XCT), such as (i) the limited scanning envelope (i.e., field of view of CT systems/machines) to acquire data on large structures; (ii) the use in the same study of biological objects acquired with different types of computed tomography systems (medical and laboratory XCTs and laboratory high-resolution XμCT) and therefore different resolutions; and (iii) matrix removal within the fossil (e.g., cranial cavities, intratrabecular cavities, among other cavities). All these problems are very common in paleontology, and therefore, solving them is important to save effort and the time invested in data processing. In this article, we propose various solutions to tackle these issues, based on new technical advances focused on improving and processing the images obtained from XCT. Other aspects include image filtering and histogram calibration to remove background noise and artifacts. Such artifacts can result from dense mineral inclusion occurring during the fossilization process or derived from anthropogenic restoration of the sample. Accordingly, here, we provide a protocol to acquire data on samples with size that exceed the scanning envelope of the X-ray tomography machine, joining the parts with enough accuracy, and we propose the use of the interpolation “bicubic” method. Moreover, using this method, it is possible to use medical/laboratory XCT data together with XμCT data and therefore opening new ways to manipulate the acquired data within the image stack. Another advantage is the use of plugins for quantitative analysis, which require data with isometric voxels, such as the plugin BoneJ of the software ImageJ. We also deal with the problem of removing the exogenous material that usually fills the internal cavities of fossils by means of using filters based on edge detection by gradient. Applying this method, it is possible to segment the non-bony matrix parts more quickly and efficiently. All of this is exemplified using five fossil skulls belonging to the cave bear group (Ursus spelaeus sensu lato), an iconic fossil species from the Pleistocene of Eurasia.

Keywords: X-ray CT scan, thresholding, mirroring, image filtering, reslice, voxel size, bicubic interpolation, ImageJ


INTRODUCTION

The advent of personal computers and digital technology in the twentieth century has allowed the emergence of new digital tools useful in paleontological research, including new software for image analysis and computational analysis (Jablonski and Shubin, 2015; du Plessis and Broeckhoven, 2019). This “digital revolution” took place in the mid-2000s, when there was already performed research with X-ray computed tomography (XCT) data in the paleontological field (Cunningham et al., 2014; Sutton et al., 2014). This allowed the development of new, more economical, and sometimes freely accessible digital tools for virtual anatomic analysis, such as high-resolution XCT (laboratory XCT and XμCT), three-dimensional (3D) acquisition of surfaces through laser scanners, and new advanced software for image analysis in two and three dimensions.

The new digital tools have allowed surpassing the frontiers of knowledge in many fields, which have opened new horizons of research in many disciplines (du Plessis and Broeckhoven, 2019). In the case of paleontology, this “digital revolution” has substantially changed the way of analyzing the scientific material, generating new fields of research at different levels of analysis that were previously inaccessible (Racicot, 2017). For example, this is the case of histological studies in fossils with non-invasive techniques (i.e., virtual paleohistology; e.g., Sanchez et al., 2012), virtual reconstructions of distorted fossil specimens with lacking parts (i.e., retrodeformation techniques; e.g., Tallman et al., 2014), development of powerful biomechanical models (i.e., finite element analysis; e.g., Figueirido et al., 2014, 2018; Tseng et al., 2017; Pérez-Ramos et al., 2020), or the study of internal structures, non-accessible without using invasive techniques such as brain endocasts (i.e., paleoneurology; e.g., Cuff et al., 2016) or paranasal sinuses and turbinates (i.e., functional anatomy of internal structures; e.g., Curtis and Van Valkenburgh, 2014; Van Valkenburgh et al., 2014; Matthews and du Plessis, 2016). All these techniques undoubtedly lead to new avenues for future research in the paleobiology of extinct organisms.

Moreover, the new “virtual world” has significantly changed how scientists conceive the collections of living and fossil organisms. For example, nowadays, virtual free-access collections such as Morphomuseum1, Phenome10K2, or the pioneer Digimorph3 are substantially increasing. Furthermore, such digital collections could be used to detect fossil fakes or to have a digital copy of the original specimen that can be adequately preserved against possible loss (Rahman et al., 2012).

All these virtual techniques are based on the 3D characterization of the object (e.g., skull, mandibles, or any other skeletal part preserved as a fossil or footprints and burrow casts) subject to analysis (Knaust, 2012; Kouraiss et al., 2019). This could be also done to digitize solely the external surface of the object (e.g., using laser scanning, modulated-light, structure-light surface scanning or photogrammetry) or to digitize both the external surface as well as the internal structures with XCT (Kouraiss et al., 2019) or synchrotron microtomography (SRμCT) (Sanchez et al., 2012; Davesne et al., 2019; Honkanen et al., 2020). Depending on the type of the object and the aim of the study, the resolution required will be different, and therefore, one type of tomography will be used. For those studies of large- or medium-sized specimens, the use of medical XCT system is appropriate. However, for other studies that require more level of resolution (e.g., those based on cranial sutures, roughness of muscle insertions, crown dental topology, or other tiny bone elements such as the anatomy of the trabeculae), the use of laboratory XCT system and XμCT system will be recommended. On the other hand, to study cellular elements such as osteocytes or other components of cellular size, the use of synchrotron (SRμCT) is recommended. However, these sources are still difficult to access because of competitiveness for access and large technological size, increasing also the costs of their use. On the other hand, the use of computed tomography of neutron sources (nCT) is recently having great acceptance in the scientific community, as it has a resolution comparable to that of a μCT. However, nCT has the same disadvantages as SRμCT relative to use, economic cost, and time. Moreover, as it is a very recent technique, with very few institutions having this technology, access to nCT is much more competitive than to μCT or SRμCT. Despite this, the advantages of using nCT are greater than their limitations. For example, its use does not disrupt organic matter preserved in fossils (DNA, RNA, or proteins) compared to SRuCT (Lakey, 2009; Immel et al., 2016), as nCTs are based on very low neutron energies with high penetration power due to their low interaction with matter (Tremsin et al., 2015). The other advantage is that it is possible to obtain high contrasts of internal structures in fossil samples – contrary to that of X-rays – especially to distinguish between mineralized tissues (fossil entity) and matrix. This is due to the great penetration capacity with very low neutron attenuation (Schwarz et al., 2005; Sutton, 2008; Schillinger et al., 2018; Zanolli et al., 2020).

Therefore, the use of both medical XCT and laboratory XCT is more common and easily accessible. However, the data obtained with nCT are complementary with the data obtained from XCT (Sutton, 2008; Mays et al., 2017; Zanolli et al., 2020). This increases the analytical capacity to visualize internal structures that only with X-rays are impossible to detect.

Several acquisition parameters must be considered to generate 3D virtual models from XCT, such as X-ray voltage and current, spatial resolution, image acquisition time, rotation steps, filters, and so on (Kak and Slaney, 1988; Zollikofer and Ponce de León, 2005; Endo and Frey, 2008; Naresh et al., 2020). Once the 3D object has been acquired, the resulting image stacks could be enhanced, eliminating the background noise and removing possible artifacts resulting from data acquisition. To do this, different algorithms and digital filters are implemented in the specific software of virtual reconstruction and image processing such as the free-access 3D Slicer v 4.9.0 (Kikinis et al., 2014) and ImageJ (Rueden et al., 2017). Afterward, the enhanced images should be segmented by thresholding of the gray-values histogram (Pertusa, 2010). This process is very sensitive and dependent on the material properties such as bone density and mineralization. Subsequently, the virtual model of the object is generated and can be subject to different evolutionary studies using 3D geometric morphometrics (GMM) for ecomorphology (Drake, 2011), finite element analysis for biomechanics (Racicot, 2017; Tseng et al., 2017), or computational fluid dynamics to decipher the behavior of extinct animals in fluid environments (e.g., Rahman, 2017). In addition, such models can be printed out using rapid prototyping to have a physical replica of the object under study and therefore improving the anatomical understanding and opening the possibility of using these models for teaching or public engagement.

In this article, we perform different imaging processing techniques that are necessary when working with XCT data prior to developing any evolutionary study. In particular, we solve some typical problems usually encountered by paleontologists when using virtual techniques. We use five fossil skulls of cave bears (Ursus spelaeus) as study cases to illustrate our proposed analyses when working with fossil material of any kind. Our main objective is to provide new protocols of existing tools to solve the aforementioned problems, that is, (i) to eliminate artifacts typical of the use of XCT technology; (ii) to solve problems of data anisotropy, which is particularly important when comparing different types of XCT data, i.e., from medical XCT or laboratory XCT with XμCT; (iii) to improve segmentation and therefore to improve the virtually cleaning of those materials that usually encompass or fill the internal structures of fossils; (iv) to restore and replace lacking parts of fossils in order to provide an accurate anatomical reconstruction; and (v) to solve errors accumulated in previous processes by processing the mesh and quantifying the topological deviation resulting from previous restorations. To illustrate this, we use as an example five fossil skulls belonging to the cave bear, which were XCT scanned at different museums and institutions. The five skulls belong to different extinct Pleistocene species or subspecies of cave bears (U. spelaeus sensu lato): U. spelaeus spelaeus; U. spelaeus ladinicus; U. spelaeus eremus; and Ursus ingressus (Table 1; see Supplementary Data).


