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Editorial on the Research Topic 


Origin and early evolution of amniotes


Since the original recognition of the clade by Haeckel, 1866, the last few decades have seen a much-increased interest and research effort in investigating the origin and early evolution of amniotes (e.g., Gauthier et al., 1988; Laurin and Reisz, 1995; Sumida and Martin, 1997; Reisz, 1997; Ford and Benson, 2020; Brocklehurst and Benson, 2021; Simões et al., 2022). Especially the advent and development of new methodologies and approaches has allowed for new perspectives and insights into the origin, relationships, diversification patterns and paleobiology of this major clade of terrestrial vertebrates and several aspects of their evolutionary history remain hotly debated. This Research Topic comprises a total of 16 original articles, focusing on recent advances in methodology and their application to explore novel avenues and hypotheses surrounding the early diversification of amniotes.

Some of these articles apply descriptive anatomical approaches to further investigate phylogenetic, biostratigraphic, biogeographic, and evolutionary scenarios. For example, Cisneros et al. reassess the skeletal anatomy and phylogenetic relationships of South America’s only pareisaurian reptile, Provelosaurus americanus from the middle Permian of Brazil. The study confirms the existence of a small clade of middle-late Permian dwarf pareiasaurs, as Provelosaurus groups with three other small upper Permian pareiasaurs from South Africa. Provelosaurus is evolutionarily precocious by co-occurring with dinocephalian therapsids, whereas the South African dwarf pareiasaurs are part of the late Permian climax amniote fauna.

Sidor et al. describe a new late Permian burnetiamorph therapsid, Isengops luangwensis, from Zambia. Typical for this group, this taxon is characterized by diagnostic cranial bosses and horns. A revised phylogenetic analysis conforms with previous analyses and recovers Isengops just outside Burnetiidae. Due to the wide range of cranial adornments in the clade and its species richness (13), especially given the small number of known specimens, the authors suggest that cranial ornamentation may have a macroevolutionary relationship with speciation rate, similar to what has been proposed for ceratopsian dinosaurs.

Rubidge et al. present a new specimen of the poorly-known South African dicynodont therapsid Lanthanostegus mohoii. The specimen provides novel information on the palate, occiput, and lower jaw of this taxon. Moreover, it represents the first record from the southwestern Karoo Basin, with the taxon being otherwise only known from a single locality in the Eastern Cape Province, emphasizing its biostratigraphic significance.

Reisz et al. describe in detail the cranial anatomy of the Permian caseid synapsid Cotylorhynchus romeri. Notable features include the slightly bulbous marginal dentition with three small denticles distally, and huge external naris, nearly as large as the orbit. Similarly, the lateral temporal fenestra is quite large, but the rest of the skull and jaws are fairly massive. The dentition (despite extensive palatal dentition) and the barrel-shaped body provide clear evidence of high fiber herbivory, emphasizing the importance of caseids, representing the first megaherbivores in vertebrate evolution.

Other articles apply computed tomography to study the anatomy and phylogeny of selected taxa. For example, MacDougall et al. revisit the anatomy of the recumbirostran ‘microsaur’ Nannaroter from the famous early Permian Richards Spur locality using CT data. This taxon is one of the smallest members of this clade, well ossified and likely representing a mature individual. CT data allows the authors to identify new, anatomical features in previously obscured regions, including parts of the palate, braincase, and lower jaw. An updated phylogenetic analysis confirms its position within Recumbirostra as sister to the much larger Pelodosotis and Micraroter.

Klembara et al. use X-ray microcomputed tomography scanning to study the internal skull anatomy of the Late Carboniferous diadectomorph Limnoscelis dynatis. They provide substantial new morphological information regarding the braincase and inner ear of this taxon, expanding the range of neuroanatomical conditions near the base of Amniota. The results of their parsimony and Bayesian analyses recover Limnoscelis as the most basal member of Diadectomorpha and the latter as sister group to Synapsida.

Based on neutron tomographic data, Rowe et al. describe for the first time an early Permian parareptile with multiple tooth rows. Based on fragmentary material from the early Permian Richards Spur locality in Oklahoma, the authors identify the new species Delorhynchus multidentatus. The multiple tooth rowed condition is present on the dentary, the upper jaw not being preserved. This discovery underscores the unusual taxic diversity of tetrapods at these cave infills.

Some additional studies of this Research Topic apply novel methodologies to reconstruct the paleobiology of their study organisms. For instance, Knaus et al. reassess the maximum metabolic rate (MMR) of Pennsylvanian to Triassic synapsids based on femoral length and the minimal cross-sectional area of the nutrient foramen. They conclude that Permo-Carboniferous synapsids already had a fairly high MMR, at least as high as that of varanids, and in the lower end of the range of mammalian MMR. However, based on previous studies that relied on other lines of evidence (e.g., Faure-Brac and Cubo, 2020), they conclude that endothermy appeared later, closer to the origin of Mammalia.

Romano et al. present both body mass estimates and a reconstruction of the late Permian Russian pareiasaur Scutosaurus karpinskii. Using a 3D photogrammetric skeletal model based on the largest known specimen of this taxon and by applying possible densities for living tissues, they produced three potential models (slim, average, and fat). They chose the average model as the most plausible and obtained a body mass estimate of 1160 kg. From this, they conclude that high fiber reptile herbivores weighing over a ton were already present in the late Paleozoic.

A particular focus of other articles of this Research Topic is on functional and behavioral aspects of early amniotes. For example, Benoit et al. report on an embedded tooth surrounded by a callus, representing the first record of a healed bite mark in the snout of an unidentified gorgonopsian from the middle Permian of South Africa. The authors propose two potential explanations, i.e. failed predation by another top predator or intraspecific social (face) biting, favoring the latter hypothesis, which would represent the first fossilized evidence of this behavior in non-mammalian therapsids.

Kammerer investigates potential relationships between the cranial sutural complexity and inferred ecology in the speciose as well as morphologically and ecologically diverse clade of anomodont synapsids. He focuses on the naso-frontal suture as it is usually well-preserved and visible in dorsal view, separating the snout from the remaining skull roof and reflecting potential biomechanical function. The results indicate a substantially increased complexity (interdigitation) in this suture in the fossorial cistecephalid dicynodonts, implying an important role of the head in locomotion in this otherwise as forelimb-diggers interpreted group.

Based on a new specimen of the Late Carboniferous reptile Anthracodromeus longipes, Mann et al. evaluate the locomotor ecology of this taxon, using morphometric analyses of the phalangeal proportions and ungual shape. The authors conclude that Anthracodromeus shows climbing adaptations, suggesting that the origin of scansoriality occurred earlier than previously suggested and shortly after the origin of amniotes.

Berman et al. undertake a thorough revision of the early Permian bolosaurid Eudibamus cursoris from the German Bromacker locality. The combination of new data from the holotype and a new partial but larger skeleton, allows the detailed study of the girdles and limbs to reconstruct the locomotory system. The authors propose the hypothesis of a parasagittal stride and a digitigrade stance, the oldest known example of this kind of evolutionary innovation. They further argue that Eudibamus was able to achieve relatively high running speeds during quadrupedal and bipedal locomotion, interpreted as escape mechanism from contemporary predators.

Finally, a selection of further articles focuses on the macroevolution and paleobiodiversity of early amniotes. Buchwitz et al. for instance study changes in posture and locomotion change in Permo-Carboniferous stegocephalians using ichnofossils and the presumed identity of the trackmakers. Their approach, which emphasizes taxa that have generally been assumed to belong to amniotes and their stem group, uses timetrees and ancestral value reconstructions to conclude that major size, posture and gait changes occurred around the Cotylosauria node, characterized by larger body size, a shorter, less flexible trunk, a less sprawling stance, longer strides and a higher maximal speed than those of older tetrapods.

Marchetti et al. evaluate the origin and early diversification of amniotes, specifically reptiles, based on the late Paleozoic tetrapod track record. For this purpose, they revise some critical ichnotaxa and discuss track-trackmaker correlations. A multivariate analysis of trackway parameters aims to infer evolutionary trends in the locomotory capabilities of alleged trackmakers. First occurrences of most clades based on the track record mostly match with the skeletal record, but the footprint record significantly enlarges the paleobiogeographic distributions of the respective groups.

Brocklehurst examines the alpha diversity of synapsid versus reptilian amniotes of the Pennsylvanian and Cisuralian following the recent descriptions of new taxa and systematic revisions of others. He discovers that diversity measures of these early amniotes are greatly influenced by the scale of analysis, and concludes that the conventional reconstruction of synapsid dominance during the Pennsylvanian and the Cisuralian is likely biased by data from mainly large synapsid amniotes collected from numerous red bed localities, whereas reptiles dominate at the Richard Spur lagerstätte, preserving overwhelmingly small faunal elements.

The current compilation of papers in this Research Topic reflects the concentrated but multifaceted research efforts of our community to unravel the early evolutionary history of this highly successful clade. This selection, as well as additional recent research (e.g., Benoit et al., 2021; Ponstein et al., 2024; Reisz et al., 2024; Jenkins et al., 2024, Jenkins et al., 2025), shows that the debate regarding the composition and relationships of early amniotes (e.g., microsaurs, diadectomorphs, parareptiles, varanopids) is still ongoing, aiming for a consensus that will form the basis for future macroevolutionary investigations.
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Among amniote and non-amniote tetrapod trackways from late Carboniferous to early Permian deposits, certain trackway measures vary notably. Some of this variability can be attributed to evolutionary changes in trackmaker anatomy and locomotion style close to the origin of amniotes. Here we demonstrate that steps in early amniote locomotion evolution can be addressed by applying methods of ancestral state reconstruction on trackway data – a novel approach in tetrapod ichnology. Based on (a) measurements of 186 trackways referred to the Carboniferous and early Permian ichnogenera Batrachichnus, Limnopus, Hylopus, Amphisauropus, Matthewichnus, Ichniotherium, Dimetropus, Tambachichnium, Erpetopus, Varanopus, Hyloidichnus, Notalacerta and Dromopus, (b) correlation of these ichnotaxa with specific groups of amphibian, reptiliomorph, synapsid, and reptilian trackmakers based on imprint morphology and (c) known skeletal-morphology-based phylogenies of the supposed trackmakers, we infer ancestral states for functionally controlled trackway measures in a maximum likelihood approach. The most notable finding of our analysis is a concordant change in trackway parameters within a series of ancestral amniote trackmakers, which reflects an evolutionary change in locomotion: In the ancestors of amniotes and diadectomorphs, an increase in body size was accompanied by a decrease in (normalized) gauge width and glenoacetabular length and by a change in imprint orientation toward a more trackway-parallel and forward-pointing condition. In the subsequent evolution of diadectomorph, synapsid and reptilian trackmakers after the diversification of the clades Cotylosauria (Amniota + Diadectomorpha) and Amniota, stride length increased whereas gauges decreased further or remained relatively narrow within most lineages. In accordance with this conspicuous pattern of evolutionary change in trackway measures, we interpret the body size increase as an underlying factor that triggered the reorganization of the locomotion apparatus. The secondary increase in stride length, which occurred convergently within distinct groups, is interpreted as an increase in locomotion capability when the benefits of reorganization came into effect. The track-trackmaker pair of Ichniotherium sphaerodactylum and Orobates pabsti from the early Permian Bromacker locality of the Thuringian Forest, proposed in earlier studies as a suitable ancestral amniote track-trackmaker model, fits relatively well with our modeled last common ancestor of amniotes – with the caveat that the Bromacker material is younger and some of the similarities appear to be due to convergence.

Keywords: tetrapod ichnology, functional morphology, Carboniferous, Permian, Cotylosauria


INTRODUCTION
Movement traces represent an additional source of information about the locomotion of a fossil trackmaker, amending the functional interpretation of body fossil morphology. In case of a long extinct group of tetrapods, the skeletal anatomy may allow for a wide range of hypothetical postures and movement patterns, whereas fossil trackways may point to a reduced set of probable locomotion styles. Moreover, evolutionary changes in locomotion can be inferred from the comparison of distinct trackway samples produced by related trackmakers. Especially the comparative study of trackways from episodes of evolutionary transition in lifestyle, ecology and environment potentially yield notable signals of locomotion evolution. Thus, we can expect to find pattern changes in the trackways of late Paleozoic Amniota and their anamniote relatives, which cover a crucial stage of terrestrialization that preceded the emergence of erect gaits in archosauromorphs and therapsids (Kemp, 2005; Nesbitt, 2011; Benton, 2020).
The earliest body fossils of synapsids and reptiles (sauropsids), the two principal groups of Amniota, have been described from the late Carboniferous of Europe and North America (e.g., Carroll, 1964, 1969; Reisz, 1972, 1977, 1981; Reisz and Dilkes, 2003; Reisz and Fröbisch, 2014; Modesto et al., 2015; Mann et al., 2019, 2020). Diadectomorpha, usually regarded as the sister group of Amniota (within the clade Cotylosauria sensu Laurin and Reisz, 1995), have their first occurrence in the same time interval (e.g., Berman et al., 2010; Kissel, 2010), suggesting a late Mississippian to early Pennsylvanian origin of amniotes (Tuinen and Hadly, 2004; Pardo et al., 2020; Didier and Laurin, 2020). Apart from diadectomorphs, several Paleozoic tetrapod groups have been classified as amniote relatives: Embolomeres, gephyrostegids, seymouriamorphs, and lepospondyls have been regarded as successively more closely related to Cotylosauria according to several morphology-based phylogenetic studies (Vallin and Laurin, 2004; Ruta and Coates, 2007; Clack et al., 2012; Witzmann and Schoch, 2017). For practical reasons, these groups are referred to as “reptiliomorphs” in this study – in agreement with the temnospondyl hypothesis of lissamphibian ancestry. If, however, embolomeres and their allies were more distantly related to amniotes than temnospondyls, Embolomeri would not be part of the clade Reptiliomorpha and if lepospondyls instead of temnospondyls were ancestral to lissamphibians, the amniote stem-group would be much smaller and various groups, including embolomeres, gephyrostegids, seymouriamorphs and lepospondyls would not be part of the Reptiliomorpha (see discussion in Marjanović and Laurin, 2019; it should be noted that lissamphibian ancestry and other aspects of tetrapod evolution after the Cisuralian are not of much relevance for our approach – apart from questions of terminology).
The Carboniferous body fossil record of amniotes and reptiliomorphs is supplemented by a sparse record of trackways and individual footprints (e.g., Haubold et al., 2005; Falcon-Lang et al., 2007; Voigt and Ganzelewski, 2010; Fillmore et al., 2012; Meade et al., 2016; Marchetti et al., 2020b). In the early Permian, the abundance and diversity of reptiliomorph, reptilian and synapsid body fossils and tracks increased (Figure 1). From the Thuringian Forest Basin records of more than ten trackways have been described for several distinct ichnotaxa (see Voigt, 2005: Batrachichnus salamandroides, Amphisauropus kablikae, Ichniotherium cottae, Ichniotherium sphaerodactylum and Dromopus lacertoides), but also from other deposits, such as the Choza, Robledo Mountains and Hermit formations multiple trackways of distinct ichnotaxa have been described (e.g., Haubold and Lucas, 2003; Voigt and Lucas, 2015; Marchetti et al., 2020a). Further records may include well-preserved couples and individual footprints of different ichnotaxa (e.g., Voigt and Haubold, 2015; Mujal et al., 2016; Zouicha et al., 2021), but not a larger sample of trackways (i.e., a succession of footprints that constitute at least one complete step cycle) as a reasonable requirement for functional interpretations.
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FIGURE 1. Trackway patterns of Carboniferous and early Permian tetrapod ichnotaxa. (A) Batrachichnus salamandroides, VF-4307/4314, Oberhof Fm, Thuringia/Germany; (B) Limnopus vagus, YPM 405, Howard Fm, Kansas/United States. (C) Hylopus isp., NMMNH P-64276, Mauch Chunk Fm, Pennsylvania/United States; (D) Amphisauropus kablikae, MNG-7813-84, Rotterode Fm, Thuringia/Germany; (E) Matthewichnus caudifer, NMMNH P-23511, Robledo Mts. Fm, New Mexico/United States; (F) Ichniotherium praesidentis, DBM-060003309001-04, Bochum Fm, Nordrhein-Westfalen/Germany; (G) Ichniotherium sphaerodactylum, MNG-1351, Tambach Fm, Thuringia/Germany; (H) Ichniotherium cottae, SSB-1, Tambach Fm, Thuringia/Germany; (I) Dimetropus isp., DBM-060003357001, Bochum Fm, Nordrhein-Westfalen/Germany; (J) Dimetropus leisnerianus MNG-13490, Tambach Fm, Thuringia/Germany; (K) Tambachichnium schmidti, Tambach Fm, Thuringia/Germany; (L) Erpetopus willistoni, NMMNH P–32411, Choza Fm, Texas/United States; (M) Varanopus curvidactylus, NMMNH P–32391, Choza Fm, Texas/United States; (N) Hyloidichnus bifurcatus, USNM 11518, Hermit Fm, Kansas/United States; (O) Notalacerta missouriensis NMMNH P–31746, McAlester Fm, Oklahoma/United States; (P) Dromopus lacertoides, JF-1, Oberhof Fm, Thuringia/Germany. Trackway patterns modified after Voigt (2005) and Voigt et al. (2013). Scale unit: 3 cm.


Since the approaches of Haubold (1970, 1971) and Fichter (1983a; 1983b), track-trackmaker relationships have been clarified for various groups of early amniotes and amniote relatives from the Carboniferous and early Permian (e.g., Voigt, 2005; Voigt et al., 2007; Marchetti et al., 2017, 2019a, 2020c; Mujal and Marchetti, 2020) and provide a robust framework for the biostratigraphic interpretation of tracks (Voigt and Lucas, 2018; Marchetti et al., 2019b; Schneider et al., 2020; Lucas et al., 2021). Some track types with a tetradactyl manus as in extant amphibians, such as Batrachichnus and Limnopus, have been assigned to temnospondyl producers (Haubold et al., 1995; Voigt, 2005), whereas the trackway pattern in Matthewichnus points to a lepospondyl trackmaker (Voigt and Lucas, 2015). Among tracks with a pentadactyl manus, certain morphotypes with blunt digit tips that lack distinct claw traces have been assigned to anamniote reptiliomorph producers. Based on digit proportions and the morphology of heel pad, the following ichnotaxa can be distinguished: Amphisauropus as the assumed track type of seymouriamorphs, Ichniotherium as an assumed diadectomorph track type and Hylopus as the presumable product of more distantly related reptiliomorph (“anthracosaur-grade”) trackmakers, such as embolomeres and gephyrostegids (e.g., Sundberg et al., 1990; Voigt et al., 2007; Marchetti et al., 2017). In alleged early amniote tracks, the manus imprints are pentadactyl, digit tips are pointed and they may display claw traces of varying distinctness. Early synapsid track types are marked by comparatively long heels and paw-like impressions, indicating a large tarsus and the so-called synapsid digital arcade (Kümmell and Frey, 2012; Marchetti et al., 2019a). These features are, however, more distinct in Dimetropus than in Tambachichnium, the alleged track type of varanopids, which shares certain similarities with reptilian (sauropsid) tracks (e.g., Voigt, 2005; some recent phylogenetic analyses place varanopids in the Reptilia, see Ford and Benson, 2020; Modesto, 2020). The earliest Pennsylvanian records of presumptive reptile tracks include Notalacerta, which can be distinguished from many later-occurring types by its continuous body drag trace and it is regarded as the product of basal eureptiles and protorothyridid eureptiles (Chesnut Jr., et al., 1994; Marchetti et al., 2020b). Early Permian track types assigned to reptiles vary considerably in their toe proportions, trackway patterns and in the morphology of the proximal part of their imprints. Common ichnotaxa include Erpetopus, which has been interpreted as parareptile track type (Marchetti et al., 2019b); Varanopus, which has been referred to captorhinid (Haubold, 1971; Fichter, 1983b; Voigt, 2005) or parareptile producers (Müller, 1954; Haubold, 1971; Haubold and Lucas, 2001; Schneider et al., 2020), Hyloidichnus as a presumable captorhinid track type (Voigt et al., 2010) and Dromopus, whose lacertoid imprint morphology has been mostly likened to araeoscelid diapsids (Haubold, 1971; but see Spindler et al., 2019 for a further interpretation as varanopid tracks). In this study, we cover all of the above-named ichnogenera, sometimes with samples from distinct time slices and localities, and include certain well-known ichnospecies of Ichniotherium as separate units (Table 1).


TABLE 1. List of trackmakers (TMs) used as taxonomic units for the ancestral state reconstruction approach and the respective age range, maximum pes length, abundance of body or tail drag traces and assumed producer group.

[image: Table listing various taxonomic units with their corresponding location, age in million years, maximum pes length in millimeters, body or tail drag traces, and producer group. Locations include various regions in the United States, Germany, and the United Kingdom. Ages range from 223 to 331 million years, with pes lengths from 14.0 to 157.9 millimeters. Body or tail drag traces are represented as numerical ratios, and producer groups include Temnospondyli, Reptiliomorpha, Lepospondyli, Diadectidae, Synapsida, Parareptilia, among others.]Aspects of locomotion and evolutionary change close to the origin of amniotes have been discussed based on individual trackway samples of diadectomorphs (e.g., Voigt and Haubold, 2000; Voigt et al., 2007; Voigt and Ganzelewski, 2010; Buchwitz and Voigt, 2018; Mujal and Marchetti, 2020), early reptiles (Haubold and Lucas, 2001, 2003; Haubold et al., 2005; Gand and Durand, 2006; Bernardi and Avanzini, 2011; Curth et al., 2014; Marchetti et al., 2014, 2020a, 2020b) and synapsids (Hunt and Lucas, 1998; Voigt, 2005; Gand and Durand, 2006; Voigt and Lucas, 2015; Lucas et al., 2016), documenting the occurrence of relatively narrow gauges and lack of belly or tail drag traces in many Paleozoic ichnotaxa. One conclusion from these approaches was that sprawling gaits of early amniotes and their closest relatives were not necessarily “primitive” but covered a certain spectrum and included semi-upright postures (Lucas, 2019). Especially the recent biomechanical models of Nyakatura et al. (2015, 2019) for the diadectid O. pabsti from the middle Cisuralian Bromacker locality as the trackmaker of the abundant co-occurring I. sphaerodactylum tracks represented a step forward toward a more comprehensive interpretation of tracks and trackmakers. Among others, their approach of simulating gaits by means of digital and robotic Orobates models (based on CT scans of fossil skeletons) – with the constraint that it shall fit the trackway pattern of I. sphaerodactylum – demonstrated that some postures and body movements, such as crawling, a high degree of sprawling or high trunk flexion, are energetically and structurally disadvantageous and thus can be ruled out. Comparison of the modeled Orobates walking cycles with those of extant model animals, such as salamanders, lizards and crocodiles, provided some indications to what degree their locomotion styles are comparable to those of the fossil trackmaker and, more generally, to what degree the actual variability of amphibian and reptile locomotion is reflected by the observed trackway pattern.

For Paleozoic tetrapod trackways, the same standardized measures as in most extant trackways are used (see Haubold, 1971; Leonardi, 1987), namely pace length, pace angulation, stride length, gauge width, orientation of the imprint with respect to the direction of progression, “apparent trunk length” (supposed glenoacetabular length), and distance between successive pes and manus imprints parallel and perpendicular to the direction of movement (Figure 2). The base of digit III represents the reference point to measure distances between footprints and the orientation of digit III close to the base represents the reference orientation, which is compared to the direction of progression (which can be inferred through reconstruction of a trackway midline). In the case of a homogeneous symmetric trackway pattern of a quadruped, there are no more than six degrees of freedom (not including imprint sizes) and several measures provide redundant information – among others, gauge width and stride length can be calculated from pace length and pace angulation. This kind of redundancy must be considered in the interpretation of trackway data, especially when data analysis methods are applied.
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FIGURE 2. Trackway measures and footprint length. (A) Pedal pace angulation (Pap), (B) pedal pace length (Pp); (C) pedal gauge width (Gp); (D) pedal stride length (Sp); (E) orientation of the pes imprints with respect to trackway midline (Oap); (F) difference between manual and pedal gauge width; (G) along-track distance between pes and manus (Dpm) and supposed glenoacetabular distance (GAD) for “primitive” walking trot; (H) pes length (pL) and length of pedal digit IV (pIV); (I) pes/manus distance and supposed glenoacetabular distance as it has been measured for Matthewichnus caudifer (coupling value close to 2.0); (J) pes/manus distance and supposed glenoacetabular distance as it has been measured for Tambachichnium schmidti (lateral sequence walk, notable primary overlap).


Studies of trackway data that were aiming at the interpretation of evolutionary change at a larger scale are sparse: In a stratigraphic approach considering Permian and Triassic tetrapod trackways in their entirety, Kubo and Benton (2009) documented an increase in pace angulation from the Permian through the Triassic, which was interpreted as an indicator for the rise of derived gaits and erect postures in certain groups, such as therapsids and archosaurs. With a similar type of study – the comparison of a certain measure for trackway samples from different time slices, Kubo and Kubo (2013) found an increase in normalized stride, indicating speed increases, within certain archosauriforms trackmaker groups during the Triassic. Another example is the inference of gait and postural changes in the evolution of sauropod dinosaurs based on changes in gauge width and imprint orientation in sauropod trackways (Carrano and Wilson, 2001; Henderson, 2006; Lallensack et al., 2018). Trackway data have also been raised for the tracks of extant crocodiles and desert monitor lizards to assess their intraspecific and interspecific variability and compare them with the fossil record of reptile footprints and trackways (Farlow and Pianka, 2000; Farlow et al., 2018).

With the rise of quantitative phylogenetic approaches in vertebrate paleontology since the 1980s, individual assignments of ichnotaxa to certain fossil trackmaker groups has been amended by relating ichnotaxa and certain changes of ichnological features to phylogenetic trees and trackmaker taxa defined in accordance with phylogenetic systematics. Especially the tracks of Triassic archosaurs and their relatives, which underwent a rapid change in their locomotion apparatus including the multiple independent evolution of bipedalism, have been interpreted phylogenetically (Haubold and Klein, 2002; Brusatte et al., 2011; Bernardi et al., 2015). Another example are sauropodomorph dinosaurs, whose peculiar adaptation to gigantism in the course of their phylogeny is also visible in their tracks (Wilson, 2005). The idea that tetrapod footprint ichnotaxa can be sorted phylogenetically and assigned to certain clades of a skeletal-morphology-based phylogenetic tree according to the occurrence of certain diagnostic features in both, track and trackmaker morphology, has been termed “synapomorphy-based track-trackmaker correlation” by Carrano and Wilson (2001) and is discussed in several recent approaches on Paleozoic tracks (e.g., Voigt et al., 2007; Marchetti et al., 2017, 2019a, 2020c; Buchwitz and Voigt, 2018; Mujal and Marchetti, 2020).

Mapping features on a phylogenetic tree and inferring character states in common ancestors of terminal taxa, whose character states are known, represents a standard way of addressing character evolution and has been introduced to paleontology together with cladistic methods. Quantitative methods of ancestral state reconstruction include parsimony approaches, which may be used for characters with discrete character states, and maximum likelihood approaches, which are often used when character states are continuously distributed and ages of nodes and terminal taxa are known or can be estimated (Joy et al., 2016; Royer-Carenzi and Didier, 2016). Previous applications in vertebrate paleontology include inference of lifestyle (e.g., Kriloff et al., 2008) the reconstruction of ancestral basic metabolic rates and genome size based on osteohistological features (Organ et al., 2007; Legendre et al., 2016), soft body characteristics (e.g., Barrett et al., 2015; Yang et al., 2019), body size (e.g., Laurin, 2004; Benson et al., 2014; Lee et al., 2014; Brocklehurst and Brink, 2017), and paleogeography (e.g., Poropat et al., 2016; Borths and Stevens, 2017).

In this study, we employ ancestral character estimation based on maximum likelihood – a method, which has not yet been attempted in vertebrate ichnology. Based on (a) trackway measurement data taken from a sample of trackways assigned to a certain set of related footprint ichnotaxa, (b) track-trackmaker correlation based on imprint morphology and (c) a known skeletal-morphology-based phylogeny, we infer ancestral states for (1) maximum pes length (as an indicator for maximum body size), (2) abundance of body or tail drag traces and (3) standard trackway measures, which, taken together, constitute a trackway pattern (Figure 2). Given that ichnotaxa cannot evolve themselves but merely reflect evolution in their producers, we devise the concept of a hypothetical trackmaker (=TM) as a taxonomical unit, which is assumed to represent a monophyletic or paraphyletic group of track producers with a homogeneous locomotion (Figures 3A,B). Given the relative character paucity of tetrapod tracks, trackmaker phylogenies cannot be expected to reach resolutions comparable to those of trees based on skeletal morphology. For certain critical nodes that mark the origin of major clades, however, corresponding nodes do occur on a less well resolved trackmaker tree and for these nodes, the state of locomotion-dependent trackway measures is worth targeting. Certain outcomes of our analysis – e.g., distribution averages for certain trackway measures at certain nodes – can be depicted as a color ramp or gray scale imposed upon the trackmaker tree (Figure 3C) or as binary plots, which feature trackway parameter variability as a function of time (Figure 3D).
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FIGURE 3. Methodological approach for phylogenetically informed analysis of tetrapod trackway data. (A) Correlation of ichnotaxa with certain orthotaxa; (B) trackmaker tree inferred from track-trackmaker correlation; (C) reconstruction of ancestral states for trackway measure X at nodes I-III; (D) reconstructed evolutionary changes in trackway measure X depicted as a function of time.


With a sample of trackways assigned to 13 ichnogenera that have been related to a skeletal-morphology-based trackmaker tree with 22 trackmakers as taxonomical units, covering the ancestry and early diversification of amniotes, our present ancestral state reconstruction approach addresses the following research questions:

	(1) How much do trackway measures vary between common ancestors of early amniotes and what kinds of evolutionary change can be observed?
	(2) Are the observed changes in the trackway pattern indicative for evolutionary changes of locomotion among amniote ancestors?
	(3) What conclusions can be drawn regarding the locomotion in the last common ancestor of amniotes (LCAA)? Was it similar to certain trackmakers covered by our late Carboniferous to early Permian trackway sample?
	(4) Which methodological implementations had an influence on the outcome and does that matter for future studies of early amniote tracks or other problems of vertebrate ichnology?



MATERIALS AND METHODS


Materials

Starting with a sample of 148 trackways assigned to early Permian ichnotaxa from the relatively large trackway record of the Thuringian Forest Basin (see list of Voigt, 2005, Appendix 21), we included further material to reach a better coverage of relevant tetrapod groups surrounding the origin of amniotes (Table 1 and Supplementary Material 1 includes the list of institutional abbreviations):

1. Ichniotherium trackways from the Pennsylvanian of Germany (DBM-060003309001-04), Britain (LMG-2471) and Ohio (OSU-16553, CMC-VP-3052) and a trackway sample from the Cisuralian of Colorado (DMNS-50618, 50622, 55056) (Carman, 1927; Schmidt, 1956; Haubold and Sarjeant, 1973; Voigt et al., 2005; Voigt and Ganzelewski, 2010; Buchwitz and Voigt, 2018);

	2. Material of track types referred to other anamniote producers, namely Hylopus from the late Mississippian of Pennsylvania (NMMNH P-64276) the ichnotaxa Limnopus (CMC-VP-791, YPM-205, YPM-405), Batrachichnus (NMMNH-P-31676, NMMNH-P-31677, and NMMNH-P-31757) from Pennsylvanian deposits and Matthewichnus (UCM 060, 469, 1878, NMMNH P-23312, 23511) from Pennsylvanian and Cisuralian deposits of the United States (Baird, 1952; Lucas et al., 2004; Haubold et al., 2005; Fillmore et al., 2012; Voigt and Lucas, 2015);
	3. Notalacerta missouriensis, the earliest occurring track type of eureptile tracks with a trackway sample from the Pennsylvanian of Oklahoma (NMMNH P-31705, 31746, 31759) and Dimetropus isp. (DBM-060003357001) from the Pennsylvanian of Germany as one of the earliest reported synapsid trackways (Lucas et al., 2004; Voigt and Ganzelewski, 2010; Marchetti et al., 2020b);
	4. Samples of the relatively younger ichnotaxa Erpetopus willistoni (NMMNH P-32400, 32411, 32478, 32487, 40196, 46905) and Hyloidichnus bifurcatus (ML-54L, ML-not-assigned, USNM 11518) from the Cisuralian of the United States and France in order to cover parareptile and captorhinomorph producers (Haubold and Lucas, 2001, 2003; Gand and Durand, 2006; Marchetti et al., 2020a).

The age of the fossil-bearing units is based on the most recent chronostratigraphic interpretations (e.g., Schneider et al., 2020; Lützner et al., 2021). Our aim was to include at least three trackways per ichnotaxon and locality, but in some cases only one or two specimens were at hand. Sometimes not all available trackways were preserved well enough to be included in the quantitative approach.



Methods

The graphic documentations of trackways and measurements were carried out between 1996 and 2020 (by S.V.), following the procedure outlined in Voigt (2005). Accordingly, measurements of the supposed glenoacetabular length (“apparent trunk length”) were taken following the assumption of a walking trot (sensu Hildebrand, 1980; Figure 2G, “primitive alternate pace” in Leonardi, 1987, plate 8C), even though a low degree of primary overlap between manus and pes has been observed in some ichnotaxa. Exceptions were only made for extreme deviations in the trackway patterns of Tambachichnium schmidti and Matthewichnus caudifer (Figures 1C,J). In case of Matthewichnus, which was probably produced by lepospondyls with elongated trunks, a higher coupling value with occasional secondary overlap was assumed and for the measurement of glenoacetabular length one stride length was added (in comparison to primitive walking trot and a coupling value of 1.0; see Figure 2I). Assuming that the trackmaker of Tambachichnium placed the pes in front of the manus during the same step cycle, the glenoacetabular length was adapted according to the formula suggested by Soergel (1925) for lateral sequence walk (Figure 2J, see also plate 8D in Leonardi, 1987).

For all measured variables, we calculated trackway mean values (see Supplementary Material 2). Additionally, all of the (averaged) length measures describing the trackway pattern were normalized using (average) pes length as denominator. In case of three or more processable trackways per taxonomical unit, we have defined a centerpoint trackway (multivariate median) to represent the whole sample of trackways in the following ancestral state approach. The inference of this trackway is based on a combination six of trackway measures (normalized pedal stride length, normalized pedal gauge width, normalized difference between pedal and manual gauge width, normalized glenoacetabular length, imprint orientation of the pes with respect to trackway midline, imprint orientation of the manus with respect to the pes orientation). For all trackways of a given TM sample, the values for each of the six variables were centered and reduced (i.e., the mean is substracted from the value and the result is divided by the variance), after which the euclidean distance to the centroid (which is thus at zero) was measured for each complete trackway. The trackway specimen with the lowest distance to the centroid was then picked as representative of the ichnospecies.

The phylogeny of trackmakers is based on common hypotheses about amniote relationships (following Ruta et al., 2003a; Ruta and Coates, 2007; but see also revision of these datasets and analyses by Marjanović and Laurin, 2019) and the track-trackmaker correlations introduced above (see introduction and Table 1). Certain first occurrences of trackmaker groups are based on skeletons and/or tracks and assumed divergence ages for major clades. Representing the supposed trackmakers of Matthewichnus tracks, lepospondyls are included as a group more closely related to amniotes than embolomeres and seymouriamorphs (as discussed by Carroll, 1995; Laurin and Reisz, 1997; Ruta et al., 2003a), but less closely related than diadectomorphs, which form the sistergroup of amniotes within the Cotylosauria (Laurin and Reisz, 1995; Reisz, 2007). The divergence age for the clade Lepospondyli + Cotylosauria was set at 344 Ma, because some lepospondyl groups, such as adelospondyls and aïstopods, occur in the Viséan (Andrews and Carroll, 1991; Anderson et al., 2003). In accordance with the first occurrence of presumable diadectomorph and synapsid tracks in the earliest Moscovian (Voigt and Ganzelewski, 2010), the Bashkirian (early Langsettian), the age of the reptile Hylonomus and reptile footprint Notalacerta (e.g., Calder et al., 2006; Marchetti et al., 2020b) and previous assumptions about amniote origins (see discussion in Didier and Laurin, 2020; Pardo et al., 2020), the ages of the clades Cotylosauria and Amniota have been set close to the Mississippian/Pennsylvanian boundary at 326 and 323 Ma, respectively. Other major nodes (Table 2) have been set following a predefined age distance of three million years; for the time span between a node and the center of the ranges of terminal taxa, a minimum age difference of three million years has been implemented.


TABLE 2. Clades of the assumed phylogenetic tree of trackmakers with formulas for clade composition.

[image: Table listing clades, their ages in million years (Ma), and assigned TMs. Clades include Temnospondyli, Lepospondyli, and others, with ages ranging from 299 to 350 Ma. Assigned TMs display a complex combination of numerical sequences. An asterisk indicates alternative phylogenetic tree compositions for certain clades.]The trackmakers of the three temnospondyl trackway samples have been included as an unresolved trichotomy (node A, Temnospondyli). Internal relationships of the Ichniotherium trackmakers are based on Buchwitz and Voigt (2018, Figure 18), but Pennsylvanian Ichniotherium cottae trackways from Britain and Ohio are herein considered as separate units and a sample from the Maroon Formation of Colorado has been added to reach a better overall representation of diadectomorph tracks. The internal relationships of synapsid trackmakers have been set according to the assumption that T. schmidti and Dimetropus leisnerianus from the Tambach Formation of the Thuringian Forest were produced by more closely related synapsid groups than the earliest synapsid tracks from the Bochum Formation, which were referred to Dimetropus isp. Phylogenetic analyses of early reptiles have found the groups Parareptilia, Captorhinomorpha, and Protorothyrididae to be successively more closely related to Diapsida (e.g., Müller and Reisz, 2006; but see alternative placement of parareptiles in Laurin and Piñeiro, 2017; Ford and Benson, 2020) and the relationships of the trackmakers for Erpetopus, Varanopus, Hyloidichnus, Notalacerta, and Dromopus have been ordered accordingly. Considering the early occurrence of supposed basal eureptile and protorothyridid tracks (ichnogenus Notalacerta) and body fossils, the divergence ages of the clades Reptilia (Sauropsida), Eureptilia, and Romeriida fall in the range between 320 and 314 million years.

Given its small influence on the reconstruction of ancestral amniote character states, the alternative that Varanopus microdactylus represents a parareptile (e.g., Müller, 1954; Haubold, 1971; Haubold and Lucas, 2001) instead of captorhinomorph trackmaker (e.g., Fichter, 1983b; Voigt, 2005) has not been considered in the following analytical approach. Because some phylogenetic analyses found that varanopids were diapsid relatives instead of synapsids (Ford and Benson, 2020; Modesto, 2020) and Tambachichnium tracks share a certain similarity to presumable diapsid track types, such as Dromopus (e.g., Voigt, 2005), a second set of analyses has been performed based on a modified tree with Tambachichnium trackmakers as the sistergroup to Dromopus trackmakers (tree B, Table 2 and Figure 4B). Consideration of other alternatives, especially different hypotheses concerning diadectomorph relationships (e.g., Berman et al., 1992; Berman, 2013; Marjanović and Laurin, 2019) and certain alternative producer group assignments for the ichnotaxa Ichniotherium praesidentis, Hylopus, and Notalacerta, is not in the scope of this study and shall be addressed elsewhere.
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FIGURE 4. Trackmaker phylogeny used as input for the ancestral state reconstruction. (A) Time-calibrated tree with gray-colored age ranges and individual nodes labeled (A–Q). (B) Simplified alternative tree, including the Tambachichnium trackmaker within the group Diapsida (clade R).