TABLE 1. XCT scan acquisition parameters of each skull belonging to the extinct bears used in this article as an example.

[image: Table 1]To illustrate this, we will use conventional software for 3D processing and analysis, which is described below. First, we use ImageJ4 to (i) calibrate the images; (ii) eliminate the artifacts by filters; (iii) unify parts of image stacks; (iv) apply different methods for improving data interpolation; and (v) homogenize voxel size and reorient data. Second, we use both Avizo Lite5 and Mimics6 to restore and replace virtually possible lacking parts of the fossil skulls. Third, we use Geomagic Wrap7 to process the virtual meshes by checking their topological optimization and mesh integrity.

In the following sections of the article, we explain all the steps to proceed with virtual models of fossil skulls, including the protocols to follow and the better software to use in each particular case.



X-RAY COMPUTED TOMOGRAPHY ACQUISITION

Although there are several types of scanning machines with different specific settings, here, we present only those that we used to digitize the skulls of cave bears, which are the most commonly used by paleontologists: (i) medical XCT systems, which are the cheapest due to its speed of acquisition (1–2 min). Their voltage and current range between 60 and 140 kV and 100 and 400 mA, respectively, but their resolution is low (1–0.2 mm), which could be a problem for analyses that require more accurate models (Figure 1A; Table 1, see Supplementary Data); and (ii) XμCT systems, which normally possess higher resolution than medical XCTs (10–1 μm) and a high-energy range commonly up to 225 kV(Figure 1B; Table 1, see Supplementary Data). However, the acquisition time is longer than the time required with medical XCT, and it can take several hours for fossils. The choice of one type of machine or another will depend on the size and density of the fossil sample, because there are technical limitations for each type of XCT machine. For a correct acquisition of the data, it is necessary to consider two fundamental variables of the X-ray source, voltage (kV) and current (mA) (Caldemeyer and Buckwalter, 1999; Calzado and Geleijns, 2010; Beck, 2012; Raman et al., 2013). The voltage indicates the energy of the emitted photons, which is linked to the power of penetration. The milliamps or microamps (intensity) are the number of photons emitted per second on a given surface area. For a large fossil sample obtained from a medical XCT, it is recommended to use the maximum power (120–140 kV) and an average intensity to reduce the contribution of a diffusion effect in recorded images called Compton scattering (Glover, 1982; Sabo-Napadensky and Amir, 2005; Johnson, 2012; Ravanfar-Haghighi et al., 2014). Two acquisitions of our sample were collected with a kV greater than 400: the skulls of Ursus arctos and of Ursus maritimus, using the laboratory XCT system of the University of Texas (see Supplementary Data). Although it may seem paradoxical to see high values of kV for the artifacts produced by the effects mentioned above, this could be related to a very short and fast acquisition time. Together with a high current intensity (3 and 1.80 mA, respectively), the artifacts are avoided and hence obtaining a proper XCT data (Table 1; see Supplementary Data).
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FIGURE 1. Examples of acquisition machines used to scan our sample of cave bear skulls. (A) XCT machine, GE Medical Systems (Brivo CT385 Series) of the Clínicas Rincón, Málaga. (B) High-resolution μCT X8060 of the Vienna Micro-CT Lab (https://www.micro-ct.at/en/) at the Department of Evolutionary Anthropology (see Supplementary Data).




CT DATA PROCESSING FROM XCT


Image Stack Calibration

The two types of processes to object acquisition using XCT systems are based on 360° rotation. The first type is the detector that rotates with respect to the object (medical XCT systems), and the second is the object that rotates with respect to the detector (laboratory XCT systems and XμCT systems). This generates a series of stacked projections of lines that contain each set of detector readings per projection. The position of the object to the source-detector array traces a sinusoidal curve (Racicot, 2017). This is known as sinogram (Kak and Slaney, 1988; Racicot, 2017). These sinogram data can be useful to detect possible artifacts resulted from object acquisitions derived from scan movement. Such abnormalities should be corrected during the process of image “reconstruction,” which is the mathematical process of converting sinograms to two-dimensional (2D) slice images (Racicot, 2017). It is worth to mention that this should not be confused with the process of 3D digital reconstruction from XCT slices.

In any acquisition from XCT systems, various artifacts may appear because of physical problems of the object, such as (i) a high density of the material, (ii) an excessive size of the object for the limits of the scanning envelope of the machine, and (iii) displacement of the object during the acquisition process or due to the inaccurate calibration of the machine (i.e., the parameters of acquisition used). Accordingly, the first step to follow is to review and to calibrate the images obtained to eliminate artifacts.

CT data are usually exported as 32-bit or 16-bit image stacks in TIFF (Tagged Image File Format) or DICOM (Digital Imaging and Communication On Medicine) formats. In our case, we calibrated the images with ImageJ v.1.50e8 to eliminate the background noise (Pertusa, 2010; Bushberg et al., 2012; see Figure 2A). Therefore, the first step to follow is to calibrate the range of the histogram by selecting the regions of interest (ROIs). The procedure in ImageJ to perform this step is Image→Adjust→Brightness/Contrast. The calibration of the histogram must be done across different steps. The first step is obtaining a profile plot for the gray values across a transect in a convenient zone of the object, but crossing the sample at two different locations. To do this, the segment has to be selected in the submenu and to drag the transect over the image. The path in ImageJ is Analyze→Plot Profile. Accordingly, the range of gray values associated with bone and other structures such as the background noise is adequately observed (Figure 2B). Doing this, the range of values corresponding to the background noise is cropped in the histogram (Figure 2C). The cropping normally uses the background noise histogram value closest to the range of bone histogram value. Figure 2B shows two histogram profiles, each corresponding to a different transect. From the two histogram profiles, the value closest to the range of the bone values is selected, in this case, -28414, serving as a cutoff. To do this, one has to return to the set menu Image→Adjust→Brightness/Contrast, and in the submenu “Set,” the minimum value of the right histogram (Figure 2B) has to be selected (-28414). Using this procedure, it is possible to obtain the left histogram (Figure 2C). The histogram is then cropped with the Apply menu, giving a new-cropped histogram (Figure 2C right). This process should be repeated until the histogram displays well-defined ranges for all the structures of the object.
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FIGURE 2. Image cleaning and calibration process using the skull of Ursus americanus (VU261) as an example. (A) Original image stack obtained from the XCT scanning (upper) with no-calibrated histogram (lower) in coronal view. (B) First step for calibrating the histogram. Note that two different transects across the object are represented by a yellow line. The respective two plot profiles from these two transects are represented in this figure: the cortical bone represented in yellow areas and the trabecular bone represented in green areas. Note that in the first transect there is no trabecular bone. The red color in both plot profiles represents the background noise. (C) Histogram resulted from the process of calibration and cleaning obtained in the first step. The left graph is the original histogram of one image only, and the right graph is the resulting histogram after cropping the gray values in the left diagram corresponding to the background noise. (D) After repeating the same process as in (B,C), the third step for histogram calibration is using the process of normalization (upper graphs) and the automatic selection method (bottom graphs). On the right side, there is a plot comparing both methods, plotting gray values on a transect when using normalization (blue line), and the automated selection method (red line).


The last step is to homogenize the histogram through a process named “normalization” (Pertusa, 2010; Pérez and Pascau, 2013; Burger and Burge, 2016) (Figure 2D). The normalization is easily performed following the path: Process→Enhance Contrast. In the pop-up window, the value 0.5% in saturated pixels could be specified, as well as the options for normalization in order to process all the slices and to use the stack of the histogram (Pertusa, 2010). One possibility is to use the automatic method of selection, but this method usually increases the actual gray values of the histogram (red line; Figure 2D) relative to the gray values obtained from the normalization method (blue line; Figure 2D). If the object does not present artifacts, the images should be converted from 16-bit to 8-bit (Image→Type→choose 8-bit). This reduces the size of the data, because 8-bit data are half the size of 16-bit data and therefore improving the speed of the subsequent analytical procedures. In contrast, if the objects present artifacts such as rings, different filters for image cleaning should be applied before converting the image from 16 to 8-bit (Pertusa, 2010; Racicot, 2017).