Ancestral states were reconstructed for each character (apart from the abundance of medial tail/body drag traces, see below) based on the centerpoint track of each taxonomical unit using a Brownian motion model fitted by Maximum Likelihood (Felsenstein, 1973; Schluter et al., 1997), as implemented by function ‘reconstruct’ in the R package ‘ape’ (Paradis and Schliep, 2019). The pes length and the length of pedal digit IV were log-transformed before the computation. The overall likelihood was computed (by summing up the likelihood of the tree for each of the reconstructed characters) for each of the two tested trees. The trees were compared by means of the Akaike Information Criterion (AIC and ΔAIC; Akaike, 1974; Burnham and Anderson, 2002) in order to test, which of the two considered phylogenetic hypotheses fits best with the observed measurements. In order to assess the effect of polymorphism and, more generally, intraspecific variability on those reconstructions, we attempted a bootstrapping approach (Efron, 1979) in order to estimate the distribution of each character at each node: a random specimen was picked as representative for the ichnospecies, and the ancestral state of the character was recalculated using the same methodology as above based on that specimen. The process was repeated 10,000 times (results are presented as box-and-whisker plots in Figure 5; Tukey, 1977). Mean values of the resulting distributions were used for the graphic depiction of character evolution as color ranges on tree schemes (Figures 6, 7).


[image: Composite chart with two panels. Panel A shows box plots of various prehistoric species categorized into temnospondyls, basal reptiliomorphs, diadectomorphs, synapsids, and reptiles, detailing their sizes. Panel B presents box plots comparing various groups, labeled A to Q, with metrics related to Cotylosauria and Amniota. Numerical scales along the horizontal axes represent measurements in millimeters and ratios.]

FIGURE 5. Box-and-whisker plots depicting variation in normalized pedal gauge width (Gp/pL, black) and pes length (pL, gray). (A) Plots for all taxonomical units (TMs 1–22). Instead of a pes length distribution, only maximum pes length is indicated by a gray empty circle. (B) Plots depicting the distributions inferred for nodes A–Q of trackmaker tree A (see Figure 4A) in a bootstrapping approach (based on nodal reconstructions with consideration of random specimens for TMs 1–22).



[image: Phylogenetic tree depicting various prehistoric species with silhouettes representing their forms. The branches are color-coded to indicate different evolutionary relationships. Circle diagrams at nodes show evolutionary divergence. Silhouettes range from green to red, with foot symbols indicating track types. The gradient scale represents evolutionary time. Different panels (A, B, C, D) show variations of the tree.]

FIGURE 6. Evolutionary change in estimated ancestral character states superimposed on a phylogenetic tree of trackmakers (tree A; Figure 4A). By means of a bootstrapping approach, character distributions have been inferred for all nodes and characters (see distribution ranges in Supplementary Material 2). The schemes depict changes in the mean values for following characters: (A) normalized pedal gauge width (color range and silhouettes) and abundance of medial drag traces (pie charts); (B) maximum pes length (in mm); (C) normalized stride length; (D) pace angulation for the pes imprints (in degree). Numbering of terminal taxa as in Table 1; data are listed in Table 3.



[image: Phylogenetic trees labeled A to F display evolutionary relationships among 22 species, with color gradients indicating varying data values. Each tree features taxonomic branches, numbered tips, and a color bar scale. Grey hand and foot icons depict morphological traits.]

FIGURE 7. Evolutionary change in estimated ancestral character states superimposed on a phylogenetic tree of trackmakers (tree A). By means of a bootstrapping approach, character distributions have been inferred for all nodes and characters (see distribution ranges in Supplementary Material 2). The schemes depict changes in the mean values for following characters: (A) pace angulation for the pes imprints (in degree); (B) difference between normalized gauge width for the manus and pes imprints (positive values = inward-positioned manus), (C) normalized glenoacetabular length; (D,E) imprint orientations of the pes and manus imprints (in degree; positive values = inward rotation); (F) deviation between manus and pes orientation (in degree). Data are listed in Table 4.


The percentage of observed specimens with drag traces per taxonomical unit has been considered as indicative for the probability of finding such a trace in common ancestors and accordingly the occurrence probabilities are reconstructed (for individual nodes of the trackmaker tree) using independent phylogenetic contrast (Zaneveld and Thurber, 2014), as implemented in the R package ‘castor’ (Louca and Doebeli, 2017).

In order to find trackmakers with a locomotion similar to the supposed LCAA, we compare all trackway patterns used as input data to the ancestral state modeled for the node Amniota by measuring the Euclidean distance between each included specimen and the reconstructed character set for the node Amniota and rank the specimens from closest to furthest (Supplementary Material 2).



RESULTS

Mean values of the character distributions, which have been inferred for all trackway characters and nodes based on nodal reconstructions (and a bootstrapping approach; see distribution ranges in Figure 5 and Supplementary Material 2), can be compared in order describe patterns that may be related to evolutionary changes in locomotion: In the amniote stem-group, maximum pes length increases toward the last common ancestor of cotylosaurs, remains on a high level during the divergence of diadectomorphs, synapsids and reptiles and then appears to decrease independently within certain clades of these groups (Table 3 and Figures 6A, 8A), most notably within reptiles. A similar pattern has been found for the other two imprint measures correlating with body size (pes length of the centerpoint specimen and length of pedal digit IV, Supplementary Material 2). The occurrence of medial belly or tail drag traces becomes less probable toward the last common ancestor of amniotes and diadectomorphs (decrease from >60 to 30% probability between nodes E and F), but the modeled abundance of such traces re-increases and ranges between 45 and 50% in the LCAA (node K; Table 3 and Figures 6B, 8B).


TABLE 3. Ancestral state reconstruction.

[image: Data table displaying inferred character distributions for nodes and characters using a bootstrapping approach. Columns include maximum pes length, drag traces, pedal digit length, normalized pedal pace length, stride length, gauge width, and pace angulation. Italicized values indicate results for tree B.]

[image: A series of eight graphs labeled A to H, each depicting different data related to changes over time in million years ago (Ma). Each graph includes a line plot with circle markers, dashed lines, and various other symbols, overlaid on a background with alternating white and gray vertical bands. Illustrations of hand silhouettes in various configurations appear on each graph, possibly indicating key elements or datasets being compared. Further details about variables or specific data points are not discernible without additional context.]

FIGURE 8. Evolutionary change in estimated ancestral states of trackway characters as a function of time. By means of a bootstrapping approach, character distributions have been inferred for all nodes and characters (see distribution ranges in Supplementary Material 2). The plots depict changes the in mean values for following characters: (A) maximum pes length (mm); (B) abundance of medial drag traces; (C) normalized pedal gauge width (G/pL); (D) difference between normalized gauge width for the manus and pes imprints [(Gp-Gm)/pL]; (E) normalized pedal stride length (Sp/pL); (F) normalized glenoacetabular length (GAD/pL); (G) orientation of the pes imprints (Oap in degree; negative values = outward orientation); (H) deviation between manus and pes orientation (Oam-Oap, in degree). The dashed line shows the trend in maximum pes length (as body size proxy). The time span between 340 and 320 Ma is gray-shaded. Nodes of the trackmaker tree (Figure 4A) are labeled in (A); full circle – amniote stem group, square – Diadectomorpha, cross – Synapsida, empty circle – Reptilia.


Trackway measures that describe the succession of pes imprints display the following pattern: normalized gauge width decreases in the amniote stem-group toward the LCAA and independently within the Diadectomorpha. Synapsids are marked by narrow gauges, whereas wide gauges appear to re-occur in some early Permian reptile groups (Figures 6A, 8C). Stride length, pace length and pace angulation display concurrent patterns: after a decrease in the amniote stem group toward the last common ancestor of cotylosaurs (between nodes C and F), the values re-increase toward the LCAA and later they appear to rise independently within diadectomorph, synapsid and reptile trackmakers (Table 3 and Figures 6C,D).

The position of the manus imprint with respect to the pes imprint shows only minor variation in the amniote stem-group: Unlike the rather medial position in amphibian and most reptiliomorph trackmakers, the manus is more laterally positioned toward the LCAA, a tendency which continues within diadectomorphs and synapsids whereas reptile trackways also include track types with medially positioned manus (Table 4 and Figures 7B, 8D). The glenoacetabular length (“apparent trunk length”) decreases toward the LCAA and independently within the Diadectomorpha. Within different groups of amniotes, however, higher glenoacetabular lengths re-occur (Figures 7C, 8E). Among some morphotypes of Ichniotherium and in certain amniote track types, such as Erpetopus and Dromopus, primary partial overstep between pes and manus footprints occurs regularly, which is reflected by short normalized manus-pes distances for certain diadectid and amniote clades (values of 1.0 or lower, Table 4). With its very high normalized pace length, stride length, gauge width and glenoacetabular length, the late occurring Erpetopus represents a notable exception to other reptilian track types and significantly enlarges the ranges represented in our sample, but it has limited influence on estimated values for Carboniferous nodes (Figures 6, 7 and Supplementary Material 2).


TABLE 4. Ancestral state reconstruction.

[image: A table displaying character distributions for nodes A to R. It includes columns for Pam (°), normalized difference between pedal and manual gauge width ((Gp-Gm)/pL), normalized glenoacetabular distance (GAD/pL), normalized distance between subsequent manus and pes imprints (Dpm/pL), and orientation angles for the pes and manus imprints (Oap and Oam in degrees). Italicized results indicate data for tree B. Additional detailed legend explains the parameters and methodologies used, referencing supplementary material for distribution ranges.]
The orientation of the pes imprints does not vary much on the amniote stem (Figures 7D, 8F). Toward the LCAA, the pes imprint is less outward- and more parallel-oriented, a tendency, which becomes more pronounced in some reptile tracks and is paralleled by the occurrence of more parallel-oriented footprints in early Permian Ichniotherium tracks (Figures 7D, 8G). The distribution pattern for the orientation of the manus imprints looks quite different: toward amniotes, the manus becomes successively less inward-oriented, a trend not seen in diadectomorphs. In some reptile track types a more inward orientation of the manus re-occurs (Figures 7E,F, 8H).

Among the 22 taxonomical units used in our phylogenetic approach, some represent trackway patterns similar to the modeled LCAA pattern. I. sphaerodactylum trackways dominate the list of specimens with the lowest distance values (Table 5). If all specimens of a taxonomical unit are considered and an average rank is calculated, the trackmakers of (1) Hylopus isp., (2) I. sphaerodactylum (3) I. cottae from the Pittsburgh Formation, (4) N. missouriensis and (5) I. cottae (Birkheide-Gottlob type) come out as the most amniote-ancestor-like types (Supplementary Material 2). Apart from the single trackway of Hylopus, some trackways of I. sphaerodactylum and of I. cottae from the locality Birkheide also have pes lengths close to the value inferred for the amniote ancestor, implying a similar body size of the respective trackmaker.


TABLE 5. Individual trackways ordered according to their similarity with the last common ancestor of amniotes (distance to node K, result for tree A) based on six trackway measures (complete list in Supplementary Material 2).

[image: Table listing Ichnotaxon, Specimen, and Distance in two columns. Left column includes I. sphaerodactylum, I. cottae, with distances ranging from 0.883 to 1.609. Right column features Notalacerta, Batrachichnus isp., D. leisnerianus, with distances from 1.663 to 2.108.]For an alternative trackmaker phylogeny (tree B) that includes the Tambachichnium trackmaker as a close relative of the alleged diapsid producers of Dromopus (Figure 4B), only minor differences in the reconstructed ancestral states were found (Tables 3, 4). According to the Akaike Information Criterion calculated for both trees based on 11 characters, the alternative tree is significantly more likely (ΔAIC = 146,1656629) – a result which reflects the similarity of Dromopus and Tambachichnium trackway patterns.



DISCUSSION


Evolutionary Change of the Trackway Pattern in Relation to Body Size and Functional Implications

According to the succession of ancestral states inferred in this approach, the Carboniferous evolution of reptiliomorph trackmakers is characterized by a conspicuous pattern of transition toward the last common ancestor of amniotes and diadectomorphs (Clade Cotylosauria, in our analysis node F has been set at 326 Ma). From earlier reptiliomorphs to cotylosaurs an increase in maximum pes length occurs, which is coeval to a continuous change in various trackway measures: gauges become narrower, strides shorter, the glenoacetabular length decreases, manus and pes imprints turn toward a more trackway-parallel orientation and are set at a similar distance from the trackway midline. We interpret these changes as causally linked and the increase in body size as a crucial factor driving evolutionary changes in the locomotion system: to support higher weights, limb postures become more vertical-oriented, i.e., the axis between hip and ankle joint reached a higher angle toward the ground. Accordingly, the degree of sprawling decreased – a change that is visible in the trackways as a transition to narrower gauges.

Higher weights also effect higher damaging loads, especially in the case of elongated and flexible trunks. Thus, morphological changes in the axial skeleton of cotylosaurs could have led to a shorter and stiffer trunk and to the decrease of forward propulsion through lateral axial bending (see e.g., discussion of changes in the axial skeleton of amniote relatives by Sumida, 1990). In the trackway pattern, such changes in the skeletal morphology appear as a decrease in glenoacetabular length and a low deviation in the orientation of manus and pes. But, as noted above, the supposed glenoacetabular length of a trackway is not only controlled by the actual trunk length of the trackmaker, but also by the type of gait and while a decrease in presacral vertebral number and shortening of the trunk has been observed within the Diadectomorpha (e.g., Müller et al., 2010), such a reduction did not necessarily happen in the earlier evolution of reptiliomorphs toward the origin of amniotes. In agreement with a more rigid trunk, the predominant use of a type of lateral sequence walk with less ground contact instead of a “primitive” walking trot could explain the observation that manus and pes are set parallel to each other and to the direction of movement. That the arms and shoulder girdle of amniote and diadectomorph ancestors played a more active role in weight support and/or forward propulsion, could be a further explanation for the more lateral position of manus imprints and their more forward-pointing orientation.

Toward the LCAA – in our analysis it is assumed to have an age of 323 Ma – large imprint sizes persist, and trends observed in the trackway pattern of earlier amniote ancestors continue, namely a decrease in gauge width and the change in manus and pes imprint orientation toward midline-parallel. However, unlike the trend in earlier reptiliomorphs, normalized stride length and pace angulation are rising. The increase in stride lengths appears to persist within separate producer groups after the initial divergence of amniotes and is paralleled by a similar trend in Ichniotherium trackmakers (see also Buchwitz and Voigt, 2018). We interpret these stride increases as indicative for benefits of the reorganization of the locomotion system – enabling more efficient walk with higher speeds – coming into effect.

Apart from the study of trackway measurements, the constraining effect of body size on locomotion style can also be deduced from the presence or absence of medial drag traces associated with footprints, which were produced through ground contact of the belly and/or tail. Such drag traces were not common in late Paleozoic tetrapod tracks (Table 1 and Figure 1) and continuous drag traces appear to be almost absent in trackways of larger trackmakers (see Supplementary Material 1), which is unsurprising, considering the mechanical disadvantage of high friction in case of belly dragging in combination with high weights. While the estimated maximum pes length and the modeled abundance of drag traces show the expected negative correlation (Figure 8B), the lack of sufficient sample sizes (3 or more) for Carboniferous Ichniotherium and Dimetropus tracks has a notable influence and leads to higher estimates for the amniote stem lineage. The estimated abundance of drag marks accounts for ca. 30% in the common ancestor of cotylosaurs and re-increases to >45% in the LCAA (Table 3 and Figure 6B).

Following the origin and early diversification of amniotes, pes length (as a body size proxy), appears to decrease toward romeriid eureptiles and the occurrence of a continuous medial drag mark in early reptile tracks assigned to the ichnotaxon Notalacerta indicates a notably modified locomotion system. If body size increases acted as a trigger or underlying factor and were driving locomotion changes in the ancestors of amniotes, certain changes in the ecology and body size of their reptilian descendants apparently had a somewhat contrary effect on the locomotion system and led to a re-occurrence of gaits characterized by ground contact of the belly and/or tail. With their extremely high gauge width, stride length, pace length and glenoacetabular length in combination with a primary overstep (from partial to total) of pes on manus imprints, the late Cisuralian (Kungurian) trackways of Erpetopus are an exception among early reptilian ichnotaxa. They arguably represent a derived type of broad sprawling gait, which is different from that observed in anamniote tracks, such as Amphisauropus, Matthewichnus, and I. praesidentis. Considering the relatively narrow gauges and rarity of medial drag marks in the alleged diapsid track type Dromopus, “crawling” locomotion as the eponymous feature of the group Reptilia, present in certain extant diapsids, is likely to be a secondary or tertiary adaptation that evolved from a distinct type of posture and gait.

Given the comparatively small dataset of twelve synapsid trackways included in our analysis, evolution trends within early synapsid trackmakers cannot be reliably inferred in this approach. Dimetropus isp. from the Bochum Formation and the Tambach Formation tracks assigned to D. leisnerianus and T. schmidti were made by relatively large individuals. They share the narrow gauge and the forward or slightly laterally pointing manus, but differ in most of the other characters. According to the results of our maximum likelihood approach, the alternative phylogenetic tree with Tambachichnium as a diapsid track type (in accordance with a revised placement of its varanopid trackmakers, e.g., Ford and Benson, 2020) is in much better agreement with the trackway data and arguably hypotheses about early synapsid locomotion should not rely too much on the inclusion of this ichnotaxon. Whether the presence of discontinuous medial drag marks in several Dimetropus trackways from the Tambach Formation is typical for a specific synapsid producer group can only be solved with a more comprehensive sample.



Evolutionary Stages of Ancestral Amniote Locomotion and Trackmaker Model for the LCAA

Based upon the results of our ancestral state modeling approach and their interpretation in terms of locomotion and functional morphology, we devise stages of locomotion evolution for the earliest amniotes and their ancestors (Figure 9):


[image: Illustration of evolutionary stages in early amniotes. The early amniote radiation stage shows varied sizes and closely set footprints. The cotylosaur stage features large body size and increased stride, depicted by Ichniotherium sphaerodactylum footprints. The batrachosaur stage is marked by smaller size with medial drag marks, shown with Ichniotherium praesidentis footprints. Arrows indicate the progression between stages, with descriptive text and illustrations of creatures and tracks.]

FIGURE 9. Stages of locomotion evolution toward early amniotes and notable trackway characteristics. Seymouria, Orobates, Dimetrodon, and Araeoscelis are depicted as possible trackmakers for Amphisauropus (bottom), Ichniotherium, Dimetropus (top left), and Dromopus (top right). Except for Ichniotherium praesidentis, the examples come from the early Permian of Germany and North America, illustrating that some variability representing the dynamics of locomotion evolution in the earliest amniotes and their relatives was still present by that time. Scale unit: 3 cm. (Drawings by J. Knüppe, Ibbenbühren).


Following the early diversification of reptiliomorphs between 350 and 340 Ma, amniote ancestors had small to moderate body sizes and sprawling postures that are reflected in the trackways by relatively wide gauges and moderate stride lengths. The trunks of these trackmakers were relatively long and flexible – these features are visible in the tracks as pes/manus overlap due to high coupling values, high to moderate glenoacetabular lengths, outward-oriented pes and inward-oriented and medially positioned manus imprints. Common belly or tail contact during progression resulted in the occurrence of furrow-like medial drag marks. Reptiliomorph trackmakers with these characteristics represent the “batrachosaur stage” of ancestral amniote locomotion, referring to Batrachosauria as a clade including seymouriamorphs and further groups that are more closely related to amniotes than embolomeres and other “anthracosaur-grade” reptiliomorphs (sensu Gauthier et al., 1988; Laurin and Reisz, 1995). With some reservations, late Carboniferous to early Permian trackmakers of Amphisauropus and Matthewichnus may be regarded as representatives of this stage. They are, however, considerably younger than the Mississippian diversification of reptiliomorphs in and it is unclear whether they are linked to their early relatives through a line of terrestrial ancestors (see e.g., discussion in Bazzana et al., 2020).

Between 340 and 320 Ma, members of the amniote stem group reached relatively large adult body sizes, which is indicated by a pes length comparable to that of smaller Ichniotherium and Dimetropus tracks (between 70 and 85 cm). As outlined above, a notable evolutionary transition in locomotion occurred during the “cotylosaur stage,” which led to a simultaneous change or quick succession of changes in multiple trackway parameters. Thereby trackmakers with longer and more flexible trunks, a pronounced sprawling posture and walking gaits that allowed only short strides and a low maximum speed evolved into more adept terrestrial dwellers with shorter trunks, less axial flexibility and gaits with a lower degree of sprawling that resulted in longer strides and higher maximum speed. In some aspects, this evolutionary trend is paralleled by the later transition within diadectomorphs (Figure 9) from trackmakers with an Ichniotherium-praesidentis-like trackway pattern to diadectid trackmakers of the late Cisuralian I. sphaerodactylum and I. cottae, which can be regarded as late survivors of “cotylosaur stage” amniote ancestors. Despite its plesiomorphic appearance with a high glenoacetabular length, a high normalized gauge width and a low pace angulation, the only known long trackway of I. praesidentis shows no indications of pattern variation due to axial bending and differs in this aspect from Matthewichnus and Amphisauropus tracks (e.g., Haubold et al., 2005; Voigt, 2005, 2015; Voigt and Lucas, 2015; Marchetti et al., 2017). This observation is concordant with the idea that stabilization of the axial skeleton and musculature to support the suspension of the trunk could have been one of the critical morphological changes related to gaining higher body masses.