Once the background noise is removed, all images are converted to 8-bit and normalized to 0.5% of gray values. This is performed to standardize the gray values of the histogram. The standardized image stacks in TIFF formats are imported into specific software such as Avizo Lite9, Materialize Mimics Innovation Suite10, VG Studio11, or other freely accessible software such as Dragonfly software12 or 3D Slicer13.



Image Stack Segmentation

To make an accurate segmentation, a correct calibration of the image stack should be done. The segmentation is a process to select and categorize parts of an image. Segmentation is usually performed by thresholding, which results in isolating voxels that correspond to a given range of gray values (Forsyth and Ponce, 2003; Gonzalez and Woods, 2008; Pertusa, 2010; Pérez and Pascau, 2013). In XCT data images, the voxel is the volumetric unit of the pixel in three dimensions and hence being the equivalent of the pixel in a 2D image (Pertusa, 2010; Pérez and Pascau, 2013). In this way, using segmentation tools, it is possible to separate the object of study from the background. The path for this process in ImageJ is Image→Adjust→Threshold, and in this pop-up window, one can choose the range of interest. In this pop-up window, check the selection method (preferable to choose “Default”), the background option (black or white), and the stack of images option (Pertusa, 2010; Pérez and Pascau, 2013). To begin the pathway using Avizo, one has to click on the imported object, and in the drop-down menu, it is possible to choose the option Image Segmentation→Multi-thresholding and validate by clicking on the “apply” green box. By clicking on the multislices icon (segmentation editor), it is possible to generate new-labeled materials with Avizo. Once the range of gray values is selected within the ROI, the binarization process is performed through the path: Process→Binary→Make binary, in ImageJ (Pertusa, 2010). The binarization is the conversion of the gray values of each voxel or pixel into zeros and ones, representing the background in black and the object of interest in white, respectively. In ImageJ, there is the option to indicate whether the background is dark or white. This process generates a layer resulting from this binarization in order to add more information of the same type (same structure or material) to that layer. 3D Slicer v 4.9.0 (Kikinis et al., 2014) and Dragonfly (Morin-Roy et al., 2014) are powerful free-access software to accomplish these tasks, although the latter has more options of segmentation. Proprietary software such as Avizo and Mimics has better powerful image filters. This power is based on the specific and optimized types of matrix algorithms that improve the functionality of the filter. However, in software like ImageJ, it is possible to import new plugins14 or generate matrices (kernels) to adapt the filters to particular problems, i.e., the path is Process→Filters→Convolve (Pertusa, 2010). In our study case, we have used the filters of ImageJ to calibrate and remove artifacts from the image stack and Avizo Lite 9.2. (e.g., Yang et al., 2013), as well as Mimics (e.g., An et al., 2017) for its segmentation.

Using the protocol defined here, the cortical bone was segmented with a threshold histogram value range of 70–255 and added in one layer to generate the cranial model. The trabecular bone was segmented within a range of 40–70 and added to the same layer. It is recommendable to perform a general segmentation of the fossil and later including in this first segmented part of the structure the smaller parts such as the trabeculae. Doing this, it is possible to avoid an overestimation of the external surface segmentation of the fossil because of physical effects of the tomographic process (e.g., Compton effect).

For the teeth, we generated a separate layer, including the enamel, dentin, and pulp cavity (Pérez-Ramos et al., 2019, 2020; Figure 3D).


[image: image]

FIGURE 3. Digital cleaning of the skull of Ursus spelaeus spp. as an example. (A) Removing artifact from the XμCT, showing on the left the original image stack, and on the right the image without ring-shaped artifacts after applying the “mean” and “sharp” filters. (B) Sagittal, coronal, and axial views of the skull filled with exogenous material. (C) Edge-detection process applied to delimit the exogenous material from real bone (ref. image: Forsyth and Ponce, 2003; Gonzalez and Woods, 2008). (D) Coronal views of different slices along the anteroposterior axis, showing the bone delimited through the gradient filtering and the reconstructed parts (nasal, frontal, and palatine bones).




Image Cleaning Filters


Removing Image Artifacts

Once the stack of images is cleaned from background noises, there are still artifacts in the image, such as rings, beam hardening, and scattering (Figure 3A). These are generated for a highly dense material derived from preservational biases during fossilization or human-made materials during the physical restoration of the fossil (dense plaster, nails, or wire mesh) (Racicot, 2017). In these cases, the artifacts must be removed from the histogram before converting the image data to 8-bit. It is advisable to do this when the histogram is 16-bit because the range of the histogram is higher, and therefore, there are more possibilities to eliminate the artifacts accurately. Afterward, it is possible to proceed with converting the image data to 8-bit for faster image postprocessing. To remove all these effects, several image filters can be applied such as the “mean” and “sharp” filters available in ImageJ across the path: Process→Filters→ Mean and Process→Sharpen (Hsieh, 2009; Pertusa, 2010; Rueden et al., 2017). Whereas the “mean” filter removes the noise but blurs the image, the “sharp” one restores clearer edges between structures. Afterward, other mathematical operator processes can be applied to separate gradients of gray values, multiplying each pixel by certain values (1.25–1.5) in order to increase the contrast of the image stack (Process→Math→ Multiply). This result has to be usually subtracted to a gray value (100–200) (Process→Math→ Subtract). The process can be repeated by iteration until having the separation between the whitest and the darkest range. After each iteration, the histograms should be normalized to avoid calculation errors when applying the aforementioned filters: Process→Enhance Contrast at 0.5% (Maheswari and Radha, 2010; Maini and Aggarwal, 2010).



Removing Endocast Material

In those images with a low contrast between the object and the background, there are different contrast filters such “emphasis” that certainly helps to delimit the object margins. A Sobel edge detector compares an approximation of the image gradient to a threshold (Saif et al., 2016) and automatically decides if a pixel is part of a given margin (Shrivakshan and Chandrasekar, 2012; Sujatha and Sudha, 2015). A proper thresholding must be determined and computed, so the comparison generates useful results. An edge may be defined as the border between blocks of different colors or different gray levels (Qiu et al., 2012). With this method, in those cases where the fossils are filled with a stone matrix with a density and texture very similar to bone, we managed to separate and segment the actual fossil material accurately and quickly.

Mathematically, the edges are represented by first- and second-order derivatives. Among other edge detection operators (e.g., Banu et al., 2013), we used Canny’s (1986) edge detection algorithm in our practical example of cave bears, which is an improved method of the Sobel operator, and it is considered a powerful method for edge detection (Shrivakshan and Chandrasekar, 2012; Saif et al., 2016). A second group of filters that detect edges are those that use a second-order derived expression of the image, usually the Laplacian or non-linear deferential expression. We used this filter in partial parts when edge detection was more complicated given the low gradient of neighboring pixels (Figures 3B,C). In our example of cave bears, we have used Avizo Lite 9.2 to perform this process. In this software, the tool is called “Watershed,” which is within the option of segmentation editor. The process to follow is detailed and explained in Galibourg et al. (2017).



Unifying Parts of Image Stacks

A general problem when working with any type of XCT system is the scanning envelope of the machine used. Sometimes, this field of view is smaller than the size of the object that a XCT can scan, and therefore, a solution is to perform the scanning process in parts. The simplest case is when the object has the same orientation in all the acquisitions and therefore only changes the scanning envelope by an adjustment of the XCT detector or by moving the specimen. In this case, the process of unifying all image stacks is automatic using an algorithm named in ImageJ as “Concatenate” (Lu et al., 2009; Murtin et al., 2018). However, in cases where the object should be moved during the acquisition, the object (in our case, the skull of U. spelaeus spp.) is oriented differently in each acquisition (Figure 4). This is a problem to unify the image stacks. Different processes (described below) to fit all the images at the same orientation should be performed before using the “Concatenate” algorithm of ImageJ (Lu et al., 2009; Murtin et al., 2018). To do this, the reslice function of ImageJ was used, using the path: Image→Stacks→Reslice.
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FIGURE 4. Digital process of fitting different image stacks to the same orientation, using the reslice function in ImageJ (Rueden et al., 2017) on the cave bear skull (U. spelaeus spp.). (A) Image stack of the caudal part. (B) Image stack of the medial part. (C) Image stack of the frontal part. (D) Image stack of the right zygomatic arch. (E) Image stack of the left zygomatic arch. (F–H) Result of the concatenation and reslicing showing the skull in sagittal (F), axial (G), and coronal (H) views. (I) perspective view of the fitted object “3D rendering window.”


The process of unifying different parts of the same XμCT dataset was applied to the skull of U. spelaeus spp. (see Supplementary Data and Table 1), as its size exceeded the size of the acquisition window of the XμCT machine. To solve this problem, five acquisitions of the same skull were made in different regions (rostral, medial, caudal, right, and left zygomatic arches; Figure 4). Such parts were joined following the next procedure: (i) we performed all scans with a similar condition (voltage, current, and ideally magnification/voxel size); (ii) we did the tomographic reconstruction with the same parameters; (iii) we normalized the gray values of the dataset with identical parameters (Pertusa, 2010). In this way, all the specimens had a similar size (number of voxels in X, Y, and Z axes) and the same voxel size, which is the case of U. spelaeus. As the first step was to remove useless slices (without information of the object on them), it is essential to have the same dimension in the X and Y axes, but not in the Z axis. In our case (Figure 4), the conditions of the histogram, as well as the voxel and pixel sizes, were the same in all the specimens with the same image size (1,024 × 1,024 pixels) and isotropic voxel size of 0.2463 mm (same voxel size in 3 axes). The XμCT acquisition conditions are 180 kV and 0.16 mA (Table 1, and see in Supplementary Data). The XμCT dataset of the caudal part of the skull had 1,024 slices (Figure 4A) and from the slice 477 to the slice 1,024 had relevant information of the object (i.e., bone represented). For this reason, removing other slices with no information (e.g., empty spaces within the skull) reduces data size and eases the process. The XμCT dataset of the medial part of the skull had 1,024 slices (Figure 4B), and only the slices from 1 to 880 had relevant information of the object. From these subsets of slices, we used the stacking tool of ImageJ (Pertusa, 2010; Rueden et al., 2017) “Concatenate” to merge the two stacks of images corresponding to the medial and caudal datasets (Image→Stacks→Tools→Concatenate). The rostral part (Figure 4C) was misaligned with respect to the fused part (caudal–medial). To solve this problem, we positioned the two parts in the same view (coronal) using the reslice function and in the same slice to make the alignment between the frontal region and the next corresponding slice of the frontal block of image stacks. This process was repeated to fit and merge the lateral parts of both the right and left zygomatic arches (Figures 4D,E). To align each of the parts of the skulls, we displayed in the same window both parts using the reslice function. With the Rotate tool (Image→Transform–Rotate) and Translate (Image→Transform–Translate) within the menu, it is possible to check the grid lines option. To measure the position of alignment with the pattern image, we used the angle and line tools. To get the values of the measurement, we used the path Analyze→Measure. Using the “Rotate” and “Translate” tools, the adjacent part will be adjusted to the same position than the other one. This process will be carried out in all views using the reslice function (sagittal, coronal, and axial) to maximize the level of precision. This process should be repeated, depending on the number of parts to merge. Therefore, by concatenating all parts, the structures are aligned in all the views correctly. Once the five XμCT datasets were merged (Figures 4F–I), the general histogram of this new XμCT dataset was normalized to standardize the entire histogram as a whole and to convert the image stacks from 16- to 8-bit (Figure 2D). This process of unifying parts of image stacks was applied to the skull of U. spelaeus spp. to develop a previous study (Pérez-Ramos et al., 2019).



Interpolation Process

Before performing any comparative analysis based on voxels (e.g., histological analyses), some processing of XCT data is required in order to convert them to isotropic (Parsania and Virparia, 2016; Rajarapollu and Mankar, 2017). Therefore, the XCT datasets of all the skulls should be comparable, which explains why all of them should have the same voxel size and orientation. To do this, we used ImageJ (Maret et al., 2012; Rueden et al., 2017). While Avizo recognizes that voxel size is different, and it can compare datasets without any problem, having the same size and voxel size among specimens makes it easier and opens analytical possibilities with more software and plugins tools (e.g., BoneJ). Moreover, after doing this, in some cases, the profile and contrast of some small parts (e.g., connections among trabeculae) should be enhanced. To do this, we applied an interpolation method called “bicubic” (Van Hecke et al., 2010; Parsania and Virparia, 2016; Rajarapollu and Mankar, 2017), making the observation of smaller features easier. This method of interpolation was applied in our practical example of cave bears to (i) convert non-isotropic to isotropic voxels in order to standardize voxel size, (ii) increase voxel and pixel sizes resolution in order to have a higher contrast of the small structures at histological level, and (iii) reorient the sample in the dataset in order to have the same orientation. The procedure followed to execute these three points is outlined below:

(i) Converting non-isotropic to isotropic voxel. This method converts a non-isotropic voxel (see Table 1, voxel size “original”), only the specimens marked with one asterisk, into isotropic voxel (see Table 1, voxel size Iso “standardized”), which is an anisotropic bicubic interpolation (Figures 5A,B). This process runs on each voxel and on the three axes. The process to perform such a conversion is to divide the value of voxel depth by the value of pixel width (Image→ Properties). The resulting value is used in the scale selection in ImageJ (Maret et al., 2012; Rueden et al., 2017). Finally, such value of the scale should be added to the Z axis (Image→Scale→choose option bicubic interpolation).
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FIGURE 5. Application of the bicubic interpolation to change the number of voxels in the three axes and to reorient the skull. The conversion from a non-isotropic voxel (A) to an isotropic one (B) is shown. (C) Increasing voxel size to improve the contrast of small structures. (D) Reorienting the XCT data.


(ii) Increasing voxel and pixel sizes. In some studies performed here, an increment in voxel and pixel sizes of the medical XCT dataset and laboratory XCT dataset was applied to improve the contrast of small structures such as the trabeculae of cancellous bone. To perform this process, pixel size was increased in medical XCT datasets of 512 × 512 pixels to 1,024 × 1,024 pixels (see Table 1, image matrix “processed”), using this path Image→Adjust→Size (Resize). For increasing voxel size (see Table 1, voxel size “processed”), using the same pathway for converting non-isotropic to isotropic voxel. We performed these processes in ImageJ (Rueden et al., 2017) using the bicubic interpolation method (Maret et al., 2012; Parsania and Virparia, 2016; Camardella et al., 2017; Rajarapollu and Mankar, 2017; Figure 5C). Increasing first the pixel size and then the voxel size is recommended.

(iii) Reorienting the sample in the dataset. We aligned the specimens locating the prostion/basion at the same plane (Figure 5D). To do this, the reslice function of ImageJ (Rueden et al., 2017) was applied, using this path Image→Stacks→Reslice. The method only operates with image stacks with isotropic voxels. Therefore, the bicubic method is necessary to execute correctly this step. With the reslice function, we can move the orientation of the entire image stack, being in our case in dorsal, coronal, and sagittal views (Figure 5D). In each view, using the rotate tool (Image→Transform→Rotate) and translate tool (Image→Transform→Translate), we reorient the skull in the correct position (Figure 5D). To reorient the skull, the zygomatic arches are oriented to the same plane in coronal view (Figure 5D, left) and to know how many degrees the skull should be rotated. Afterward, this angle is measured with the angle tool in the submenu of ImageJ in sagittal, axial, and coronal views (Figure 5D, intermediate) to reorient the skull in order to have the prostion and basion into the same plane (Figure 5D, right). Within the rotate and translate tools menu, one must put the angles (angle tool) and the distance to move (line tool). To reorient each image in the same position, we activated the “grid lines” option and chose the “bicubic” interpolation option.



VIRTUAL RECONSTRUCTION OF FOSSIL SKULLS

This section describes the most common methods used for reconstructing the 3D models of fossil skulls following different sources (i.e., Zollikofer and Ponce de León, 2005; Abel et al., 2012; Cunningham et al., 2014; Sutton et al., 2014; Tallman et al., 2014; Lautenschlager, 2016; Mostakhdemin et al., 2016; Gunz et al., 2020). Moreover, for a correct anatomical reconstruction, one usually has to use different specific bibliographic sources on the anatomy of the group studied. In our case, we have followed Moore (1982) and Novacek (1993), and we have also relied on the anatomy of the skull of living bears, especially those species with a closer phylogenetic relationship with the cave bear (i.e., U. arctos, Ursus americanus, Ursus maritimus, and Ursus thibetanus).