According to our conceptual model of ancestral amniote locomotion, the time range of the cotylosaur stage and its spectrum of trackway patterns also includes the LCAA. Considering the combination of values found per ancestral state reconstruction, some trackways of I. sphaerodactylum display trackway patterns most similar to the LCAA (see similarity ranking in Table 5). Thus, our results support the hypothesis that the track-trackmaker pair of I. sphaerodactylum and Orobates pabsti from the Cisuralian Bromacker locality of the Thuringian Forest was close to the LCAA in terms of trackway pattern similarity and – in agreement with the approaches of Nyakatura et al. (2015, 2019) – represents a suitable ancestral amniote track-trackmaker model. Only the inward orientation of the manus in I. sphaerodactylum might have been untypical for the earliest amniote trackmakers and some of the similarities in the relatively young Bromacker material are probably due to convergence and do not represent surviving plesiomorphies. The seemingly derived pattern of the Hylopus trackway NMMNH P-64276, which is more similar to the LCAA than the average I. sphaerodactylum track, suggests that either an early cotylosaur relative instead of a more distantly related reptiliomorph was the trackmaker or that “amniote-like” trackway patterns were also produced by early reptiliomorphs or even more distantly related tetrapods in convergent episodes of terrestrialization (e.g., Smithson and Clack, 2017).

Between 320 Ma and the Carboniferous/Permian boundary amniotes diversified, which is also reflected by the morphological diversity, trackway patterns and size ranges of Cisuralian amniote tracks. Unlike most diadectomorph tracks and inferred track size for the cotylosaur stage, the late Pennsylvanian to Cisuralian reptile tracks were usually made by small-bodied trackmakers, while the synapsid track record also includes larger track types. Only few trackway characteristics are shared by most amniote track types of this stage and suggest a derived locomotion capability compared to the batrachosaur and cotylosaur stages: normalized stride lengths and pace angulations are usually moderate to high, exceeding 3.5 and 90°, respectively. With the exception of Erpetopus and Varanopus, gauge width is low. Noteworthy outward orientations of the pes and inward orientations of the manus occur in only a few track types. Most amniote trackway samples include one or several specimens with primary overstep of pes over manus (pes/manus distance < average footprint length), suggesting that a gait with non-simultaneous ground contact of manus and pes (i.e., a type of lateral sequence walk) was common.

Our results and conclusions are preliminary for various reasons. Most notably, all patterns discussed above merely consider the mean values of distributions that resulted from a bootstrapping approach, which was undertaken in order to assess the effects of variability among trackways assigned to the same trackmaker unit (and involves random trackway specimens of each unit in addition to nodal reconstructions based on the centerpoint specimens). Taking the high variances of these distributions and overlapping ranges for subsequent nodes into account (Figure 5B and Supplementary Material 2), the discussed mean values and deduced evolutionary trends involve a considerable degree of uncertainty, indicating that evolutionary shifts in imprint size and trackway parameters might be difficult to localize.

Apart from the effects of variability within trackmaker groups and the general uncertainty of nodal reconstructions (see also Laurin, 2004; Didier et al., 2019), ambiguous track-trackmaker correlations and the controversial phylogenetic relationships of the skeletal-morphology-based orthotaxa also contribute to the vagueness. We have compared results for two alternative trees, alternating the position of varanopids as supposed trackmakers of Tambachichnium – with only minor effects regarding the lineage of amniote ancestors. Other alternative tree topologies with potentially large consequences for reconstructed ancestral states include the following: diadectomorphs within Amniota as the sistergroup of all other synapsids (sensu Berman et al., 1992, Berman, 2013) or as a paraphyletic group (e.g., Ruta et al., 2003b; Pawley, 2006; Marjanović and Laurin, 2019) or deviant relationships of reptiliomorph groups with seymouriamorphs being more closely related to the clade Cotylosauria than lepospondyls (e.g., Klembara et al., 2014). Especially in the case that track types and trackmakers with large sizes were confined to a synapsid clade including diadectomorphs, the reconstructed trackway pattern for the LCAA would differ considerably and our interpretation of a “cotylosaur stage” encompassing large-bodied trackmakers that were ancestors to all amniotes, including reptiles, would be put into question. Thus, in future approaches alternative phylogenies should be addressed and, more generally, inferences about functional change and locomotion evolution should be tested regarding their robustness, i.e., whether they are plausible for different phylogenetic hypotheses.

Another issue leading to far-off conclusions could be sampling bias, e.g., underrepresentation of small or large track types of a trackmaker group, which would make separate processes appear to be a single event. If body size increases were a very common factor driving evolutionary changes in early tetrapod locomotion, an alternative to our model would be a parallel change in several lineages, e.g., a convergence in trackmaker anatomy that led to a decrease in gauge width, as soon as a certain group crosses a certain body size threshold. In this regard, more reliable conclusions regarding the ancestry of amniotes could be gained with a higher number of specimens per trackmaker sample for Carboniferous track types, but also through a generally improved coverage of trackway samples from the Carboniferous.

Considering body size as the main or sole trigger or driving factor of evolutionary change in locomotion among amniote ancestors, could also be a misconception based on the badly resolved early phylogeny of trackmakers. Especially the long timespan between the divergence of lepospondyls and cotylosaurs (node E) and the last common ancestor of cotylosaurs (node F) could include a series of subsequent changes that erroneously appear to be contemporaneous. Furthermore, the slight decrease in stride length and pace angulation prior to the change in body size and gauge width (see Figures 5B, 7E, from node C to E) is not explained by our hypothesis of cause and effect.



Methodological Aspects of Ancestral State Reconstructions to Pinpoint Evolutionary Changes in Fossil Trackmakers

In addition to the sources of uncertainty discussed above, further methodological aspects had an influence on our results and should be considered in other studies of trackway data that involve ancestral state reconstructions:

	1. Choice of body size proxies: we chose pes length as a body size proxy for normalization of trackway measurements because our dataset includes a highly variable heel length and thus the length of pedal digit IV (usually the longest digit) would be a less reliable alternative proxy for total foot and body size. If increases in body weight and body volume can be correlated to the total imprint area of manus and pes, a combined measure based on length and width of manus and pes would be an even better body size indicator (see Buchwitz et al., 2020). In this study, however, completely preserved tracks with four measurable length and width values make up a considerably smaller part of the total sample, so we decided to use only the pes length instead.
	2. Influence of postulated node ages and outliers: The proximity of node ages to certain ages of Carboniferous terminal taxa has a large influence on the modeled ancestral states and we have assumed a distance of at least 3 million years between the center of a trackmaker range and the closest node. Especially the two individual trackways of particularly large trackmakers from the Bochum Formation (TM 8 and TM 15 in Table 1, Voigt and Ganzelewski, 2010), which are close in age to the assumed origins of Amniota and Cotylosauria, had a large effect on the outcome of our analysis. In order to mitigate the influence of these outliers in our interpretations regarding body size evolution, we considered the maximum pes length instead of an average or mean pes length as body size proxy for an entire trackmaker sample. Given the somewhat higher likely age that Didier and Laurin (2020) inferred for the Amniota (synapsid/reptilian divergence at 322–340 Ma), it might be advisable to test the effect that different age assumptions can have on the reconstructions.
	3. Inclusion of data from multiple localities: except for the Limnopus vagus and H. bifurcatus TM samples, all taxonomic units used in our phylogenetic approach represent one locality and stratigraphic unit or, in case of the Thuringian Forest data, a succession of strata including several units from the same depositional area. We suggest prioritizing homogeneity over sample size. If more than two individual samples pro ichnotaxon are available and track-trackmaker relationships cannot be resolved any further, we recommend to include these samples in an unresolved polytomy, e.g., a clade of trackmakers of the ichnotaxon Dromopus could include four taxonomic units that represent Dromopus samples from locality A/age I, locality B/age I, locality B/age II, and locality C/age II. The inclusion of several samples per ichnotaxon, which come from multiple localities, can mitigate the potentially distorting effect of substrate or taphonomic differences as a cause of variation between different ichnotaxa. With a rising coverage of distinct depositional settings, the possibility that coincidental differences in preservation or substrate (e.g., ichnotaxon X only from sandy substrates; ichnotaxon Y only from muddy substrates) and not actual locomotion differences are the cause of distinct trackway patterns, becomes increasingly unlikely.
	4. Consideration of inhomogeneities in individual trackway samples: In this approach, trackways from the same locality assigned to the same ichnotaxon were considered as products of a homogeneous trackmaker group and variability within the sample as representing varying behavior, individual locomotion capability, minor anatomical differences and other factors that can also be observed in tracks produced by populations of closely related extant trackmakers with similar footprint morphology. In future studies, particularly large trackway samples could be searched for distribution patterns that indicate separable locomotion styles and/or trackmaker species (e.g., bimodal or multimodal trackway parameter distributions). If some of the (normalized) trackway measures correlate with footprint size, this pattern could be an indicator for either an ontogenetic change in locomotion or the mixing of a small and a large trackmaker species with similar footprint morphology but distinct locomotion. In the case that such an inhomogeneity is discovered, tracks of juvenile trackmakers could be exempted from the analysis or the sample could be split and the subsets referred to separate taxonomical units.
	5. Handling of footprint ichnotaxa that have polyphyletic producer groups: trackway samples of an ichnotaxon that are likely to represent two or more unrelated groups, i.e., a polyphylum of trackmakers, should be avoided. If one of the alleged producer groups is stratigraphically or geographically restricted, it might be ruled out for at least some of the available trackway samples (that come from other regions or time ranges). Accordingly, the track-trackmaker correlation might be clarified for certain samples of an ichnotaxon (see ichnotaxon 1 in Figures 3A,B), which may be used in an ancestral state reconstruction approach, whereas other samples of the same ichnotaxon, which are equivocal in their trackmaker assignment, should be discarded. An alternative way to deal with ichnotaxa that have been correlated with distinct unrelated producer groups is the use of several different trackmaker trees – with the aim to compare the outcomes according to their likelihood and document whether patterns of evolutionary change in trackway measures differ significantly (see consideration of the Tambachichnium trackmaker in our analysis).
	6. Use of alternative methods for the reconstruction of ancestral states and character evolution: A parsimony-based testing method introduced by Didier et al. (2019) for quantitative characters takes branch length into account and aims at the localization of trend changes on a phylogenetic tree. Whether such an approach can detect changes on the lineage connecting last common ancestor of tetrapods and the last common ancestor of amniotes – despite the comparatively low resolution of the trackmaker trees, high age differences between the supposed timing of divergence from the amniote stem lineage and the first occurrence of a trackmaker and poor sampling density for the Mississippian and early Pennsylvanian – remains to be tested.

Not all available footprint and trackway features have been used for ancestral state reconstruction in our present study. In the absence of a direct co-occurrence of tracks and trackmaker skeletons (i.e., on the same bedding plane), measures and non-numerical characters that describe footprint morphology, such as toe imprint proportions, toe divarication angles, shape and relative length of the heel imprint, usually form the basis of track-trackmaker correlation. Their ancestral states have not been pursued here, among others, because the results would be redundant to skeletal-data-based inference of evolutionary changes in certain characters (e.g., for toe proportions, reconstructions can be inferred with a higher precision based on the fossil record of foot skeletons instead of footprints). One of the ideas in this study was the documentation of changes in maximum body size, inferred from footprint length. Whether the discussed signal reflects an actual pattern could be counter-checked based on measurement data of trackmaker skeletons (e.g., skull length, long bone length, and total limb length). Accordingly, ancestral states could be reconstructed for a skeleton-based body size proxy – which would also have the advantage that it includes a more detailed phylogenetic tree that reflects body size changes more realistically (see Laurin, 2004; Didier et al., 2019 on skull length in amniotes and their relatives; Brocklehurst and Brink, 2017 on synapsid body size). Another idea to cover trackmaker body size with more detailedness would be the inclusion of the somewhat larger record of isolated tracks and couples (instead of only trackways), provided their preservation is good enough for trackmaker assignment. Apart from length and angle measures, a feature worth looking at in an ancestral state estimation approach could be the relative depth of footprints – whether the medial or lateral parts of a foot are deeper impressed is often controlled by function (e.g., articulations, posture, and type of gait) and follows a group-specific pattern (functional prevalence; Mujal et al., 2020).

In addition to amniote origins and locomotion evolution in early amniotes and their relatives, radiation events marked by fast change in footprint morphology and abundant appearance of new ichnotaxa may be approached through phylogenetically informed analysis of trackway data, including the evolution of synapsid trackmakers during the Permian (e.g., Marchetti et al., 2019a) and the rise of archosauromorph trackmakers in the Triassic (e.g., Haubold and Klein, 2002; Bernardi et al., 2015). Because sufficiently character-rich footprint morphologies are needed for detailed track-trackmaker correlations, not all tetrapod footprint ichnotaxa are equally well suited for phylogenetic considerations. Among others, trackways of a quadruped are more character-rich than those of a biped walker, footprints of a plantigrade foot display certain features of the sole/heel that are absent in the case of digitigrade foot morphologies and pentadactyl feet display more measurable sizes than tridactyl feet – in each case, the former mentioned morphologies are better suited for track-trackmaker correlation and ancestral state reconstruction approaches than the latter. As an alternative, large samples of character-poor trackways assigned to one or several ichnotaxa that were produced by a homogeneous trackmaker group, which cannot be further subdivided, may be studied in a time series approach (see discussion of such approaches in Kubo and Benton, 2009; Buchwitz and Voigt, 2018).
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Lanthanostegus is an unusual dicynodont known from only two partial skulls from a single locality near Jansenville in the Eastern Cape Province of South Africa. Although these specimens can be constrained to near the base of the late middle Permian (Guadalupian) Abrahamskraal Formation, their precise age is uncertain as a result of diachroneity of the base of the Formation and the absence, in the Jansenville area, of index taxa to correlate this horizon with the biostratigraphy established in the Western Cape Province. Here, we describe a third skull that we identify as Lanthanostegus, which we recently discovered from a locality north of Laingsburg, on the western side of the main Karoo Basin. This skull reveals morphological details of the palate, occiput, and lower jaw that are not preserved in the described specimens of Lanthanostegus mohoii and will advance understanding of this poorly known dicynodont. This discovery provides the first direct correlation between the lower Abrahamskraal Formation at Jansenville on the eastern side of the basin and the southwestern part of the basin, and suggests that Lanthanostegus occurs in the lowest Tapinocephalus Assemblage Zone (AZ), or possibly to a new assemblage transitional between the Eodicynodon and Tapinocephalus AZs. This supports earlier work proposing that the Eodicynodon AZ is present only on the western side of the Karoo Basin and that the transition from a marine to continental depositional environment occurred later toward the East.
Keywords: Guadalupian, Tapinocephalus, Beaufort Group, Permian, Abrahamskraal Formation

INTRODUCTION
Systematic fossil collecting from the rocks of the middle Permian Abrahamskraal Formation of the lower Beaufort Group of South Africa over four decades has revealed more than ten new basal therapsid genera, with most of them being dicynodonts (Day and Rubidge, 2020; Rubidge and Day, 2020). These fossils, together with other middle Permian taxa, have enabled subdivision of the Abrahamskraal Formation into three dicynodont-based biozones defined by the ranges of (from the base upwards) Eodicynodon, Eosimops, and Diictodon (Day and Rubidge, 2020; Rubidge and Day, 2020).
The Eodicynodon Assemblage Zone (AZ) is present only in the southwestern part of the Karoo Basin in the basal Combrinkskraal and Grootfontein members of the Abrahamskraal Formation (Rubidge and Day, 2020). Because of the paucity of fossils in the lower part of the Abrahamskraal Formation, determining its lateral and vertical boundaries is challenging, especially in the area to the south and east of Aberdeen, where this is compounded by a lack of good rock outcrop. Nevertheless, targeted collecting efforts to the east and the north of the known extent of the Eodicynodon AZ have resulted in the discovery of several new anomodont species that are different from the species described from the Eodicynodon AZ. These include Anomocephalus africanus, Colobodectes cluveri, and Prosictodon dubei. The most bizarre species, which has anteriorly oriented orbits, is Lanthanostegus mohoii, and is known from only two fragmentary specimens from the farm Mandalay, north of Klipplaat in Jansenville district of the Eastern Cape Province (Modesto et al., 2002; Modesto and Rubidge, 2003).
The only two known specimens of Lanthanostegus, which are from the same stratigraphic horizon, were found together 52 m above the base of the Abrahamskraal Formation. When the specimens were described, they were considered to come from the Tapinocephalus AZ (Modesto et al., 2002), but because of the small number of identifiable fossils and the lack of diagnostic taxa to compare with the better-sampled western part of the basin, this has remained tentative.
During fieldwork in 2018 in the Moordenaarskaroo, north of Laingsburg on the western side of the basin, our team discovered several vertebrate fossils from a horizon in the lower Leeuvlei Member of the Abrahamskraal Formation (Figure 1). This horizon lies above the units known to be associated with the Eodicynodon AZ (Combrinksrkaal and Grootfontein members) but below the units most associated with the Tapinocephalus AZ (Koornplaats, Swaerskraal, Moordenaars, and Karelskraal members). One of the specimens discovered by JB displays diagnostic characters, allowing it to be referred to Lanthanostegus mohoii. In this article, we describe this new specimen and discuss its stratigraphic significance.
[image: Map and chart highlighting the geological features of a region in South Africa. Panel A shows a map with labeled provinces, key sites, and an inset locating South Africa on the globe. Panel B details the geological boundaries and formations around the Laingsburg area. Panel C presents a stratigraphic column of the Ecca Group with layers, thicknesses, and collection sites, specifically focusing on the Abrahamskraal Formation.]FIGURE 1 | Locality and stratigraphic information for Lanthanostegus. (A) Map showing the localities of BP/1/8209 (1) and of the type specimens of Lanthanostegus (2) within the Karoo Basin of South Africa. (B) Geological map of the southern Moordenaarskaroo showing the locality of BP/1/8209 at “Frank’s Hill” on Sandkraal (1). The only members of the Abrahamskraal Formation to have been mapped throughout the area are the Karelskraal and Moordenaars members; lower members of this formation have been mapped in a limited area north from Sandkraal (dashed lines) by Loock et al. (1994). (C) Stratigraphic divisions and thicknesses of the Abrahamskraal Formation in the Moordenaarskaroo (from Day and Rubidge, 2014) and stratigraphic section from “Frank’s Hill” showing the position of BP/1/8209 and a tuffaceous horizon. TF, Teekloof Formation; f, fine sandstone; m, mudrocks; s, siltstone; v, very fine sandstone. Images modified from Google Earth and Wikimedia Commons (https://commons.wikimedia.org/wiki/File:South_Africa_(orthographic_projection).svg).
MATERIALS AND METHODS
The specimen (skull BP/1/8209) was mechanically prepared using compressed air-driven engravers fitted with a tungsten carbide tip. As the enclosing matrix is extremely hard, tests were undertaken to determine whether the fossil could be prepared using acetic or formic acid, but they proved to be ineffective. Although differentiation between the bone and matrix is difficult in the specimen, the skull has been fully prepared.
It is extremely weathered in the dorsal view, many of the external features of the bones have been removed through erosion, and it is difficult to determine sutures. Over most of the specimen, sutures between bones are not easily distinguishable; however the midline suture which has been traced over much of the skull roof and part of the palate helps to orientate the various sections of the skull relative to the midline. This is valuable considering that the specimen is distorted with the ventral part being displaced toward the left relative to the skull roof. In the ventral view, the palate is well exposed but is so heavily encrusted with pyrite toward the anterior end that anatomical details are masked. The posterior end of the lower jaw is preserved in articulation, but, like the rest of the skull, the surface of the bone is heavily weathered.
SYSTEMATIC PALEONTOLOGY