We have used Avizo to generate the 3D models through segmentation, as explained in Image Stack Segmentation. We have also used this software to generate the dental models and cranial parts that will be later used during the mirroring (generating the specular model of the preserved part) to restore lacking parts in fossils. The two file formats used in our study are STL (stereolithography) and PLY (polygon file format). The first format is used for simple models, i.e., those that only contain mesh data without color or texture, and the second for models with a high number of triangles (high mesh resolution) with color and texture data. The mirroring process was generated with Geomagic, where the fragment used as a reference needed small anatomical improvements (e.g., bone microfractures). These mirrored models were imported in STL format into Mimics to display with red polylines the contours of these parts (Figures 6–8). In this study, Mimics has been used to reposition the elements more accurately with the path Reposition←CMF/Simulation. A great advantage of Mimics over other software is its ability to visualize within the display viewer of the XCT data the polylines in red (outline of mirrored objects) that mark the contour of the model to be reconstructed. The mirroring process (generate mirror or specular models) is executed within Mimics (path Mirror←CMF/Simulation) or later during the postprocessing, using 3D software for model viewer such as Blender or Geomagic. In our example, we have only used Geomagic with the path Mirror←Tools. The reconstruction of lacking parts with Mimics gives the most accurate results, Because we can generate the structures by segmentation following the pattern of red lines that mark the missing structure. We managed to generate an almost complete model in the same viewer of the XCT data generating a layer (green color in Figures 6–9). The reposition of the elements by isolated parts in other software, such as bone fragments that fit virtually into programs such as Blender15, Geomagic, or Maya16, can give small errors in anatomical and morphological geometric replacement.
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FIGURE 6. Reconstruction of the skull using the mirroring process, illustrated with the digital rendering of Ursus ingressus (PIUW3000/5/105). (A) The 3D virtual model skull showing the mirrored partial bone skull and the canine (in red) with the original bone in green. In (B–D), the orthogonal views showing original bone in green and the reconstructed bone highlighted by the red polyline are shown.
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FIGURE 7. Reconstruction of the skull of Ursus spelaeus eremus (PIUW-SW 483). (A) Three-dimensional models showing in red the mirrored parts of the frontal dome and in green the original bone. (B) Coronal view showing the red polyline to reconstruct the lacking parts of bone. (C) Axial view showing the red polyline to reconstruct the left portion of the frontal bone. (D) Sagittal view showing the reconstructed parts of the frontal, maxillary, and palatine bones. (E) Axial view showing the reconstructed bone parts of the vomer, palatine, and maxillary bones.
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FIGURE 8. Reconstruction of Ursus spelaeus ladinicus (PIUW-CU 703). (A) Coronal, sagittal, and perspective views of the 3D virtual models showing the red the polyline used to mirror the left TMJ. Actual bone in green. The lacking right TMJ is shown in sagittal (B), coronal (C), and axial views (D). Abbreviation: TMJ, temporomandibular joint.
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FIGURE 9. Skull reconstruction with implantation of parts. (A–C) Skull of the U. spelaeus ladinicus (PIUW-CU 703); missing parts are restored by mirroring the contralateral part of the skull. (A) Restoration of the right TMJ. (B) Restoration of the left canine. Original bone in green, mirrored part used for restoration in red. (D) Reconstruction of the missing right P4 (blue), using a mirrored version of the existing left P4 (red) in U. sp. eremus. (E) Reconstruction of the missing left dental serie (blue), using a mirrored version of the existing right dental serie (red) in U. sp. eremus. (F) Comparison between the original skull of U. sp. spelaeus (in gray) and the final skull (in blue) with the periodontal region of the maxillary bone reconstructed.




MESH POSTPROCESSING

Once the 3D mesh model has been generated, several methods of postprocessing should be applied to improve it (Zollikofer and Ponce de León, 2005; Abel et al., 2012; Cunningham et al., 2014; Lautenschlager, 2016; Mostakhdemin et al., 2016; Racicot, 2017). The postprocessing methods refer to those processes that are applied on the mesh model to repair, optimize, or edit the mesh created from the layers (or masks) obtained from segmentation. The process to generate this mesh from a surface or plane with known coordinates is called tessellation (Botsch et al., 2006). In our case, we exported the meshes with the maximum numbers of triangles, and later these were simplified with a specialized software, such as 3D Slicer, MeshLab, 2020 freeware17, or Geomagic Wrap. In this section, the mesh postprocessing and topological analyses have been carried out with Geomagic. The first step to follow was to export the surface models in PLY or STL format to more specific software to display models such as Geomagic or MeshLab. The first process of reducing the number of triangles must be applied, called decimation (Botsch et al., 2006). This process is explained in Figure 10, using the skull of U. ingressus as an example. In the case that some missing parts of the skulls were reconstructed, we verified if such reconstructions were anatomically correct by comparing the fossil skull with other models of modern bears.
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FIGURE 10. Example of mesh tessellation and decimation using the dataset of Ursus ingressus (PIUW3000/5/105) as an example. (A,B) First step of mesh postprocessing and smoothing, based on the decimated density of mesh triangulation. (B,C) Second step of mesh postprocessing, consisting of the fusion and integration of different elements, being in this case the lacking teeth. (C) Final step of mesh postprocessing, consisting of noise deletion in the mesh by special tool, Uniformity mesh. (D) Original mesh of the skull before of the reconstruction process.


The process of virtual restoration of fossil skulls and the subsequent simplification of the mesh can lead to topological deviations relative to the original non-restored skull. In addition, simplifying the mesh can affect its integrity. In this section, we will apply two analytical processes using Geomagic to check the integrity (i) and the topological deviation (ii) of the model mesh. Below, both processes are explained in more detail:

(i) It is necessary to check the integrity of the mesh to discard any topological error (e.g., self-intersections, highly creased edges or spikes) or open spaces at some point on its surface (i.e., non-manifold edges, small holes or tunnels). To do this, an analytical processing of curvature map was applied. This analytical method was performed with Geomagic using the command: Curves→Draw→curvature map; in MeshLab, the tool is named “Quality mapper.” Figure 10A shows a non-uniform mesh with artifacts. This is a consequence of the restoration process of lacking parts. We have named the mesh without removing these artifacts as “unprocessed mesh.” The curvature map analysis filter was applied to check if the integrity of the mesh was correct (Figures 10A, 11A, 12A,B, left model), as it appears the mixed color patterns in the surfer model. We applied various smoothing processes to eliminate these artifacts from the mesh, controlling the degree of the effect of such process (Polygons→Reduce Noise). The option “Prismatic shapes aggressive,” as well as the smoothness level as low, with iterations of about 2 or 4 should be selected (Figure 10B). At the end of this process, the “Quicksmooth” tool should be applied. This tool generates a uniform mesh. By applying these tools, artifacts on the mesh surface have been removed. The clean and uniform mesh has been named as a “processed mesh.” To check if the “processed mesh” was correct (Figures 10B,C, 11B, 12A,B, right model), we applied the curvature map analysis filter. As the color pattern of the surfer model was regular green (Figures 10B,C), this indicates that the processed mesh was correct. Indeed, in the color pattern of the curvature map, cold colors are assigned to outside edges, green colors are assigned to the surfaces with little angle (i.e., all the ventral and dorsal faces of all triangles have the same orientation), and warm colors to the inside edges (Figure 11C). Once this first step of postprocessing of the mesh is correct, then the next step of mesh postprocessing (i.e., topological analysis) should be carried out.
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FIGURE 11. Example of topological deviations using the dataset of Ursus ingressus (PIUW3000/5/105) as an example. (A–C) First postprocessing mesh, based on the curvature map, unprocessed mesh (A), and processed mesh (B). (C) Schematic process of the curvature map operator: outside edge, cold colors; inside edge, warm colors. (D) Second postprocessing mesh, consisting of topological deviations. The regions of warm colors correspond with the reconstructed bone parts. (E) Schematic process of the operator of topological deviation.



[image: image]

FIGURE 12. Example of topological deviations using the dataset of Ursus spelaeus spelaeus (E-ZYX-1000). (A,B) First postprocessed mesh, consisting of curvature maps, in dorsal view (A) of the unprocessed mesh (left side), and the reconstructed skull (right side), and in ventral view (B) of the unprocessed mesh (left side) and the processed mesh reconstructed skull (right side). (C,D) Topological variation between the original (Os) and reconstructed (Rs) meshes using either the original skull as a reference (C) or the reconstructed one (D). Note that parts added in the reconstructed skull appear in warm colors when the original skull is used as a reference but appear blue when the reconstructed skull is used as a reference. Os, original skull; Rs, reconstructed skull.


(ii) This analytical process quantifies the topological deviations between two mesh models. In our case, it helps us to quantify if the simplification of the mesh and cleaning of the artifacts have been very aggressive or poorly applied, generating significant deformations in the original topology of the model. This process is explained in Figure 11, using the skull of U. ingressus as an example. In the case of comparing the original skulls with the reconstructed ones, the information is obtained as a heat map, reflecting the topological arrangement of the added bone structures (Figures 11D,E). Therefore, those structures artificially added will have a positive deviation with warm colors, and those that have been removed or are below the topological profile of the original skull will have cold colors (Figure 11E). For such a comparison (Figure 12D), the reconstructed skull is chosen as the topological pattern against the original skull. For example, if the topology of the restored skull is above the surface pattern of the topology of the non-restored skull, the mesh color will be warm. In contrast, if the topology of the restored skull is below the surface pattern of the non-restored skull, the mesh color will be blue. Therefore, the topological information obtained is different from that in the first case (Figure 12C). This information is used to quantify the level of preservation of the element (skull, jaw, etc.) and its preservational condition. Another important aspect is to quantify the effect of repairing the skull and postprocessing the model mesh. For example, a high smoothing can cause various details to disappear, such as reliefs and roughness of the muscle insertions, loss of bone sutures. and loss of details of the dental topology, among others.

Across this section, we have highlighted several tools that can be used in automatic mode. We recommend using “mesh doctor” at the end of the mesh postprocessing to assess if there are artifacts in the mesh (small triangle intersections, spikes, or small holes). If the mesh has a very low number of triangles, we can use the “reintegration” tool, always setting the limits of the topology. The “uniformity” tool is useful to remove very aggressive triangles, and one has to select the aggressive prisms option with a medium number of iterations and a low effect level to remove them. With this procedure, we avoid large deviations of the mesh with the original topology.

Once all these processes have been performed, the resulting 3D mesh models are subject to any kind of evolutionary studies such as those based on ecomorphology or biomechanics. In the case of biomechanical studies, models should be imported into software such as Strand 718 (Tseng et al., 2017; Pérez-Ramos et al., 2020). For studies of GMM, one can use other software to digitize the landmarks such as Stratovan Checkpoint Software (Stratovan Corporation, Davis, CA, United States) or the Geomorph (Adams and Otárola-Castillo, 2013; Adams et al., 2016) package of R (R Core Team, 2015).



CASE STUDY: CAVE BEAR SKULLS


Ursus ingressus Skull (PIUW3000/5/105)

The skull of U. ingressus was scanned using a medical XCT system (see Table 1 and Supplementary Data). The optimal histogram range was chosen to create masks (different layers) for both bone and teeth, as explained in the process of segmentation. The 3D surface model created from that mask is represented in Figure 6 in green, and the parts of bone that are lacking due to preservational reasons are represented in red. The right side of the skull is missing; the contralateral bones of the left side (in green) should be isolated, mirrored, and positioned to replace the missing part (in red), using Mimics. Once the mirrored bone parts were obtained in Geomagic (i.e., front part of the maxilla, premaxilla, nasal, palatine, some frontal parts, and foramina of the sphenoid; Figures 6B–D), they were fitted anatomically into the skull by means of polylines or contours in Mimics. Using these contours in red, we generated a bone mask (Figures 6B–D, in green) interpolating within the region bounded by the contours of the polylines. Finally, the lacking parts were reconstructed. This is the case of the mirrored canine that was “implanted” into the reconstructed alveolus (Figure 6A). This same virtual reconstruction was also carried out in other fossil skulls. Once the anatomical restoration was finished, the model was exported to Geomagic (STL or PLY format) at high resolution (high number of mesh triangles). How to conduct this analysis is explained in further depth in section “Mesh Postprocessing.”



Ursus spelaeus spelaeus Skull (E-ZYX-1000)

The skull of U. spelaeus spelaeus was acquired with a medical XCT system (see Table 1 and Supplementary Data). Because of the specific preservational conditions (limestone matrix filling the internal cavities) of this skull, we applied edge detection filters to discern bone material from exogenous material. This process is explained in detail in Removing Endocast Material. The virtual restoration of this skull is represented in Figures 3B–D. For the process of virtual reconstruction, we used a gradient edge detection filter through the watershed tool, within the segmentation editor of Avizo Lite 9.2 or 3D Slicer 4.10. The reason to apply these edge detection gradients is that this skull was filled with several karstic particles, mainly carbonated material and clay sediments of different types of grain, occupying and filling internal spaces, such as paranasal structures, which should be removed. Thresholding the skull is problematic, as the range of gray values of the fossil and the karst overlap in the histogram. To do this, we used other methods that allowed distinguishing the exogenous materials from real bone (Figures 3C,D). The algorithm used for the edge detection gradient was based on the complex matrix operators of Sobel type. Therefore, we used a segmentation method by interpreting pixel values as altitudes, where a gray-level image can be seen as a topographic relief. The idea behind these algorithms is to compute the lines from this topographic image. This process converts the original images into 3D topographic border gradients (Figure 3C), which are used by the software as a guide to generate segmentation layers based on the initial conditions of signaling and layer marking. In other words, in the original project, some points in three views along the data will mark the different structures subject to separation in a rough way. This algorithm generates the masks of the structures completely delimited from the others (Figure 3D) when interpolating the border gradient data (Figure 3C) with the premarked signals. In Figure 3D, the green layer is referred to bone, the yellow layer refers to the karstic material within the skull, the red layer is referred to the paranasal cavities, and the blue layer is referred to teeth (only visible in frontal view). In the maxillodental reconstruction of this skull, the left dental series was very worn by the preservational processes, and therefore, it was reconstructed (Figures 9E,F) using the same procedure than for the skull of U. ingressus. To do this, the right dental series was chosen with very good preservation, and a mirror process was performed to obtain the left dental series (Figure 9E). The exact repositioning and positioning of teeth were performed following the same process than the one used for the skull of U. ingressus. The bone of the periodontal areas on the left side was partially restored in the segmentation process (Figure 9F), using the same procedure than in the skull of U. ingressus (Figure 6). Once the anatomical reconstruction was finished, the model was exported to Geomagic (STL or PLY format) in high-resolution (high number of mesh triangles). The applied analysis is explained in detail in “Mesh Postprocessing” section.



Ursus spelaeus eremus Skull (PIUW-SW 483)

The skull of U. spelaeus eremus was scanned with a medical XCT system (see Table 1 and Supplementary Data). This skull needed a high degree of virtual restoration across different areas (Figure 7). The preserved parts of the bone shown in Figure 7A (in green) were mirrored in red (in Geomagic), and these parts were used to generate the reconstructed bone of the broken or lacking bone parts in Mimics (Figures 7A–D). In this case, the parts that were restored are the frontal, lateral palatine and vomer, and maxilla. To regenerate these broken parts, we used the multiple-slice edit tool of Mimics, through the red contour of the polyline that delimits the area, where we will generate the same skull bone layer (in green). For the virtual restoration of the fourth right premolar, we mirrored the left fourth premolar in Geomagic (Figure 9D), and it was “implanted” into its corresponding alveolus with Mimics (Figure 9D). The fourth premolar was precisely reconstructed in the alveolar cavity, adapting the shape, size, and orientation of such dental piece to the specific anatomical requirements. To execute this process, the “reposition” tool was used in the CMF/Simulation menu in Mimics. Once the skull was virtually reconstructed, it was postprocessed. This analysis is explained in detail in “Mesh Postprocessing” section.



Ursus spelaeus ladinicus Skull (PIUW-CU 703)

In the case of the skull of U. spelaeus ladinicus, it was acquired with a XμCT system (see Table 1 and Supplementary Data). The virtual reconstruction of U. spelaeus ladinicus is shown in Figure 8. In this case, only the right temporomandibular joint (TMJ) and the left canine were virtually repaired in Mimics. For repairing the right TMJ, a preliminary step was performed to preselect the left TMJ. With this anatomical selection, we proceeded to mirror the structure (the command is CMF/Simulation→Mirror in Mimics) (Figures 8A–D). As this structure is essentially formed by trabecular bone with a high complexity of the trabeculae, it is unfeasible to generate a new layer of bone as performed in other fossils. Therefore, the easiest way to proceed here was to adapt the repositioned fragment and merge it later, through the command CMF/Simulation→Reposition and Merge in Mimics (Figures 9A–D). The left canine was precisely reconstructed in the alveolar cavity, adapting the shape, size, and orientation of such dental piece to the specific anatomical requirements with the same command reposition tool (Figure 9B). With this process, the skull of U. spelaeus ladinicus is fully repaired and reconstructed with the TMJ and the left canine (Figure 9C). Once the skull was virtually reconstructed, its mesh was postprocessed. The analysis is explained in detail in “Mesh Postprocessing” section.