	Therapsida Broom, 1905
	Dicynodontia Owen, 1859
	Lanthanostegus mohoiiModesto et al., 2002

Type Specimens
“NMQR 3396, the holotype, is a partial skull comprising the right circumorbital region, the posterior skull table, occiput, and adjacent regions of the braincase. NMQR 3398 is a partial skull comprising the circumorbital regions, anterior skull table, posterior palate with epipterygoid, and partial braincase” (Modesto et al., 2002 p 1756). Both specimens are from Mandalay farm, Jansenville district (close to the village of Klipplaat), Eastern Cape Province, South Africa (32°57′30″S; 24°24′12″E), lowermost Abrahamskraal Formation of the Beaufort Group.
Referred Specimen
BP/1/8209 is a distorted and crushed skull. The tip of the snout was inadvertently cut off during excavation. From Sandkraal, Leeuwen Valley 50, Laingsburg district, Western Cape Province.
Emended Diagnosis
A dicynodont anomodont that is distinguished from other anomodonts by a laterally facing excavation on the dorsal surface of the postfrontal, by extensive, dorsally exposed contacts between the parietals and the supraoccipital, anterior orientation of the orbits, and by extensive ossification of the lateral wall of the braincase that is formed mainly by the prootic. Single postcanine tooth positioned laterally on the maxilla, alongside the longitudinal ridge of the maxilla.
CRANIAL DESCRIPTION
The preserved part of the skull (BP/1/8209) is dorsoventrally compressed, deformed to the right side, and is 20 cm long, which is much as the same size as the two type specimens of Lanthanostegus (Modesto et al., 2002; Modesto and Rubidge, 2003). It is more complete than the previously described specimens and was collected as a single fragment extending from the occiput posteriorly to the snout in front of the canine teeth anteriorly, but the occiput is not preserved. It resembles the previously described Lanthanostegus specimens in the extensive ossification of the lateral wall of the braincase formed mainly by the prootic and anteriorly oriented orbits (Modesto et al., 2002). As the new specimen is the most complete, it provides new anatomical information, particularly of the palate, and its description is important to enhance the understanding of the cranial morphology of this rare and enigmatic dicynodont genus.
Skull Roof
Although the extreme anterior end of the skull is not preserved, a part of the maxilla in the anteorbital region is present, and, as in other dicynodonts, it formed the lateral surface of the face (Figures 2–4). The posterior sutural contact of the maxilla with the lacrimal and prefrontal is not evident. The skull roof is very weathered, and the tip of the snout was inadvertently destroyed by an angle grinder in the process of field excavation, but a cross section of a large canine tooth is present in the right maxilla, as well as the worn base of a single postcanine, which is present on the palatal exposure of the maxilla.
[image: Fossil of a cranial fragment displayed above a detailed anatomical diagram labeling each part, such as the orbits and fenestrae. The diagram includes annotations for various skull features, indicating a scientific analysis. Scale bar measures five centimeters.]FIGURE 2 | Dorsal view of Lanthanostegus specimen BP/1/8209.
[image: Fossilized vertebrae from an oviraptorid dinosaur, depicted in two images. The top shows the actual fossil in a three-dimensional view, measuring five centimeters. The bottom image is a labeled diagram of the fossil's structure, illustrating various anatomical parts.]FIGURE 3 | Ventral view of Lanthanostegus specimen BP/1/8209.
[image: Two images shown. The top image is a photo of a fossilized arthropod in a dark setting with a scale bar indicating 5 centimeters. The bottom image is a line drawing of the same fossil, labeled with anatomical features.]FIGURE 4 | Lateral view of Lanthanostegus specimen BP/1/8209 showing the lower jaw.
A feature of the skull is the pronounced and characteristic anterior orientation of the orbits as in Lanthanostegus (Modesto et al., 2002), which is not the result of deformation. The supraorbital area of the skull roof is not well preserved. A prominent depression is present on the weathered skull roof posterodorsal of the orbits (Figure 2), and we suspect that the pineal foramen is present, although not visible, at the posterior end of this depression as in the paratype of Lanthanostegus mohoii (NMQR 3398). We interpret the preparietal as forming the posterior part of the floor of this depression and the paired frontal as forming most of the floor of this depression, and forming the dorsal margin of the orbit anterior to the frontal is the impression of a thin paired elongate bone which we interpret as the nasal, which contacts the maxilla laterally in a longitudinal trough-like depression. The posterior sutural contact of the frontal with the postfrontal is not clear, but the latter triangular bone, which tapers posteriorly between the frontal and postorbital, is positioned at the posterodorsal end of the orbit.
The postorbital is heavily weathered but is intact and forms most of the postorbital bar. As in the paratype of Lanthanostegus mohoii (NMQR 3398), it tapers posterodorsally between the parietal and the temporal opening. It appears that the postorbital overlies the parietal, and the dorsal contact between the two bones is visible as a posterodorsally oriented straight suture, but this contact is not well defined in BP/1/8209.
The dorsal surface of the parietal is extremely weathered and has been squashed toward the right. Judging by the midline suture, it has wide exposure on the skull roof, but no surface details are preserved. The squamosal, as in all dicynodonts, is a large bone that forms the posterior and ventral margins of the temporal fenestra, and it has a broad occipital exposure. It is poorly preserved on the dorsal surface, but the posterior left side is intact, displaying the typical dicynodont squamosal morphology. A prominent external auditory meatus is evident on the occipital surface and has dorsoventrally oriented grooves on its posterior surface, but the rest of the occiput is poorly preserved. The double articulatory condyles of the quadrate are visible in the posterior view below the auditory meatus, but the dorsal process of the quadrate is not evident.
Most of the constituent elements of the braincase are either indistinguishably fused or their contacts are obscured by damage. As in the two type specimens, the prootic forms a thick posteromedial wall that medially closes the posterior half of the temporal fenestra. The anterior border of the prootic is subvertical and notched at mid-height as in the types. No pila antotica is preserved.
Palate
The palate (Figure 3) is relatively complete, and its anterior end manifests morphological detail, which is not evident in the holo- and paratypes. The high and vaulted nature of the palate is reminiscent of the situation in Endothiodon (Cox and Angielczyk, 2015). In the ventral view, the right maxilla (the only side which is well preserved) forms the lateral border of the choana, has a relatively smooth surface texture, and has a longitudinal trough in which a single postcanine tooth is present halfway down the lateral side of the trough. Lateral to this tooth, a sharp longitudinal ridge separates the palatal exposure of the maxilla from the facial portion, with the latter having a rugose surface texture. The anterior contact with the premaxilla is not visible, but more posteriorly, a line extending obliquely, lateromedially from the internal naris, is interpreted as the suture between the maxilla and palatine, with the latter bone having a ventrally rounded and more rugose surface.
The palatine forms the posteromedial border of the internal naris and, as is evident from the left side of the skull where the anterior end of the palatine is not preserved, overlies the maxilla ventrally. The posteromedial end of the palatine is encrusted with goethite pseudomorphs of pyrite, which obscures morphological details.
The vomer, which is broad anteriorly and thin posteriorly, is similar to that described for some Eodicynodon oosthuizeni specimens (Rubidge, 1990a). In the ventral view, the two sides of the vomer slope dorsomedially with a straight sutural contact along the midline as is the situation described for the posterior end of the vomer in the paratype of Lanthanostegus (Modesto et al., 2002). The morphology of the posterior end of the vomer cannot be determined as it is heavily coated with goethite encrustation. As the interpterygoid vacuity cannot be determined with certainty it is not possible to ascertain whether the vomers form its anterior margin.
A crescentic line posteroventral to the rugose facial surface of the maxilla is suggestive of the suture between the maxilla and the ectopterygoid, which borders medially with the palatine and anteriorly with the maxilla. Posteriorly, an unclear vertical lineation on the side of the lateral process is considered the suture between the ectopterygoid and pterygoid. The anterior sutural contact between the pterygoid and palatine in the palatal view is not visible and is obscured by a bone fragment that may have been part of the right dentary, and more medially is obscured by goethite.
In this specimen, an elongated cylindrical cast of matrix extending down the midline is possibly a mold of the interpterygoid vacuity, as it is positioned in the appropriate position between the lateral processes but is much smaller than would be expected. As this area is covered by goethite encrustation, it is not possible to determine finer details. The lateral process of the pterygoid is a very prominent feature as is the case in Eodicynodon and the known specimens of Lanthanostegus (Modesto et al., 2002). The left pterygoid is particularly wide in the ventral view, but this may be distortion resulting from the lower jaw being appressed against this part of the skull. A longitudinal ridge down the posterior edge of the lateral process extends posteriorly on the ventrolateral side of the pterygoid and down the quadrate ramus, as in the paratype of Lanthanostegus mohoii (Modesto et al., 2002). Another longitudinal ridge extends posteriorly down the midline of the pterygoid as far as two small elongate posterior pterygoid ridges on either side of the anterior tip of the parabasisphenoid as in the paratype of Lanthanostegus (Modesto et al., 2002). The parabasisphenoid, although present, is not well preserved, and its sutural contacts are not evident. As is typical in dicynodonts, an elongated U-shaped trough extends down the midportion of the parabasisphenoid onto the basioccipital. The parabasisphenoid and basioccipital are flanked on either side by the fenestra ovalis.
The pterygoid girder is a robust bone that is well exposed in the dorsal view. Anteriorly, it is broad and fan-shaped to form a prominent lateral process as in the described specimens of Lanthanostegus, which is particularly well exposed on the left side in the palatal view. In the dorsal view, a longitudinal midline trough extends between the left and right pterygoids. Posteriorly, the ptergygoid narrows, and then expands laterally as the quadrate ramus. A tall but thin epipterygoid column extends anterodorsally from the baseplate and swells dorsally, where it meets the prootic. This structure is much thinner than that of the paratype, where it is uncharacteristically robust for a dicynodont. In the holotype, only the dorsal portion of the epipterygoid column is preserved and is of the same thickness as that of BP/1/8209.
The large base plate of the epipterygoid, which tapers anteriorly and posteriorly, has extensive sutural contact with the dorsal side of the pterygoid girder. Contra to what is figured for the paratype (NMQR 3398) by Modesto et al. (2002), where the anterior extension of the baseplate is short, that of BP/1/8209 is long. Our observations of NMQR 3398 indicate that the anterior process is broken, and there is a triangular impression on the dorsolateral side of the pterygoid girder to indicate the original position of the anterior process in the specimen, showing that the anterior process in this specimen was also long.
As in the Lanthanostegus specimen NMQR 3398, the only other specimen to have a quadrate preserved, the quadrate is poorly preserved in BP/1/8209, and only the condyles of the left quadrate are visible in the ventral view in articulation with the posterior end of the lower jaw. The dorsal part of the quadrate is poorly preserved and extends dorsally from the condyles.
Lower Jaw
Only the posterior portion of the left lower jaw is preserved and is in articulation with the quadrate, but this is the only lower jaw known of Lanthanostegus. The bone surface of the jaw is not well preserved, but it is possible to determine the configuration of most of the various elements. In the lateral view, the dentary forms the largest component of the mandible, but the anterior end of the dentary is not preserved, and because the lower jaw is occluded to the skull, it is not possible to see details of the transversely expanded dorsal surface of the dentary. It is also not possible to determine whether teeth are present on the dorsal surface of the dentary. Posteriorly, the dentary has a low coronoid process (Figure 4).
The dentary, which is an extremely robust and broad bone in cross section, forms most of the dorsal and anterior margins of the large mandibular fenestra, but appears to be excluded from the ventral margin by the angular (Figure 4). Posterodorsally, the dentary meets the surangular, but the sutural contact is not clear. The pre-articular extends over the medial surface of the dentary. Because only the posterior end of the lower jaw is preserved, the splenial is not present.
The surangular forms the dorsal part of the postdentary region of the mandible. Its anterior contact with the dentary is not clear, but in the lateral view there is a break in the topography of the dorsal side of the lower jaw, which appears to coincide with the contact. The surangular forms the posterodorsal and posterior margin of the mandibular fenestra on both the lateral and medial sides of the jaw. Posteriorly, the surangular forms the broadly rounded dorsal edge of the postdentary region and much of its medial surface. The lateral surface of the surangular appears to be mostly overlapped and hidden by the angular, but this is unsure as the suture between the angular and surangular is not evident. The surangular is fused to the articular, and a distinct suture between the elements is not visible. Medially, the broad pre-articular overlaps the surangular and angular on the medial surface of the mandible.
The angular forms most of the ventral portion of the postdentary region. Anteriorly, the angular is overlapped laterally by the dentary and medially by the pre-articular and splenial. Laterally parts of the element are visible along the ventral and posterior margins of the mandibular fenestra, and on the medial surface below the pre-articular. Posteriorly, the angular overlaps the surangular and forms most of the lateral surface of the mandible between the mandibular fenestra and the articular. As a result of postdepositional lateral compression, the reflected lamina has become appressed to the lateral side of the angular and also protrudes below the ventral margin of the angular.
As is typical in dicynodonts, the pre-articular is a strap-like bone that extends along most of the medial surface of the mandible. Anteriorly, it contacts the dentary and presumably the splenial as in other dicynodonts, but this contact is not preserved, whereas posteriorly, it overlaps parts of the surangular and angular, and is indistinguishably fused to the articular.
The articular is positioned at the posterior end of the lower jaw, but most of it is not visible because the jaw is preserved in articulation with the quadrate. An articular recess appears to be typically present in front of the main articular surfaces, near the junction of the surangular and the articular, and a robust retroarticular process is present on the posteroventral end of the articular.
DISCUSSION
Comparison of BP/1/8209 with Described Specimens of Lanthanostegus
Lanthanostegus mohoii was previously known from only two fragmentary specimens from the farm Mandalay north of Klipplaat in Jansenville district in the Eastern Cape Province (Modesto et al., 2002; Modesto and Rubidge, 2003). The genus is distinguished from other dicynodonts by the presence of three autapomorphies; a conspicuous laterally facing excavation on the dorsal surface of the postfrontal, dorsal expansions of the supraoccipital that contact the parietals, and extensive ossification of the lateral wall of the braincase (Modesto et al., 2002). Of these autapomorphies, only the extensive ossification of the lateral wall of the braincase is present in BP/1/8209, and the other two are not preserved.
A conspicuous feature of Lanthanostegus is the anterior orientation of the orbits (Modesto et al., 2002), a character present in all three specimens. The most obvious feature of the parietal of the holotype of Lanthanostegus is the thickened rim of the pineal foramen, forming a boss that projects above the dorsal surface of the parietal (Modesto et al., 2002). The pineal foramen cannot be determined in either the paratype and BP/1/8209 as this area of the skull is damaged, and as the foramen cannot be determined, the pineal boss is also not evident. However, it is possible that the pineal foramen could be present in the indentation on the skull roof above the orbits.
The palate is not preserved in the Lanthanostegus mohoii holotype (NMQR 3396) and only partially preserved in the paratype NMQR 3398. The palate of the new specimen (BP/1/8209) is more complete than the other specimens and preserves more of the anterior part than the paratype. The anterior portion of the vomers is preserved and is sutured down the midline as was suggested by Modesto et al. (2002) for the posterior end of the vomers, which is preserved on the Lanthanostegus paratype (NMQR 3398) and as in Eodicynodon oosthuizeni (Barry, 1974; Barry, 1975; Cluver and King, 1983, Rubidge 1990a, Rubidge 1990b). Because of goethite encrustation in the new specimen, it is not possible to determine whether a lateral palatal foramen is present between the palatine and ectopterygoid as in the paratype of Lanthanostegus mohoii (Modesto et al., 2002 p1759). Also, the pterygoid is a conspicuous bone of the palate, and the most obvious part of this bone is the large lateral process (Modesto et al., 2002), which is slightly less prominent than that of Eodicynodon (Rubidge, 1990a). In the new specimen, the anterior contact of the pterygoid with the vomer is obscured by goethite pseudomorph encrustation, and, as in the paratype, the pterygoids meet posteroventrally to form a low posteromedial sagittal ridge (Modesto et al., 2002).
One of the three autapomorphies recognized for Lanthanostegus, namely, the extensive ossified braincase formed mainly by the prootic, which has not yet been recognized in any other dicynodont, is present in BP/1/8209. Furthermore, all dicynodont genera from the Abrahamskraal Formation (Eodicynodon and Tapinocephalus AZ) are small, with the exception of Lanthanostegus. In determining the taxonomic affinity of BP/1/8209, these facts, in addition to the forward-pointing orbits, depression on the frontal above the orbits, lateral position of the single postcanine, robust and large lateral process of pterygoid, the dorsoventrally tall quadrate ramus of the pterygoid, sutured rather than fused vomers, and the ventral meeting of the pterygoids to form a low sagittal ridge posteromedially, suggest that BP/1/8209 belongs to Lanthanostegus. The only difference (from the preserved portions of the skulls) between the newly discovered specimen and paratype of Lanthanostegus mohoii is that the epipterygoid of the paratype is broad, whereas that of the new specimen is narrow. We do not consider this single character difference significant enough to erect a new species of Lanthanostegus and think it is safer to assign BP/I/8209 to the species L. mohoii.
Comparison of Lanthanostegus with Other Middle Permian Dicynodonts
Over the past decade, understanding of the taxonomy, diversity, phylogeny, and stratigraphic ranges of dicynodonts from the Middle Permian Eodicynodon and Tapinocephalus AZ has been greatly clarified (Modesto et al., 2002; Modesto et al., 2003; Angielczyk et al., 2005; Angielczyk and Rubidge, 2009; Angielczyk and Rubidge, 2010; Angielczyk and Rubidge, 2013; Rubidge and Angielczyk, 2009; Smith et al., 2012; Day, 2013). Eodicynodon, the only dicynodont genus from the Eodicynodon AZ (Rubidge and Day, 2020), includes the species E. oosthuizeni (e.g., Barry, 1974; Barry, 1975; Rubidge, 1984, Rubidge, 1990a; Rubidge et al., 1994), and the more enigmatic E. oelofseni (Rubidge, 1990b), which may represent a distinct genus (e.g., Modesto et al., 2003; Kammerer et al., 2011; Castanhinha et al., 2013). Day and Rubidge (2020), provided an up-to-date compilation of dicynodonts from the Tapinocephalus AZ and recognized nine genera: Brachyprosopus, Colobodectes, Diictodon, Emydops, Eosimops, Lanthanostegus, Pristerodon, Prosictodon, and Robertia. Lanthanostegus, which is much larger than any of the other dicynodonts (medium sized as opposed to small), has mostly been considered to be part of the Tapinocephalus zone fauna (Modesto et al., 2002; Modesto and Rubidge, 2003), although Day (2013) suggested that the strata in which it originated could correlate with the Eodicynodon Assemblage Zone.
Eodicynodon (Rubidge, 1990a; Rubidge, 1990b), Brachyprosopus (Angielczyk et al., 2016), Emydops (Cluver and King, 1983; Keyser, 1993; King and Rubidge, 1993; Fröbisch and Reisz, 2008), Eosimops (Angielczyk and Rubidge, 2013), Pristerodon (Fourie, 1993; Keyser, 1993; King and Rubidge, 1993), and Lanthanostegus (Modesto et al., 2002; Modesto and Rubidge, 2003) are all distinctive middle Permian basal dicynodont genera having a broad intertemporal region and “postcanine” teeth. Lanthanostegus can be differentiated from Eodicynodon by the presence of a shelf lateral to the maxillary “postcanine” teeth, smaller ventral flanges on the anterior pterygoid rami, raised edges surrounding the interpterygoid vacuity, larger ossified braincase, anteriorly oriented orbits, and its larger size. Lanthanostegus retains a midline vomerine suture, which is an ancestral character state otherwise known only amongst the dicynodonts Eodicynodon, Colobodectes, and Brachyprosopus (Barry, 1974; Modesto et al., 2002; Modesto et al., 2003; Angielczyk and Rubidge, 2016). In addition, Lanthanostegus possesses a strong pineal boss and lacks a contact between the squamosal and the maxilla (Modesto et al., 2002), and the parts of the skull where these latter characters should be present are very poorly preserved in the newly discovered specimen.
Pristerodon, Emydops, Eosimops, Robertia, and Brachyprosopus can be differentiated from Lanthanostegus by having more medial placement of the maxillary “postcanine” teeth, less prominent ventral flange on the anterior pterygoid ramus, more laterally directed orbits, less plate-like postorbital bar, wider exposure of the parietals on the skull roof (Angielczyk et al., 2016), and a less anteroposteriorly extensive braincase lateral walls (Modesto et al., 2002).
Biostratigraphic Implications of BP/1/8209
The lower Beaufort Group in the southern part of the Moordenaarskaroo has been affected by folding resulting from the Cape orogenesis, and an anticline structure runs approximately east–west through Sandkraal, close to the homestead, which in places is associated with localized faulting (Loock et al., 1994). The anticline brings to the surface strata of the Leeuvlei Member (Loock et al., 1994), which represents the mid-to-lower part of the Abrahamskraal Formation. This locality is one of the few areas where rocks this low in the Abrahamskraal Formation are exposed at a relatively low angle of dip. The horizons from which BP/1/8209 and the other fossils collected from this locality were found are approximately 220–240 m above the base of the Leeuvlei Member (Figure 1C), and around 800 m above the base of the Abrahamskraal Formation (Loock et al., 1994).
The fossil locality itself is situated on the southern limb of the anticline in the lower-mid Leeuvlei Member. Because so few fossils have been found from this member, or from strata of the middle part of the Abrahamskraal Formation generally, the biostratigraphic provenance of BP/1/8209 is not well constrained; however, it occurs in the stratigraphic interval in which the boundary between the Eodicynodon and Tapinocephalus AZs is expected to be. Other fossils discovered by us from this locality include the weathered partial skull of an undescribed basal anomodont, several dinocephalians, including the skull of a small tapinocephalid showing similarities to some derived tapinocephalids, and some indeterminate temnospondyl bones. We found no fossils of Eodicynodon, which would be expected if the horizon was within the Eodicynodon AZ given the preponderance of this taxon there. Although the assemblage is unusual in lacking any pylaecephalid dicynodonts or Pristerodon, and further collecting is required to clearly demonstrate its correlation, we tentatively assign this horizon to the lower Tapinocephalus AZ on the basis of the tapinocephalid (BP/1/8125).
The type specimens of Lanthanostegus were recovered from a horizon only 52 m above the base of Abrahamskraal Formation (previously the Koonap Formation), at Mandalay near Klipplaat in the Eastern Cape Province (Modesto et al., 2002). These authors attributed them to the Tapinocephalus AZ on the basis of the absence of Eodicynodon and on tapinocephalid dinocephalian fossils from the lower Beaufort on several other farms in the Jansenville area, which were determined to be more advanced than Tapinocaninus (Modesto et al., 2001). A younger age for the base of the Abrahamskraal Formation in the Eastern Cape also came from the area north of Grahamstown, along the Great Fish River, where the dinocephalian Moschognathus whaitsii (Neumann, 2020; Benoit et al., 2021) and the reptile Eunotosaurus africanus had been found in the lower Abrahamskraal Formation (Gow and de Klerk, 1997; Modesto et al., 2001). However, the Abrahamskraal Formation by the Great Fish River is thinner than that in the vicinity of Jansenville, where it is more comparable in thickness to the southwest of the basin (Day and Rubidge, 2014). The other fossils recovered from the lowest Abrahamskraal Formation around Jansenville are either unique occurrences (Lanthanostegus mohoii and Pachydectes elsi; Modesto et al., 2002; Rubidge et al., 2006), or known from both the Eodicynodon and Tapinocephalus AZs (a scylacosaurid therocephalian; Modesto et al., 2001), but Day and Rubidge (2020) accepted a tentative assignment to the lowest Tapinocephalus AZ.
The discovery of Lanthanostegus in the Moordenaarskaroo provides a direct link between the lower Abrahamskraal Formation in the east and west of the Karoo Basin. To our knowledge, the Sandkraal locality is the stratigraphically lowest collection attributed to the Tapinocephalus AZ in the southwest of the basin. Because the Eodicynodon AZ is present at this longitude and is known to be up to 1,100 m thick in the vicinity of Prince Albert Road, 50 km to the east (Jinnah and Rubidge, 2007; Rubidge and Angielczyk, 2009), we infer that it falls within the lowest part of the AZ (see Day and Rubidge, 2020). The presence of Lanthanostegus supports correlation with the base of Abrahamskraal Formation at Jansenville, and thus that the Eodicynodon AZ is not present so far east in the basin as was previously suggested by Modesto et al. (2001).
Given that so few fossils have been found in the lowest Tapinocephalus AZ, near to where it is expected to contact the underlying Eodicynodon AZ, the presence of two unique taxa is remarkable. Additional undescribed anomodont material from the Sandkraal locality (BP/1/8131) suggests the presence of a third taxon restricted to this horizon. If this is the case, then these taxa may be indicative of a distinct subassemblage of the Tapinocephalus AZ, or possibly a distinct AZ in its own right.
CONCLUSION
Of the three described specimens of Lanthanostegus, BP/1/8209 is the most complete and provides new information on the palate, skull roof, and lower jaw. The discovery of Lanthanostegus in the Leeuvlei Member of the Beaufort Group on the western side of the basin supports earlier work proposing that the Eodicynodon AZ is not present to the east of the Willowmore basinal high and that the transition to nonmarine deposition occurred later there. The new specimen provides the first direct correlation between the lower Abrahamskraal Formation at Jansenville and the southwest of the basin, suggesting Lanthanostegus belongs to the lowest Tapinocephalus AZ or to an assemblage transitional between the Eodicynodon and Tapinocephalus AZs.
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A new skeleton of the exceedingly rare, late Carboniferous eureptile Anthracodromeus longipes (Carroll and Baird, 1972), reveals the presence of a reduced phalangeal count in the manus and pedes and uniquely recurved unguals. With these data, we quantitatively evaluate the locomotor ecology of Anthracodromeus using morphometric analyses of the phalangeal proportions, ungual curvature, and ungual shape. Our findings indicate that the anatomy of Anthracodromeus likely facilitated scansorial clinging to some degree via distally recurved unguals and increased surface area of the large manus and pes. This suggests that Anthracodromeus was among the earliest amniotes to show climbing abilities, pushing back the origins of scansoriality by at least 17 million years. It further suggests that scansoriality arose soon after the origin of amniotes, allowing them to exploit a wide range of novel terrestrial niches.
Keywords: Carboniferous (= Mississippian Pennsylvanian), claw morphology, morphometrics, digit reduction, reptile anatomy, scansorial