CONCLUSION

The use of the new advances and improvements of computed tomography has brought a big step forward in the way of analyzing fossils. XCT provides internal information without applying invasive approaches, and we can apply different methods on these internal data that are essentially described in this article, such as (i) virtually repairing and cleaning the matrix in fossils through edge detection filters, which facilitate work and costs for the researcher; (ii) unify the different acquisitions of the same XCT dataset from very large study samples; (iii) remove artifacts from datasets with incorrect calibration of the XCT acquisition parameters or by preservational biases experienced during the process of fossilization; (iv) using medical and laboratory XCT data together by the bicubic interpolation method, which saves image processing time; (v) reposition of bone parts in fossils with high precision to perform anatomical comparisons and evolutionary analyses of any kind. Moreover, it is possible to evaluate mesh integrity of the models and the effects of such virtual processes on mesh geometry and topology. We have here described a complete protocol to process data in order to give solutions for the typical problems encountered by paleontologists and to obtain reliable meshes to be used in different analyses across different fields of research, such as ecomorphology (e.g., Drake, 2011; Figueirido et al., 2011, 2015; Figueirido, 2018; Pérez-Ramos et al., 2019), histology (e.g., Doube et al., 2010; Figueirido et al., 2018; Syahrom et al., 2018), comparative anatomy (e.g., Miyashita et al., 2011; Van Valkenburgh et al., 2014), and biomechanics (e.g., Wroe et al., 2013; Figueirido et al., 2014; Pérez-Ramos et al., 2020) or phenotypic evolution in general (e.g., Drake, 2011; Polly et al., 2016; Martín-Serra et al., 2019), information that could be later used in more holistic palaecological studies (e.g., Figueirido et al., 2012, 2019). In this work, the new protocols presented could be extrapolated to the dataset from nCT. Nowadays, the nCT is not as extensively used as CT with X-ray sources, at least in vertebrate paleontology. However, nCT is an alternative technique especially valid for those scenarios where X-rays fail to provide important internal anatomical detail given their limited penetration range in highly dense materials, (e.g., Zanolli et al., 2020) and when the preservation of fossilized organic material is required (e.g., Mays et al., 2017). Therefore, the continuous advance in new protocols and computational methods that are available in this virtual world will open new horizons for the study of ancient real worlds across the history of life.
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(A) search.conv results under “state” condition

state Ostate  P-Ostate Otime P-Btime
Arboreal - intermediate 98.253 0.867 0.945 0.099
Fossorial 68.148 0.002 0.786 0.001

(B) search.conv results under “automatic” condition

node Oreal P Oreal (0 real+bace)/time  p(breairpace)/time

Bradypus — Choloepus  0.235  0.01 0.383 0.001

(A) Results as returned by search.conv. Osiate: mean angle between species within
a within a single state; p.0state: p value computed for Ostate. (B) Results as returned
by search.conv for clade subtending Bradypus and Choloepus.6yes: the mean
angle between Bradypus and Choloepus divided by the time distance; p 6y
the p-value computed for Brear; Breairoace)/time: the mean theta angle between
Bradypus and Choloepus plus the angle between aces, divided by the time
distance; p(6reaitoace)/time: the p-value computed for (Oreai+eace)/time. Significant
p values (<0.05) are highlighted in bold.
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Molecular tree Morphological tree

Size Shape Size Shape

Rate difference p values Rate difference p values Rate difference p values Rate difference p values

arboreal — aquatic 0.134 0.002 11.99 <0.001 —0.001 0.372 —1.457 0.158
fossorial — aquatic 0.004 0.367 0.045 0.311 0.017 0.636 —2.604 0.049
intermediate — aquatic 0.017 0.543 0.725 0.476 0.003 0.403 —3.021 0.041
terrestrial — aquatic 0.014 0.464 1.159 0.469 0.017 0.595 —1.107 0.179
fossorial — arboreal -0.129 0.003 —11.945 0.001 0.018 0.777 —1.148 0.166
intermediate — arboreal —-0.117 0.005 —11.265 0.001 0.004 0.528 —1.564 0.127
terrestrial — arboreal -0.12 0.004 —10.832 0.001 0.018 0.811 0.349 0.601
intermediate — fossorial 0.012 0.673 0.68 0.604 —-0.015 0.247 —0.416 0.421
terrestrial - fossorial 0.009 0.565 1.114 0.702 0.000 0.481 1.497 0.969
terrestrial - intermediate —0.003 0.373 0.433 0.501 0.015 0.762 1.913 0.015
terrestrial —0.026 0.162 —2.04 0.081 0.009 0.758 1.151 0.957
fossorial —0.031 0.086 —2.952 0.008 0.007 0.691 —1.136 0.054
intermediate —0.013 0.473 —1.808 0.286 —0.011 0.319 —1.482 0.045
aquatic —0.029 0.425 —2.366 0.188 —0.015 0.251 0.332 0.742
arboreal 0.128 0.001 11.259 <0.001 —0.013 0.492 1.805 0.918

Rate difference is computed as the average rate for all species evolving under the same state minus the average for each other state (for group comparison) or the rest
of the tree (for the single state). p values is assessed by means of randomization.
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Group Model SS

(A) Proc ANOVA without phylogeny

Folivora shape~size 0.125
Cingulata 0.037
(B) Proc ANOVA with molecular tree

Folivora shape~size + phy 0.004
Cingulata 0.000
(C) Proc ANOVA with morphological tree
Folivora shape~size + phy 0.004
Cingulata 0.002

MS

0.125
0.037

0.001
0.000

0.004
0.002

R2

0.562
0.345

0.258
0.091

0.439
0.342

p values

0.003
0.003

0.008
0.333

0.001
0.024

SS, the Sums of Squares; MS, Mean squares; R?, the coefficient of determi-
nation for each model term; F, The F values for each model term; p values,
probability computed for each model, significance (<0.05) is highlighted in bold;

loc = locomotion.
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Character

C. etruscus

C. arnensis

C. apolloniensis

C. mosbachensis

Canis sp. from Dmanisi

References

Nasal bones, in dorsal view

Nasal bones, in lateral view

Distal elongation of the
postorbital constriction

Outline of nuchal crest

edial walls of the
ympanic bullae

GWOC/AB
Axis of P3

M1 pararcone

Trigon-talon basins on M1

Occlusal shape of the M2

M2 metacone
Contact between M1-M2
Toothrow curvature

Lower premolars
protoconids

p3 alveolus

p3 distal accessory
cuspulid

p4 secondary distal
cuspulid and distal cingulid

Mesial margin of paraconid
of m1

Hypoconid of m1
Transverse cristid

m1 accessory cuspids

m2 protoconid
m2 distolingual cuspids

very long, end well beyond
maxillo-frontal suture

straight profile in lateral view
modest
blunt dorsal outline

straight, parallel one
another

>0.9
inline with that of P4

larger than the metacone

same depth

squared

smaller than the paracone
reduced

strong

high

at same level of p2-p4

alveoli

developed

separated

vertical and straight

very large

straight (rarely sinuous)

absent

larger than the metaconid
absent

short, end slightly before
the level of maxillo-frontal
suture

gently dorsoventrally curved
reduced
rounded outline

straight, parallel one
another

<0.9
inline with that of P4

slightly larger than the
metacone
same depth

short bean-like shape

equal-sized with paracone
broad

slight

high

at same level of p2-p4
alveoli

developed

separated

vertical and straight
similar size with entoconid
straight

can be present

equal-sized with metaconid
entoconid evident

generally deviates laterally
from that of P4

larger than the metacone

trigon basin deeper

generally buccolingually
elongated bean-shaped

similar to the paracone
reduced

tend to be strong
short

at same level of p2-p4
alveoli

generally reduced
fused
inclined distally and

straight/slightly curved
considerably larger than
entoconid

straight (rarely sinuous)

generally present

larger than the metaconid

generally absent

long, end beyond
maxillo-frontal suture

dorsoventrally curved

generally marked

triangular, sharp-pointed

markedly rostrocaudally
divergent

<0.9

generally deviates laterally
from that of P4

larger than the metacone

trigon basin deeper

buccolingually elongated
bean-shaped

smaller than paracone
reduced

tend to be strong
short

lower in the mandible,
especially distally
generally reduced
fused

inclined distally and
straight/slightly curved
larger than entoconid

generally sinuous

generally present

larger than the metaconid

generally absent

Long, end beyond
maxillo-frontal suture

slightly dorsoventrally
curved

modest

blunt dorsal outline

markedly rostrocaudally
divergent

<0.9
may deviates laterally from

that of P4
larger than the metacone
trigon basin deeper

generally triangular

smaller than paracone
reduced

strong

short

lower in the mandible,

especially distally

present

fused

inclined distally and straight

larger than entoconid

generally sinous

can be present

larger than the metaconid
absent

Sotnikova, 2001; Bartolini
Lucenti et al., 2017

Bartolini Lucenti et al., 2017

Bartolini Lucenti et al.,
2017, here

Cherinet al., 2014
Koufos, 2018

Sotnikova, 2001; Tedford
et al., 2009

Sotnikova, 2001; Bartolini
Lucenti et al., 2017

Sotnikova, 2001

Cherin et al., 2014
Del Campana, 1913
Bartolini Lucenti et al., 2017

Sotnikova, 2001

Bartolini Lucenti et al., 2017

Torre, 1967; Sotnikova,
2001

Sotnikova, 2001; Bartolini
Lucenti et al., 2017
Martinez-Navarro et al.,
2009; Bartolini Lucenti
etal, 2017