INTRODUCTION
Scansoriality, or the capability to climb, is a common adaptation in living tetrapod groups. Scansoriality can be further distinguished into a number of subcategories, including rock and wall climbers as well as more arboreal (i.e., climbing in trees and tree-like plants) forms. From an ecological perspective, climbing opens new niches and confers a novel means of escaping ground-based predators (Fröbisch and Reisz, 2009; Fischer et al., 2010). Among amniotes, one of the most common characteristics of scansorial forms is the possession of recurved claws. This morphology has been noted in the fossil record as early as the mid-Carboniferous. One claw-bearing taxon is Anthracodromeus longipes (Carroll and Baird, 1972), which was regarded as an arboreal form based upon a single specimen from the classic Coal Measure locality of Linton, Ohio (Carroll and Baird, 1972). While once considered part of the paraphyletic Protorothyrididae, Anthracodromeus is currently considered a basal eureptile with close relationships to the similarly-aged Cephalerpeton and later Early Permian Protorothyris (Mann et al., 2019; Ford and Benson, 2020). In their original description, Carroll and Baird recognized the elongated manus and pes of Anthracodromeus but did not elaborate on their ecological significance. More recently, Spindler et al. (2018) proposed that Anthracodromeus was adapted for scansoriality through phalangeal grasping; that is, the animal used its elongated digits to grasp onto tree branches of different diameters. These interpretations are based upon the type specimen (AMNH FARB 6940), which unfortunately has poorly preserved unguals (the distal-most phalanges that support the keratinous claws). In addition, no morphometric analysis has been attempted to determine if the unguals and manual proportions of Anthracodromeus are consistent with those of known climbing taxa.
Here, we consider the ecological aspects of Anthracodromeus based upon a recently recovered specimen (CM 81532) from Linton, Ohio. In addition to revising the diagnosis for Anthracodromeus longipes, we provide a thorough comparative description of the new material that includes a well-preserved, ungual-bearing manus and pedes that reveal reduced phalangeal counts (hypophalangy) compared to other early amniotes. We also present morphometric comparisons of the phalangeal proportions and ungual curvature of this specimen using three prior datasets (Fröbisch and Reisz, 2009; Birn-Jeffery et al., 2012; Thomson and Motani, 2021), providing a quantitative basis for evaluating the climbing capabilities of Anthracodromeus. The results support scansorial abilities, likely through clinging not grasping, and provide novel insights into the ecological capabilities of one of the earliest-known amniotes.
MATERIALS AND METHODS
Anatomical Analysis
Specimens were studied at the following institutions: American Museum of Natural History (AMNH FARB), New York; Carnegie Museum of Natural History (CM), Pittsburgh; Field Museum of Natural History (FMNH), Chicago; Canadian Museum of Nature (CMN), Ottawa; Museum of Comparative Zoology at Harvard University (MCZ), Cambridge; Redpath Museum (RM), Montreal; and Yale Peabody Museum (YPM), New Haven.
The new specimen (CM 81532) was compared to the holotype of Anthracodromeus longipes (AMNH FARB 6940; Supplementary Figures S1–S3) and to a referred specimen (CM 25282, see Reisz and Baird, 1983). The following basal eureptiles, including all known “protorothyridids”, likewise were compared based upon original material and casts: Protorothyris, Hylonomus, Cephalerpeton, Paleothyris, Coelostegus, Brouffia, Captorhinus, Romeria, and Rhiodenticulatus. In addition, CM 81532 was compared to relatively complete Permo-Carboniferous parareptiles, including Erpetonyx, Eudibamus, Delorhynchus, and Mesosaurus tenuidens. Comparisons among synapsids focused on slender forms, such as varanopids, and on the early arboreal therapsid Suminia to survey digit elongation and other scansorial adaptations.
CM 81532 was photographed with a Nikon D700 camera with an AF-S NIKKOR 24-85 mm lens. Photographs in Figure 2 were made with a Canon EOS 6D with a Canon ef 100 mm macro lens. Because of the fragile condition of CM 81532, latex peels were not attempted. Thus, specimen illustrations were made from the actual specimen that is a natural mold and from photographs of the specimen. Three-dimensional osteological details were reconstructed on the basis of direct observation and the image inversion option in Adobe Photoshop CS6. Lastly, it should be noted that the biological left and right sides of a fossil impression are opposite of what is directly observed in the original cannel-coal block and the accompanying illustrations.
Morphometric Analyses
Manual Proportions
To assess similarities between Anthracodromeus and other extant and extinct amniotes, we measured its manual proportions (the length of the metacarpal, proximal phalanx, and penultimate phalanx of the third digit relative to the length of their sum; see Supplementary Table S4 for measurements) of digit III and included it in the extant dataset of Fröbisch and Reisz (2009). This dataset consists primarily of extant terrestrial and arboreal amniotes, along with some extinct terrestrial synapsids and the arboreal synapsid Suminia (see Fröbisch and Reisz 2009 for the complete taxonomic sample). The data were plotted in a ternary plot using the ‘ggtern’ function from the R package ggtern v.3.3.0 (Hamilton and Ferry, 2018) and visualized by means of ggplot2 v.3.3.2 (Wickham, 2016) in R (v.3.6.1; Core Team, 2019). Convex hulls of extant taxa were generated using the ‘geom_encircle’ function from the R package ggalt v.0.4.0 (Rudis et al., 2017).
Ungual Curvature
To evaluate if the ungual curvature of Anthracodromeus is consistent with that of extant scansorial amniotes, we compared the ungual curvature and ungual thickness of Anthracodromeus to the comparative claw dataset of Birn-Jeffery et al. (2012), using the methods of Feduccia (1993; see Supplementary Figure S5 for a detailed breakdown of the measurement protocol and Supplementary Table S6 for data collected). See Birn-Jeffery et al. (2012) for the complete taxonomic sample. We also used these methods to calculate ungual curvature and relative thickness for sixteen other extinct amniotes to determine whether the unguals of Anthracodromeus are similar to coeval amniotes (Ascendonanus nesterli, Spindler et al., 2018; Batropetes fritschi, Carroll 1964; Cabarzia trostheidei, Spindler et al., 2018; Captorhinus aguti, Holmes, 2003; Cotylorhynchus romeri, Maddin and Reisz, 2007; Dimetrodon limbatus, Maddin and Reisz, 2007; Edaphosaurus boanerges, Maddin and Reisz, 2007; Eocasea martini, Reisz and Fröbisch, 2014; Erpetonyx arsenaultorum, Modesto et al., 2015; Haptodus garnettensis, Maddin and Reisz, 2007; Martensius bromackerensis, Berman et al., 2020; Mesenosaurus romeri, Spindler et al., 2018; Palaeohatteria longicaudata, Spindler et al., 2018; Spinoaequalis schultzei, deBraga and Reisz, 1995; Suminia getmanovi, visual observation of specimen one on block PIN 2212/116, and Varanops sp., Maddin and Reisz, 2007). Some of these taxa possess a prominent flexor tubercle, and the apex of the tubercle was used as the basal position of the ventral arc for these taxa, because it marked the approximate position where the keratinous claw ended. For taxa lacking a flexor tubercle, the proximal-most portion of the ventral ungual arc was used for the basal position because the extent of the keratinous sheath could not be determined. See Discussion for a review of the issues and caveats associated with comparing boney unguals to keratinous claws.
Claw and ungual curvature and thickness measurements were read into R (v.3.6.1; Core Team, 2019) for comparison. Outer claw curvature and inner claw curvature were then plotted against relative claw thickness for visualization using the function ‘ggplot’ in the R package ggplot2 v.3.3.2 (Wickham, 2016), along with outer claw curvature against inner claw curvature. Although there are general trends in the dataset, Birn-Jeffery et al. (2012) found that there were no statistically significant differences in claw curvature between groups when phylogeny was considered, and as such, we do not perform statistical comparisons to determine the ecological habits of Anthracodromeus. Instead, we used these data to determine whether the ungual curvature of Anthracodromeus is overall consistent with scansorial capabilities (see Discussion for a detailed review of the limitations of these methods), and to determine whether the unguals share similarities with other known coeval amniotes.
Ungual Shape and Functionality
To quantitatively evaluate the shape and functionality of the unguals of Anthracodromeus, we compared its ungual morphology with those of the extant amniotes from Thomson and Motani (2021). See Discussion for a review of the issues and caveats associated with comparing boney unguals to keratinous claws. Although Thomson and Motani (2021) used 18 linear, angular, and cross-sectional area measurements to quantify keratinous claw shape, we solely used the linear measurements here due to preservation limitations. Therefore, the final dataset used in this study consisted of 11 measurements quantifying claw shape (Supplementary Information S7–S9). These measurements were calculated for the ungual on digit III of the pes of Anthracodromeus (CM 81532) following the methods of Thomson and Motani (2021)via photographs of the specimen. Digit three was chosen because it is best preserved in this specimen and is clearly visible in lateral view. See Supplementary Information S7 for a detailed description of the measurements and Supplementary Table S9 for measurements collected from CM 81532.
Raw measurements were analyzed in R v.3.6.1 (Core Team, 2019) following the code of Thomson and Motani (2021). The two outlier taxa (Gopherus and Cyclopes) were removed from the dataset prior to the analyses so as not to bias the results. Data were log transformed to normalize the data, and, to remove size and phylogenetic signal, the extant taxa subjected to phylogenetic generalized least squares regression (PGLS) using the procD.pgls function from the R package geomorph v.3.3.1, with dorsal curve length as the regressor variable. The phylogeny for the PGLS came from Thomson and Motani (2021). The log-transformed ungual measurements of Anthracodromeus were then projected into the PGLS using the ‘predict’ function from the stats package (Core team, 2019). Residuals for the extant taxa and Anthracodromeus were then subjected to a principal components analysis (PCA) using the ‘princomp’ function in R (Core Team, 2019) to determine the major axes of claw and ungual shape variation. Principal component (PC) axes were visualized using the ‘ggplot’ function from the R package ggplot2 v.3.3.2 (Wickham, 2016).
The residuals for the extant taxa were also subjected to linear discriminant analysis (LDA) using the ‘lda’ function in the R package MASS v.7.3.51.6 (Venables and Ripley, 2002) to determine the major axes of between-group variation in the extant taxa, and estimate group classifications for Anthracodromeus. The functional groups for the extant taxa in the LDA were taken from Thomson and Motani (2021), and are defined as follows: amplectorial (grasping), cursorial (running or hopping), generalist (multipurpose), gryporial (hook-and-pull digging), scalporial (scratch digging), scansorial (climbing), suspensorial (hanging), and tenasorial (grappling). The misidentification rate of the LDA was calculated using a confusion matrix through the code of Thomson and Motani (2021). The PGLS residuals for Anthracodromeus were then projected into the LDA using the function ‘predict.lda’ from the R package MASS (Venables and Ripley, 2002) using uninformed priors (all groups have equal probability), providing posterior probabilities for the assignment of Anthracodromeus to each functional group. Linear discriminant (LD) axes were visualized using the ‘ggplot’ function from the R package ggplot2 (Wickham, 2016) with convex hulls plotted using the ‘geom_mark_hull’ function from ggforce v.0.3.2 (Pedersen, 2020).
RESULTS
Systematic Paleontology
Amniota Haeckel, 1866.
Eureptilia Olson, 1947.
Anthracodromeus Carroll and Baird, 1972.
Anthracodromeus longipes Carroll and Baird, 1972 (Figures 1, 2).
[image: Fossilized skeleton of a small dinosaur partially embedded in rock, with a scale bar indicating size. An accompanying diagram on the right outlines the skeleton's structure with labeled parts.]FIGURE 1 | Anthracodromeus longipes (CM 81532), (A) photograph and (B) illustration of CM 81532. Anatomical abbreviations: ent = entepicondylar foramen, f = femur, fib = fibula, gs = gastralia, h = humerus, is = ischium, il = ilium, mc = metacarpal, mt = metatarsal, mu = manual ungual, ph = phalanx, pu = pedal ungual, rad = radius, sr = sacral ribs, ti-tibia, ul = ulna.
[image: Drawings of fossilized skeletal structures with labeled claws. Panels A-D show different fossilized positions of a clawed limb. Panels E and F provide detailed illustrations, outlining and numbering each bone segment of the claws. Each panel includes a scale bar for reference.]FIGURE 2 | Limbs of CM 81532. (A) Photograph of the left forelimb with manual elements outlined and labeled. (B) Photograph of the left hindlimb with pedal elements outlined and labeled. (C) Photograph of the right forelimb with manual elements outlined and labeled. (D) Photograph of the left hindlimb with manual elements outlined and labeled. (E) Reconstruction of the right manus. (F) Reconstruction of the right pes. Roman numerals in A–F identify digits while numbers 1–5 indicate metatarsal and metacarpal position. Phalangeal reconstructions based on the anatomy of AMNH FARB 6940 and CM 81532. Colors on reconstructions indicate: metatarsals/metacarpals = peach, main series phalanges = light red, terminal phalanges = dark red.
Holotype. AMNH FARB 6940. An almost complete skeleton preserved in part and counterpart blocks of cannel coal that lacks the skull anterior of the posterior orbital margin, the ventral portion of the shoulder girdle, and regions of the tail.
Locality, horizon, collector. Coal mine operated originally by the Ohio Diamond Coal Company at Linton, Saline Township, Jefferson County, Ohio, United States (see Hook and Baird, 1986, for details). Local cannel coal immediately below the Upper Freeport coal, Allegheny Group, Moscovian, Upper Carboniferous.
Revised differential diagnosis. A basal eureptile with the following unique combination of characters: thirty-one presacral vertebrae, neural arches anteroposteriorly elongated and hatchet-shaped, reduced phalangeal count of 2-2-3-4?-3 in the manus and 2-2-3-4-3 in the pes, phalanges elongate, terminal phalanges thin and strongly hooked distally. Differs from diapsids based on the lack of temporal fenestration. Differs from Captorhinidae, but shares with Cephalerpeton and most “protorothyridids” the presence of abbreviated cheek and parietal regions. Further differs from Captorhinidae but shares with Cephalerpeton, Paleothyris, as well as most early diapsids the presence of elongated gracile limbs. Shares with most early reptiles, except for Acleistorhinidae, the absence of strongly pitted cranial ornamentation.
Referred material. CM 25282 partial postcranial skeleton in counterparts and 81532 (Figure 1), a single part of an almost complete postcranial skeleton, missing the posterior portion of the tail, a few digits, and anteriormost cervical vertebrae. The skeleton is preserved in the right dorsolateral aspect.
Ontogenetic assessment. In the absence of cranial remains of CM 81532, the development of the axial and appendicular skeleton can be examined as an indicator of maturity. The lack of or weak ossification of long bone epiphyses and the development of neural spines can be reliable indicators of immaturity in squamates (Maisano, 2001; Maisano, 2002), and these indicators have often been informally applied to studies on early amniotes (e.g., Carroll and Baird, 1972; Botha-Brink and Modesto, 2009; Richards, 2016; Mann et al., 2019; Maddin et al., 2020). Considering these criteria, the three known specimens of Anthracodromeus can be regarded as skeletally immature and mature individuals. The holotype skeleton (AMNH FARB 6940) lacks both strong development of terminal articular facets and ossified carpal elements (although it is possible the latter could have been dissociated), but it does possess well-ossified, sculptured, tall, “hatchet-shaped” neural spines and a well-ossified tarsus (Carroll and Baird, 1972). In comparison, the closely related and slightly larger “protorothyridid” Cephalerpeton lacks virtually all of the aforementioned features, which likely indicate an immature ontogenetic state of ossification (Carroll and Baird, 1972; Mann et al., 2019). Although of similar size to the holotype, CM 81532 is apparently more immature based upon the absence of any ossified carpals and tarsals, less well-ossified neural arches (described below), and the weakly ossified epiphyseal surfaces on stylopodial elements. Finally, the largest known and most skeletally mature specimen of Anthracodromeus (CM 25282) preserves portions of the pelvic and caudal regions; the femur, however, bears well-developed proximal and distal articular surfaces (Reisz and Baird, 1983). Additionally, the femur bears a more noticeable sinusoidal shape, which is a similar trend observed in ontogenetically mature varanopids (Maddin et al., 2020).
Comments. CM 81532 is referred to Anthracodromeus longipes based on the shared presence of hatchet-shaped neural spines and hyper-elongated phalanges that bear unguals with strong distal hooking. Carroll and Baird (1972) and later Reisz and Baird (1983) considered there to be a close relationship between Anthracodromeus longipes from Linton, and Cephalerpeton ventriarmatum from Mazon Creek, Illinois. Although Reisz and Baird (1983) convoluted the anatomy of Cephalerpeton with the recently recognised parareptile Carbonodraco lundi (Mann et al., 2019) from Linton, the similarities between the holotype specimens of Anthracodromeus and Cephalerpeton remain valid. The minimal posterior skull material preserved in Anthracodromeus, however, does not adequately compare with that of Cephalerpeton (Reisz and Baird, 1983). Furthermore, with differences in ontogenetic states between the two—Cephalerpeton being more immature yet larger—it is difficult to reconcile these two taxa as congeneric, and they should continue to remain distinct taxa.
Comparative Osteology
The holotype of Anthracodomeus (AMNH FARB 6940) consists of a fairly well-preserved skeleton missing only the anterior portion of the skull and mandible, as well as the distal part of the tail. Re-examination of the holotype did not find significant differences from the descriptions of Carroll and Baird (1972) or Reisz and Baird (1983). Unfortunately, the new skeleton, CM 81532, does not preserve any portion of the skull or shoulder girdle–thus details of these regions remain unrecorded.
As noted above, CM 81532 includes most of the postcranial skeleton (Figure 1). Although vertebrae are preserved nearly articulated, the vertebrae are less well-preserved than those of the holotype, which is likely due to poor ossification. This is most noticeable in the presacral neural spines, which are slightly rounded on their margins, anteroposteriorly thinner, and generally less well developed in the mid-dorsal series of the vertebrae. Approximately 23 presacrals are preserved in lateral aspect and consist of fully formed centra with no ossified intercentra. They most likely represent presacrals 8–31, based on the presence of a complete series of 31 presacrals in the holotype. The presence of hatchet-shaped, anteroposteriorly elongated neural spines is unique among most basal eureptiles and more closely resembles that of some early synapsids (Carroll and Baird, 1972; Reisz, 1972; Mann and Paterson, 2019; Mann and Reisz, 2020). In the better-preserved neural spines, the distinct “ball peened” sculpture that characterises the holotype is also present (Carroll and Baird, 1972). Reisz and Baird (1983) interpreted this feature as a possible result of immaturity, and its presence in the skeletally immature, CM 81532, supports this hypothesis. Two sacral vertebrae are present, based on the presence of two sacral ribs. The preserved tail consists of approximately 13 vertebrae whose fidelity of preservation diminishes distally, somewhat like that seen in the holotype specimen. Because the tail preserved on CM 81532 is abruptly truncated and weakly ossified at its terminus, this may indicate both caudal autotomy and the onset of regeneration, which is known to occur in other early reptile groups (e.g., Leblanc et al., 2018). If so, they are the oldest record of such an escape mechanism (autotomy) in the fossil record.
In general, the rib morphology of CM 81532 is similar to the holotypes of Anthracodromeus and Cephalerpeton (Carroll and Baird, 1972; Mann et al., 2019). They are gently curved cylinders of moderate to short length that bear the holocephalous morphology shared with many other early amniotes. There also is a slight expansion at their distal end.
CM 81532 preserves a partially articulated series of flattened, tube-shaped, gastralia. These gastralia are similar to those in the holotype of Anthracodromeus (Carroll and Baird, 1972) and in Cephalerpeton ventriarmatum (Mann et al., 2019), Both forelimbs are present, the left being more complete (Figures 2C,D). The right humerus is represented by a partial distal end that appears to reveal an entepicondylar foramen (Figure 1B). The left humerus is present but lacks development of processes and condyles at either end; it is expanded distally, perhaps more so than in the holotype. The diaphysis appears slightly thicker and more robust than that of the holotype, however this could be a result of limb orientation and crushing. The ulnae and radii are well-preserved in both limbs and appear to be less rod-like than those of the type, being noticeably bowed and expanded both distally and proximally. These elements are approximately subequal in size to each other and about half the length of the humerus.
The manus of CM 81532 is well preserved, though the carpus is apparently unossified. Additionally, only four digits are preserved on either side, the fifth digit on the right manus and the fourth digit on the left manus likely became dissociated post-mortem. The phalangeal count of the manus is 2-2-3-4?-3, which is reduced compared to the standard count of 2-3-4-5-3 in most early amniotes. The fourth digit is estimated to also have a reduced count of four, however, the terminal phalanx is not preserved in the right manus to confirm this. Re-inspection of the holotype reveals that neither the manus nor the pes preserve complete digits (seeSupplementary Figures S1–S3). Therefore, the phalangeal counts presented by Carroll and Baird (1972) were likely estimated based on more complete Permo-Carboniferous reptile material. The manual metacarpal lengths also present interesting patterns of 1 < 4 < 5 < 3 < 2, with metacarpals two and three being significantly elongated (see Supplementary Table S10). Each phalanx decreases slightly in size distally but not by an appreciable amount. The morphology of the metacarpals and phalanges are elongate and slender, particularly in the midshaft of each element. The unguals of each digit are gracile and strongly recurved or hooked at the tip. The recurved morphology of the distal phalanx is most noticeable on the left manus, which is exposed in dorsolateral perspective.
The ossified pelvic girdle consists of the ilia preserved on either side of the vertebral column, and an ischium on the right side. The ilia are tall, approximately half the length of the femora. The length and shape of the ilia compare well to those of the holotype, but they bear even more resemblance to the referred specimen, CM 25282 (Carroll and Baird, 1972; Reisz and Baird, 1983). The proximal end of the right ilium is expanded slightly to form part of the acetabulum. The right ilium also bears lightly spaced, linear grooves toward the distal margins of the posteroventral process. The right ischium is poorly preserved but appears to be long and roughly sub-rectangular in shape. There are the possible remains of a pubis, between the ischium and vertebral column, however, these remains are too poorly preserved to identify with any confidence.
Both hind limbs are represented on CM 81532 with the right more completely represented. The femur shows a long cylindrical morphology that is more greatly expanded at the distal end than the proximal end. The epiphyses are generally poorly ossified, revealing the immaturity of the specimen as discussed above. The right tibia and fibula are two-thirds the length of the right femur. Both zeugopodial elements are gently bowed and opposed to one another.
The pedal anatomy is preserved on both sides of CM 81532 (Figure 1 and Figure 2A,B). No tarsal elements are preserved, which is unexpected given the presence of the astragalus and calcaneum in the holotype, although this may be from post-mortem disarticulation. The left pes is completely missing digit V, while the right pes, although slightly disarticulated, appears to have complete representation of the digits. Similar to the manus, the phalangeal formula appears to be reduced to 2-2-3-4-3; this is in contrast to the standard pes phalangeal formula of 2-3-4-5-4. The metatarsal length order is 1 < 2 < 3 < 5 < 4, which is similar to other early reptiles (Carroll, 1969; Carroll and Baird, 1972) (see Supplementary Table S10). The metatarsals and phalanges are generally elongated with expanded ends and narrow shafts that serially decrease in length distally, as in the holotype. The pedal unguals are narrow, conical in cross-section, strongly recurved with a hooked apex. As in the manus, there is a slight constriction at the apex (distalmost region) of the ungual where the ventral curvature is greatest. Finally, in Anthracodromeus longipes the pes is the most remarkable structure, with both the metatarsals and phalanges being highly elongated compared to other known early reptiles. This character is possessed by the holotype (AMNH FARB 6940) and CM 81532 and is an autapomorphy of the genus (Carroll and Baird, 1972). In CM 81532, the pedes are proportionally as long as the stylopodial and zeugopodial regions of the same leg combined.
Phalangeal Length Comparison
To evaluate if Anthracodromeus was adapted for scansoriality through phalangeal elongation (Carroll and Baird, 1972; Spindler et al., 2018), we compared the manual proportions of this taxon with the extant and extinct taxa presented by Fröbisch and Reisz (2009). Within the ternary plot, Anthracodromeus plots with the extant taxa, and it is most comparable to the arboreal marsupials, primates, and chamaeleonids (Figure 3; see Fröbisch and Reisz 2009 for a breakdown of the ecological group). We found that Anthracodromeus is largely similar to some extant arboreal taxa, and has proportionately longer proximal phalanges and a shorter metacarpal than the extinct terrestrial taxa included by Fröbisch and Reisz (2009), although the difference is not as distinct as Suminia. This suggests that if Anthracodromeus was scansorial, it was not using the pronounced penultimate phalangeal elongation strategy employed by the synapsid Suminia. Instead, the manus itself had become extremely elongated, while proportions of the bones remained overall similar to other non-scansorial amniotes, though the proportions of the proximal phalanges had increased slightly.
[image: Scatter plot showing various taxonomic groups with different colored polygons, highlighting clustering of species. Suminia is specifically noted. Axes represent percentages of specific characteristics. A zoomed-in section emphasizes data clustering.]FIGURE 3 | Ternary plot of the manual phalangeal proportions of digit III of Anthracodromeus and the extant and extinct comparative taxa from Fröbisch and Reisz (2009). Lines represent convex hulls of the different taxonomic groups. MC, metacarpal; Phal 1, phalanx 1; Phal 3, phalanx 3.
Ungual Curvature Comparison
To further assess climbing capability of the uniquely recurved unguals of Anthracodromeus, we used a modified comparative dataset of Birn-Jeffery et al. (2012), and compared ungual curvature of both living amniotes and extinct Permo-Carboniferous amniotes. We found that the outer curvature of Anthracodromeus is comparable to that of the perching taxa, but it also overlaps with the ground dwelling taxa (Figure 4A). This is unsurprising, considering that Birn-Jeffery et al. (2012) reported that there was considerable overlap between the ecological groups. However, it is interesting to note that the outer ungual curvature of Anthracodromeus is more extreme than that of all other extinct taxa included (that do not plot clearly with extant groups), except for Haptodus and Ascendonanus. This suggests that the outer ungual curvature of Anthracodromeus is more consistent with climbing, perching, and predatory capabilities than most other contemporaneous species.
[image: Three scatter plots labeled A, B, and C depict different data sets with points in various colors and shapes, representing different behaviors: climb (green), fossorial (black), ground (blue), predatory (yellow), and arboreoscandent (red). Plot A compares outer curvature to relative thickness. Plot B compares inner curvature to relative thickness. Plot C compares outer curvature to inner curvature. Clustering patterns are observable across all plots.]FIGURE 4 | Scatterplots of claw curvature and thickness from Birn-Jeffery et al. (2012) showing placement of Anthracodromeus and other coeval amniotes. (A) outer claw curvature vs. relative claw thickness, (B) inner claw curvature vs. relative claw thickness, and (C) outer claw curvature vs. inner claw curvature. Taxa: 1, Ascendonanus nesterli; 2, Batropetes fritschi; 3, Cabarzia trostheidei; 4, Captorhinus aguti; 5, Cotylorhynchus romeri; 6, Dimetrodon limbatus; 7, Edaphosaurus boanerges; 8, Eocasea martini; 9, Erpetonyx arsenaultorum; 10, Haptodus garnettensis; 11, Martensius bromackerensis; 12, Mesenosaurus romeri; 13, Palaeohatteria longicaudata; 14, Spinoaequalis schultzei; 15, Suminia getmanovi; 16, Varanops sp.
A different trend is apparent when comparing inner claw curvature against relative claw thickness (Figure 4B), which is slightly better at separating the ecological groups. Anthracodromeus still plots in between the perching group and the ground dwelling group, but many of the other extinct taxa also plot nearby Anthracodromeus. The only extinct taxon that clearly plots away from the terrestrial group is Ascendonanus, supporting past interpretations that this taxon was arboreal (Spindler et al., 2018). This trend is further evidenced when plotting inner claw curvature against outer claw curvature (Figure 4C). The four ecological groups are not distinctly separated from one another, but instead create a gradient of claw shapes from lower curvature at the bottom left (ground-dwelling) to greater curvature at the top right (predatory). In this plot, the unguals of Anthracodromeus, Haptodus, and Ascendonanus plot further toward the upper right than any of the other extinct taxa, the rest of which clearly plot with the ground-dwelling group. Overall, the relatively strong curvature of the unguals of Anthracodromeus suggests that they were likely better capable of clinging than most other coeval amniotes, although the similarity between Anthracodromeus and the terrestrial taxa suggests that scansoriality was probably not the primary mode of locomotion.
Ungual Morphometric Analysis
To discern possible ungual functionality of Anthracodromeus we compared its shape and proportions to the keratinous claws of a large number of extant taxa using the recent dataset and methods of Thomson and Motani (2021). The principal component analysis (PCA) of claw shape produced 10 PC axes, but only axes one through three will be discussed here because they represent the greatest axes of significant shape variation (cumulative variation = 79.06%; Supplementary Table S8). PC1 represents the greatest proportion of the variation (46.14%) and is mostly driven by the shape and proportions of the claw with more positive PC1 scores representing overall longer and thinner claws with a greater radius of curvature (Figure 5A) and PC1 negative scores representing shorter and thicker claws with a smaller radius of curvature. PC2 is mostly driven by the flexor tubercle and the ventral radius (23.36%), where more positive PC2 scores represent claws with a thicker base depth and flexor depth and a smaller ventral radius (Figure 5A) and PC2 negative represent claws with a thinner base depth and flexor tubercle and a larger ventral radius. PC3 mostly represents the articular height and extension and the ventral curve length (9.55%), where more positive PC3 scores represent claws with a greater articular height and smaller articular extension and ventral curve length and more negative PC3 score represent claws with a smaller articular height and greater articular extension and ventral curve length (Figure 5B). Even though they used raw measurements and we used size corrected residuals, the functional groups mostly overlap in PCA morphospace, which is largely similar to the results of Thomson and Motani (2021). Along PC1, Anthracodromeus overlaps with the scansorial, generalist, amplectorial, and scalporial groups; along PC2, Anthracodromeus overlaps all groups except for suspensorial and amplectorial; and along PC3, Anthracodromeus overlaps with all groups except for suspensorial and gryporial.
[image: Four scatter plots labeled A, B, C, and D show functional groups represented by different colored polygons and symbols on PCA and LDA axes. Colors include red for all amphipods, orange for cumaceans, purple for gymnures, black triangles for isopods, blue for seasnakes, green for stone-curlews, brown for squat lobsters, and yellow for tanagers, with corresponding symbols on a key.]FIGURE 5 | Comparison of claw shape in Anthracodromeus to those of the extant amniotes from thompson and motani (2021). Visualizations of the main PC axes: (A) PC1 vs. PC2 (69.50% of the variation); (B) PC1 vs. PC3 (55.69% of the variation); and the main LD axes: (C) LD1 vs. LD2 (82.63% of the variation); (D) LD1 vs. LD3 (74.90% of the variation).
The linear discriminant analysis (LDA) produced seven LD axes, but only axes one through three will be discussed here since they represent the greatest axes of variation (cumulative variation = 91.90%). LD1 (65.63%) mainly represents dorsal arc length and the prominence of the flexor tubercle, where LD1 positive values represent claws with shorter dorsal arcs and shallower flexor tubercles relative to their base depth and LD2 negative values represent claws with larger dorsal arcs and deeper flexor tubercles relative to their base depth (Figure 5C). LD2 (17.00%) represents the ventral curvature of the claws, articular extension, and dorsal arc length, where LD2 positive values represent smaller ventral curve lengths and greater articular extensions and dorsal arc lengths, and LD2 negative values represent larger ventral curve lengths and smaller articular extensions and dorsal arc lengths (Figure 5C). LD3 (9.27%) represents the flexor tubercle and claw length, where LD3 positive values represent a large flexor tubercle relative to base depth and a shorter dorsal arc length, and LD3 negative values represent a small flexor tubercle relative to base depth and larger dorsal arc length. The groups are best separated from one another along LD1, with little separation along the other LD axes. Along LD1, Anthracodromeus overlaps with the cursorial, scalporial, and gryporial groups, and along LD2, Anthracodromeus plots with the generalist, cursorial, amplectorial, and gryporal groups. Along LD3, Anthracodromeus overlaps with all groups except suspensorial.
Overall, the LDA is much better at separating the functional groups than the PCA. The classification accuracy of LDA with the 11 linear variables corrected for size and phylogeny was still high (74.32%), slightly lower than that of the full linear dataset from Thomson and Motani (2021; 81.25%). This suggests that the removal of the cross-section data only slightly weakens the predictive accuracy of these data. Posterior probabilities indicate that the ungual of Anthracodromeus is most similar to the suspensorial group (92.95%), with gryporial being the second most similar groups (6.98%; Table 1).
TABLE 1 | Posterior probabilities for the assignment of Anthracodromeus to the eight functional groups.
[image: Table displaying values for different categories: Amplectorial and Cursorial both have values less than 0.0001; Generalist 0.0001; Gryporial 0.0698; Scalporial 0.0004; Scansorial less than 0.0001; Suspensorial 0.9295; Tenasorial less than 0.0001.]DISCUSSION
In what were brief paleoecological comments, Carroll and Baird (1972) noted anatomical features of Anthracodromeus that they regarded as arboreal adaptations. These included elongated limb elements, where the stylopodium and zeugopodium have similar lengths, unlike the limbs of other known basal amniotes. They also noted that, compared to other early reptiles and early amniotes in general, Anthracodromeus had uniquely long manus and pedes. More recently, roughly comparable morphologies have been described in varanopids (Archaeovenator hamiltonensisReisz and Dilkes, 2003; Ascendonanus nestleriSpindler et al., 2018). Anthracodromeus demonstrates a similar marked elongation of both the metatarsals and phalanges. Unlike the early arboreal therapsid Suminia (Fröbisch and Reisz, 2009), which has penultimate phalanx elongation as a mode of digit elongation, Anthracodromeus achieved its manual and pedal length simply by elongating each digital element, primarily the proximal phalanx, while oddly enough also reducing the number of phalanges in the manus and pedes. Spindler et al. (2018), in a discussion on arboreality in early amniotes, speculated that Anthracodromeus was scansorial and possibly used a unique form of phalangeal grasping. The latter interpretation, however, was based upon the poorly preserved unguals of the holotype and an incorrect identification of the number of phalanges in both the manus and pes.
The new skeleton described here provides the most complete record of the terminal phalanges in Anthracodromeus and closely matches the complete singular manual and pedal unguals of the holotype (Figures 1, 2). The unguals on CM 81532 (Figure 2) are highly curved with strong ventral “hooking” terminally. This curved morphology is observed in the claws of a number of extant reptiles with scansorial and arboreal habits (Zani, 2000; D’Amore et al., 2018). It is hypothesized that the unguals (and therefore claws) of Anthracodromeus were likely used for climbing and clinging to surfaces. This would indicate an earlier experiment with climbing niches in terrestrial vertebrate ecosystems than is currently recognised, appearing as early as the Moscovian (late Carboniferous). Prior to this study, the earliest record of scansoriality in tetrapods was the Early Permian varanopid Ascendonanus nesterli (Spindler et al., 2018). The most compelling early record of a specialized climber remains the Late Permian therapsid Suminia getmanovi (Fröbisch and Reisz, 2009).
Comparisons of the manual proportions of Anthracodromeus with the extant and extinct taxa of Fröbisch and Reisz (2009) demonstrate that although Anthracodromeus has slightly elongated manual proportions that are consistent with some arboreal groups (e.g., primates), this elongation is due to slight proportional lengthening of the proximal phalanx, and it does not exhibit the prominent elongation observed in Suminia (Figure 3). This suggests that although Anthracodromeus has greatly enlarged manus and pedes, it likely did not rely on phalangeal grasping as has been proposed previously (Spindler et al., 2018), though the large surface area of the manus and pedes may have facilitated clinging through increased traction to some degree. It is noteworthy that the ternary plot shows extant taxa plotting in two distinct clumps, one consisting primarily of reptiles with longer penultimate phalanges, and a second consisting of primarily mammals with longer proximal phalanges (Figure 3). This separation of the two taxonomic groups may be due to differences in phalangeal counts, where mammals tend to have a lower count (e.g. 2-3-3-3-3) compared to reptiles (e.g. 2-3-4-5-3). This could also explain why Anthracodromeus is plotting with extant mammals, given that it too exhibits a lowered phalangeal count.
It has long been suggested that the ancestral amniote phalangeal formulae are 2-3-4-5-3 for the manus and 2-3-4-5-4 for the pes (Romer, 1956; Carroll, 1988; Fedak and Hall, 2004). Reassessment of the manus and pes of the early reptile Anthracodromeus longipes reveals hypophalangy or reduced phalangeal counts of 2-2-3-4?-3 and 2-2-3-4-3, respectively. Because Anthracodromeus appears within the earliest stages of amniote evolution this variation is unexpected and demonstrates an unrecognised ecomorphological diversity in the autopodium of early reptiles. Variation in phalangeal counts and digit morphology can arise from adaptive evolution to new ecological niches including aquatic, fossorial, scansorial, and cursorial habits, but also disruptions to limb development (Romer, 1956; Shapiro et al., 2007). In Anthracodromeus, a lack of any common aquatic or fossorial anatomical specializations makes these lifestyles unlikely candidates for explaining the hypophalangy observed in the manus and pes (Gans, 1975; Greer, 1987; Greer, 1991; Fedak and Hall, 2004; Camaiti et al., 2021). We find the most likely explanation for the combination of features found in the manus and pes of Anthracodromeus is that they are adaptations for scansoriality. Unlike living fossorial lizards (Camaiti et al., 2021), the reduced phalangeal counts of Anthracodromeus contrast the proportional elongation of phalanges in the manus and pes, which accounts for their formidable length. Hypophalangy in Anthracodromeus reduced the number of joints in the affected fingers and toes and consequently likely reduced the flexibility of the elongated digits, which may have provided further stability while clinging to surfaces and climbing over terrain. Perhaps the most ecologically comparable living reptiles to Anthracodromeus are scansorial-capable agamid lizards that share similar suites of skeletal features sometimes including phalangeal losses (Greer 1991).
Comparisons of the ungual curvature of Anthracodromeus with the claws of extant amniotes (Birn-Jeffrey et al., 2012) demonstrates that its ungual exhibits curvature more consistent with scansorial habits, though there is also considerable overlap with terrestrial taxa (Figure 4). Interestingly, Anthracodromeus possesses unguals that are more strongly curved than most other coeval amniotes (Figure 4, black dots), suggesting that Anthracodromeus was more capable of clinging than other Permo-Carboniferous amniotes. Perhaps the only exception is Ascendonanus nesterli that possesses highly curved unguals that were likely adapted for arboreality as suggested by Spindler et al. (2018). The overlap of Anthracodromeus with terrestrial taxa may be due to the unusual shape of the unguals of this taxon, where they are strongly curved only at the distal-most tip and fairly straight along their length (Figure 2).
When evaluating ungual functionality, Anthracodromeus plots to the far right of the LDA, though well outside of the morphospace of the extant groups, further suggesting that the shape of the unguals of Anthracodromeus is unusual. Although the PCA demonstrated that the length, depth, and overall curvature of the unguals of this taxon are most similar to the generalist and scansorial taxa (Figures 4A,B), the LDA suggests that the dorsal arc length and flexor tubercle are small in proportion to its long dorsal curve length, a combination of traits most similar to the elongated keratinous claws of sloths, and some fossorial and cursorial taxa (Figures 4C,D). However, most of the taxa in this dataset have a claw curvature that is fairly consistent along their lengths. Anthracodromeus, in contrast, has long unguals that are strongly hooked only at the distal-most end, and this distal-most hooking is likely not being captured by the linear measurements in this dataset. Furthermore, the keratinous claw almost certainly extended past the tip of the ungual, possibly making its curvature more consistent with, and therefore its shape more similar to, other more strongly curved claws.
A major caveat of these ungual analyses that must be considered is the issue of comparing bony unguals to keratinous claws. Although some studies have found that the curvature of the sheath is mostly similar to the curvature of the ungual (Hedrick et al., 2019) and can be used to accurately estimate their function (Cobb and Sellers, 2020), these studies only tested the similarities between ungual and claw curvature in birds. Therefore, the reliability of ungual shape in correctly reflecting the shape of the keratinous claw in a more complex morphometric analysis at a wider phylogenetic scale is unknown.
The unusual combination of ungual traits, and differences between the ungual and claw morphology, are likely why the LDA classified Anthracodromeus in an unexpected way. The assignment of Anthracodromeus to the suspensorial group (arboreality via hanging) is surprising given how few taxa exhibit this form of locomotion, but this reflects the overall proportions of the ungual (i.e., long and thin), and does not capture the strong distal hooking of Anthracodromeus. Of course, claws do not have a single function, and they are capable of performing multiple functions to facilitate locomotion over different materials. The results of the functional comparison show that this is likely true for Anthracodromeus, since the LDA demonstrated that it was not hyper-adapted for scansoriality, though the relative length and depth of the unguals (PC1 and PC2) are similar to generalist and scansorial taxa and therefore may have aided in clinging as one of many functions.
Cumulatively, our data indicate that Anthracodromeus did not rely on penultimate phalangeal elongation to facilitate scansoriality via grasping, as reported in Suminia (Fröbisch and Reisz, 2009), but instead may have relied primarily on distal curvature of the unguals to cling to surfaces. The enlarged manus and pedes of Anthracodromeus would have assisted with clinging to some degree through increased surface area and traction. Therefore, we hypothesize that the unguals of Anthracodromeus may have aided in clinging, a potentially useful adaptation for a taxon living among the stumps, logs, and lycopsid trees of the Carboniferous coal swamps (Falcon-Lang, 2003; Falcon-Lang et al., 2006). Adaptations that facilitated clinging in Anthracodromeus demonstrates that climbing behavior likely arose in the Carboniferous, rapidly after the origin of amniotes, and well before such behavior developed in the synapsid lineage. Climbing adaptations in early amniotes would have provided a number of ecological advantages, including the ability to escape large predators and to access novel food sources. Furthermore, this suggests that the Pennsylvannian adaptive radiation of amniotes saw higher levels of ecomorphological diversity than previously recognised, with amniotes exploiting a variety of novel terrestrial niches.
CONCLUSIONS
Anthracodromeus longipes, an early eureptile from the classic late Carboniferous locality of Linton, Ohio, was known previously from only two specimens. A third specimen recovered in recent years from Linton provides new anatomical insights, most notably the presence of hypophalangy and manual and pedal unguals that are distinctly hooked. Comparative anatomical and morphometric analyses suggest that the unguals of Anthracodromeus likely facilitated clinging to surfaces, thereby supporting some degree of scansorial locomotion. Although the manual and pedal phalangeal proportions of Anthracodromeus are elongated, they do not indicate an exclusively arboreal habit. While these ecological inferences are based on comparisons to living tetrapods that are adapted for modern environments, it is possible that Anthracodromeus was uniquely specialised for climbing in Carboniferous paleoenvironments that were dominated by large lycopsid trees. Overall, a re-evaluation of the anatomy of Anthracodromeus suggests that early reptiles experimented with various levels of scansoriality as early as the mid-Pennsylvannian, not long after amniotes first appeared in the fossil record.
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Pareiasaurs (Amniota, Parareptilia) were characterized by a global distribution during the Permian period, forming an important component of middle (Capitanian) and late Permian (Lopingian) terrestrial tetrapod biodiversity. This clade represents an early evolution of sizes over a ton, playing a fundamental role in the structure of middle and late Permian biodiversity and ecosystems. Despite their important ecological role and relative abundance around the world, our general knowledge of the biology of these extinct tetrapods is still quite limited. In this contribution we provide a possible in vivo reconstruction of the largest individual of the species Scutosaurus karpinskii and a volumetric body mass estimate for the taxon, considering that body size is one of the most important biological aspects of organisms. The body mass of Scutosaurus was calculated using a 3D photogrammetric model of the complete mounted skeleton PIN 2005/1537 from the Sokolki locality, Arkhangelsk Region, Russia, on exhibit at the Borissiak Paleontological Institute, Russian Academy of Sciences (Moscow). By applying three different densities for living tissues of 0.99, 1, and 1.15 kg/1,000 cm3 to reconstructed “slim,” “average” and “fat” 3D models we obtain average body masses, respectively, of 1,060, 1,160, and 1,330 kg, with a total range varying from a minimum of one ton to a maximum of 1.46 tons. Choosing the average model as the most plausible reconstruction and close to the natural condition, we consider a body mass estimate of 1,160 kg as the most robust value for Scutosaurus, a value compatible with that of a large terrestrial adult black rhino and domestic cow. This contribution demonstrates that barrel-shaped herbivores, subsisting on a high-fiber diet and with a body mass exceeding a ton, had already evolved in the upper Palaeozoic among parareptiles, shedding new light on the structure of the first modern terrestrial ecosystems.