Tedford et al., 2009
Martinez-Navarro et al.,
2009; Tedford et al., 2009

“_n

~” represents missing information in the literature or on the specimens.
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Model 8S MS

(A) Proc ANOVA without phylogeny

Shape~size 0.069 0.069
Shape~loc 0.102 0.026
Size~loc 1.894 0.473

(B) Proc ANOVA with molecular tree
Shape~size + phy 0.001 0.001
Shape~loc + phy 0.006 0.001
Size~loc 4 phy 0.109 0.027
(C) Proc ANOVA with morphological tree
Shape~size + phy 0.002 0.002
Shape~loc + phy 0.002 0.001
Size~loc 4 phy 0.022 0.005

R2

0.160
0.238
0.077

0.068
0.269
0.196

0.104
0.147
0.042

5.156
1.870
0.503

1.960
2.210
1.464

3.146
1.034
0.264

p values

0.008
0.044
0.736

0.097
0.016
0.256

0.022
0.408
0.881

SS, the Sums of Squares; MS, Mean squares; R?, the coefficient of determi-
nation for each model term; F, The F values for each model term; p values,
probability computed for each model, significance (<0.05) is highlighted in bold;

loc = locomotion.
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Family

“stem Pecora’

Antilocapridae

Giraffidae

Cervidae

Moschidae

Bovidae

Sub-family

Antilopinae
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Capreolinae

Bovinae

Species

Parablastomeryx
gilchristensis
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Amphitragulus
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americana
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Capromeryx
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Muntiacus
muntjiak
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Hydropotes
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americana
Odocoileus sp.
Mazama
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Ozotoceros
bezoarticus
Pudu puda
Moschus
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Bubalus
depressicomis

Bubalus
depressicomis

Inventory
number
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Total length Mass (w/o pelvis) Mass (w/pelvis)
ONP 280.82 1056.99 2725.74
CNP_2.5% 262.15 987.37 2656.12
CNP_5% 268.55 1007.49 2676.24
CNP_10% 281.34 1048.8 271755
CNP_15% 294.12 1089.74 2758.5
CNP_20% 306.91 1130.69 2799.43
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ONP CNP_2.5% CNP_5% CNP_10% CNP_15% CNP_20%

Volume ()

Muscle TSP 22.669 20.802 21.312 22.325 23.340 24.354
LC 76.924 70.681 72.407 75.853 79.303 82.750
lIC 121.276 114.303 117.115 122.738 128.359 133.982
IICmed 10.139 9.235 9.451 9.885 10.319 10.753
CFB 36.952 35.003 35.406 36.213 37.018 37.825
CFL 170.262 1566.311 1569.894 167.583 175.097 182.611
TRPR 9.923 8.972 9.210 9.684 10.159 10.633
Total 448144 415.307 424.795 444281 463.595 482.908

Mass (Kg)

Muscle TSP 24.029 22.050 22.591 23.665 24.740 25.815
LC 81.539 74.922 76.751 80.404 84.061 87.715
lIC 128.553 121.161 124.142 130.102 136.061 142.021
lICmed 10.747 9.789 10.018 10.478 10.938 11.398
CFB 39.169 37.103 37.530 38.386 39.239 40.095
CFL 180.477 165.690 169.488 177.638 185.603 193.568
TRPR 10.518 9.510 9.763 10.265 10.769 11.271
Total 475.032 440.225 450.283 470.938 491.411 511.882

The muscle volumes were calculated with the software Maya. The muscle masses were calculated using the density value proposed by Méndez and Keys (1960) for
mammalian muscles (d = 1.06 x 10° kg I/m3). CFB, m. caudofemoralis brevis; CFL, m. caudofermoralis longus; lIC, m. ilioischiocaudalis; ICmed, m. ilioischiocaudalis
medial head; LC, m. longissimus caudae; TRPR, m. transversus perinei; TSR, Transversospinalis group. See Supplementary Figure S4 for the individual segments.
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Measurement Value

Skull
Basicranial width 200.8
Condyle external width 142.1
Condyle internal wicth 69.4
Foramen magnum height 497
Maxillary extension (anterior to Mf1) 91.8
Maxilo-condytar length 501.1
Maximum snout width 120
Minimum post-orbital width of the frontal 121.1
Minimum snout width 1153
Occipital height 128.4
Palatal length (excluding the premaxile) 232.7
Palatal wicith (at the level of M2) 584
Palatal wicith (at the level of M) 488
Snout height 1236
Snout length 104.6
Upper dental series length 1208
Mandible

Condyle-angle height 1214
Coronoid process anteroposterior length 865
Height of ramus at the level of mf1 862
Height of ramus at the level of mf2 916
Height of ramus at the level of mf3 917
Height of ramus at the level of mf4 9238
Lower dental series length 1112
Mandibular condyle length 233
Mandibular condyle width 50.7
Symphyseal spout length 1183
Symphyseal spout width 68.7
Total length of mandible 4114
Upper dentition

Mf1 mesiodistal length 236
M buccolingual width 1.2
M£2 mesiodistal length 246
M£2 buccolingual width 154
Mf3 mesiodistal length 24.4
M£3 buccolingual width 153
Mt4 mesiodistal length 204
M4 buccolingual width 138
M5 mesiodistal length 139
M5 buccolingual width 134
Lower dentition

mft mesiodistal length 297
mft buccolingual width 16.8
mf2 mesiodistal length 262
mi2 buccolingual width 106
mf8 mesiodistal length 261
mf3 buccolingual width 15
mi4 mesiodistal length 362
mf4 buccolingual width 209
Brain endocast

Maximum anteroposterior length 155.6
Maximum mediolateral width 1002
Volume (including nerves) 571.9

M, upper molariform tooth; mf, lower molariform tooth. Measurements are reported in
mm, except for the brain endocast volume which is reported in cm?,
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Specimen Chronology Origin X-uCT n-pCT

Instrument  Voltage Current Filter Projections Voxel Energy L/D Intensity Voxel
size range collima- size
tion
ratio
SNSB-BSPG Tortonian Pakistan Nanotom m 140 kv 0.02 mA 0.2 mm Cu 1400 51.9 pum 3-25 meV 500 6.4 x 10" n/cm?s 27.1 pm
1939 X 4
HCRP-U18- Gelasian Malawi BIR SNOO1 150 kV 0.11 mA 0.5 mm 5000 32.8 um 3-25 meV 500 6.4 x 107 n/cm?s 26.0 pm
501 brass
Sangiran 6a Early Middle Java BIR SNOO1 150 kV 0.11 mA 0.5 mm 5000 39.3 pm 3-25 meV 500 6.4 x 107 n/cm?s 20.5 pm
Pleistocene brass
Sangiran 7-20 Early Middle Java Skyscan 100 kV 0.10 mA Al + Cu 3000 13.7 pm 3-25 meV 500 6.4 x 107 n/cm?s 19.5 um
Pleistocene 1172
Sangiran 7-65 Early Middle Java Skyscan 100 kV 0.10 mA Al + Cu 1800 27.5 um 3-25 meV 500 6.4 x 107 n/cm?s 22.0 pm
Pleistocene 1172
SMF-8888 Early Middle Java Nanotom 100 kV 0.07 mA none 1800 25.8 um 3-25 meV 500 6.4 x 10" n/cm?s 21.7 um

Pleistocene

Acquisition parameters of the SR-uCT data are detailed below the table (see asterisk). *The SR-uCT records of Sangiran 7-20 and Sangiran 7-65 were downloaded from the European Synchrotron Radiation Facility
Paleontological Microtomographic Database (see text footnote 1). These specific data were acquired on beamline ID 19 at the European Synchrotron Radiation Facility (ESRF, Grenoble, France), with an average energy
of 68.3 keV filtering the white beam of the ID19 W150 wiggler set at a gap of 35 mm by 3 mm of aluminum, 0.25 mm of copper and 0.06 mm of tungsten, using a FReLoN 2K14 CCD camera in frame transfer mode,
a 24 um thick GGG:eu scintillator, and 5000 projections of 0.3 s each in half-acquisition mode (Smith et al., 2018). The final dataset was generated with a voxel size of 4.96 um, then downsampled to 20 um for
comparison with the n-uCT data.
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(b) Biomechanical data (intervals’ method)
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