Keywords: Scutosaurus, pareiasaurs, Parareptilia, Palaeozoic tetrapods, Permian, body mass estimate


INTRODUCTION
Pareiasaurs comprise a monophyletic group of herbivorous parareptiles, which lived during the middle and the late Permian (Boonstra, 1969; Lee, 1993, 1994, 1997a,b) comprising at least 22 species (Liu and Bever, 2018; Van den Brandt, 2020; Van den Brandt et al., 2020), were relatively abundant and had a global distribution during the Permian period, thus forming an important component of middle (Capitanian) and late Permian (Lopingian) terrestrial tetrapod biodiversity. They represent an early evolution of sizes over a ton and made up an important component of middle and late Permian biodiversity and ecosystems (Lee, 1997a; Day, 2013; Day et al., 2015, 2018). Along with the Dinocephalia and caseids (Romano and Rubidge, 2019a; Rubidge et al., 2019; Day and Rubidge, 2020), pareiasaurs were the only other amniote group that attained massive size in the middle Permian (up to 3 m long). The pareiasaur clade achieved a high level of diversity and a world-wide distribution by the late Permian, before their ultimate demise at the Permo-Triassic boundary.
Pareiasaurs are classified as members of the clade Parareptilia, a group of basal amniotes with no living representatives (Tsuji and Muller, 2009). Members of this group were distributed world-wide and were characterized by a “cheek” flange produced by an expanded quadratojugal bone on the side of the skull, for which the group is named (Owen, 1876), cranial ornamentation comprising bosses, pitting and ridges and a unique protruding boss on the angular bone of the lower jaw (Owen, 1876; Seeley, 1888, 1892). All members possess labio-lingually flattened (leaf-shaped) teeth specialized for herbivory (Lee, 1993, 1994, 1997a,b) and dermal body ossification (osteoderms or scutes) distributed in different patterns on different species (Boonstra, 1934a; Lee, 1994, 1997a; Scheyer and Sander, 2009; Boyarinova et al., 2019).
The majority of early pareiasaur material stemmed from South Africa and Russia (e.g., Seeley, 1888, 1892; Broom, 1912, 1913, 1914, 1924; Watson, 1914; Amalitsky, 1922; Haughton and Boonstra, 1929; Hartmann-Weinberg, 1930, 1937; Boonstra, 1934b) where in the late 1800’s and early 1900’s a plethora of pareiasaur species were named. This generated an inflated number of species and historic taxonomic confusion which hampered understanding of this important group of tetrapods for most of the twentieth century until the work of Lee which sorted out many taxonomic issues, reducing the number of recognized species from 49 to 17 (Lee, 1994, 1997a).
Presently, almost half of all pareiasaur genera are found in southern Africa (eight genera, see below), followed by Russia (four genera, see below) and China (also four genera: Honania, Young, 1979; Xu et al., 2015; Shihtienfenia, Young and Yeh, 1963; Benton, 2016; Sanchuansaurus, Gao, 1989; Benton, 2016; Elginia wuyongae, Liu and Bever, 2018). One species each are found in Zambia (Pareiasuchus nasicornis, Haughton and Boonstra, 1929), Tanzania [Pareiasaurus(?) haughtoni, von Huene, 1944; Maisch and Matzke, 2019], Niger (Bunostegos, Sidor et al., 2003; Tsuji et al., 2013; Turner et al., 2015), Morocco (Arganaceras, Jalil and Janvier, 2005), Brazil (Provelosaurus, Araujo, 1985; Cisneros et al., 2005), and Scotland (Elginia mirabilis, Newton, 1893).
Pareiasaurs follow three different morphotypes or shape models (Scheyer and Sander, 2009): (1) large, sparsely armored forms, to (2) medium to large forms with more armor coverage, to (3) small, very heavily armored dwarf pareiasaurs.
In South Africa, the pareiasaurs of the middle Permian Tapinocephalus Assemblage Zone (AZ) (Lee, 1997a; Day and Rubidge, 2020) are all large basal forms (Bradysaurus, Embrithosaurus, and Nochelesaurus) and have restricted dermal armor comprising a narrow band of isolated osteoderms above the vertebral column (Watson, 1914; Haughton and Boonstra, 1929; Lee, 1997a; Van den Brandt et al., 2021a,b). In the overlying late Permian Endothiodon, Cistecephalus, and Daptocephalus AZs (Day and Smith, 2020; Smith, 2020; Viglietti, 2020) are medium-to large-sized pareiasaurs which have isolated osteoderms covering the entire body (Pareiasaurus and Pareiasuchus), and derived dwarf pareiasaurs with united osteoderms forming a carapace over the entire body (Nanopareia, Anthodon, and Pumiliopareia) (Watson, 1914; Lee, 1997a).
In South Africa, the three middle Permian pareiasaur genera were all large animals (3 m body length) and all went extinct at the end of the Capitanian, to be replaced by a new, local pareiasaurian fauna comprising predominately small to medium sized forms and the large Pareiasaurus. Across all terrestrial vertebrate groups, including pareiasaurs, the taxa that went extinct at the end-Capitanian and end Permian, were mostly large animals.


Russian Pareiasaurs

After South Africa, Russia is the next most prolific region for pareiasaur remains. In Russia, the different pareiasaurian taxa are readily identifiable, morphologically distinct, and have differing body sizes. Currently four Russian pareiasaur species are recognized. The large and derived Scutosaurus karpinskii (2.5–3 m long) was the first named Russian pareiasaur (Amalitsky, 1922), followed by the medium-sized, more primitive Deltavjatia rossica (1.5–2 m long) (Hartmann-Weinberg, 1937), the large Proelginia permiana (Hartmann-Weinberg, 1937; Ivakhnenko et al., 1997; Ivakhnenko, 2008) and the small, derived Obirkovia gladiator (<1 m long) (Bulanov and Yashina, 2005). The large Scutosaurus is late Permian in age and the medium-sized Deltavjatia is middle Permian in age (Benton et al., 2012; Arefiev et al., 2015). As a result of their distinct and differing morphology and obvious size differences, the taxonomy of the Russian pareiasaurs is well-established, apart from the placement of Proelginia permiana (Hartmann-Weinberg, 1937, holotype PIN 156/1), which Lee (1996, 1997a) synonymised with Scutosaurus. Ivakhnenko (2008), A Sennikov and E Boyarinova (personal communications) interpret Proelginia permiana as a separate species from Scutosaurus karpinskii.

Deltavjatia has been very well-studied and is currently probably the best known Russian pareiasaur. Tsuji (2010, 2013) published updated cranial and postcranial descriptions and phylogenetic analyses for Deltavjatia, and due to the preservation of number of different sized (i.e., aged) skulls, this is the only pareiasaur for which cranial ontogenetic growth studies have been published (Tsuji, 2010, 2013). Deltavjatia is also renowned for the exceptional preservation of about 20 complete or nearly complete specimens, from the Kotel’nich locality, Vjatka River, Kirov Region, which has facilitated ecological lifestyle and taphonomic scenario studies of these animals (Benton et al., 2012). Obirikovia gladiator, although small and distinct, with long conical cranial bosses, is the least known Russian taxon, represented by only a fragment of the quadratojugal and a few osteoderms (Bulanov and Yashina, 2005).



Scutosaurus

Based on several virtually complete specimens excavated in the early 1900’s from North Dvina (Amalitsky, 1922), Amalitsky named four pareiasaur species (misspelling the genus name): Pareiosaurus karpinskii, based on PIN 2005/1532; Pareiosaurus tuberculatus, based on PIN 2005/1533; Pareiosaurus horridus, based on PIN 2005/1535; and Pareiosaurus elegans, based on PIN 2005/1538 (Ivakhnenko et al., 1997). Hartmann-Weinberg (1930) considered these four Russian taxa as all belonging to one species (Scutosaurus karpinskii) and erected the genus Scutosaurus to accommodate them. Kuhn (1969) and Lee (1994, 1996, 1997a) agreed with the single species interpretation of Hartmann-Weinberg (1930) for Scutosaurus karpinskii (that it includes P. tuberculatus, P. horridus, and P. elegans). Ivakhnenko (1987) reinstated Scutosaurus tuberculatus and erected Scutosaurus itilensis based on PIN 3919/1, which Lee (1996, 1997a) interprets as a junior synonym for Scutosaurus karpinskii. Lee (1996:80) explained his reasoning for supporting the single species interpretation of Scutosaurus, based on his observations of the four holotypes of Amalitsky, PIN 3919, and several dozen more specimens, all of which show no clear differences between them. According to Tsuji (2013) and Benton (2016) Scutosaurus represents one of the most morphologically derived taxa within the pareiasaurian clade.

Presently, the four original holotypes of Amalitsky (1922) are included in the incredible display of seven adult mounted articulated Scutosaurus specimens at the PIN in Moscow (PIN 2005/1532, PIN 2005/1533, PIN 2005/1534, PIN 2005/1535, PIN 2005/1536, PIN 2005/1537, and PIN 2005/1538) and an additional mounted juvenile specimen (PIN 2005/1578).

Despite the importance of the well-preserved Scutosaurus specimens to determine early amniote body weights, currently no detailed body mass estimate for this genus is available. The evolution of body size over time is a very crucial aspect in a macro-evolutionary context, considering the central importance of body mass in several biological aspects including general physiology, ecology, metabolism, preferential diet, home range and trophic requirements, growth rate, locomotion, life span, and fecundity (see Millar and Zammuto, 1983; LaBarbera, 1989; Martin and Palumbi, 1993; Calder, 1996; Davidowitz and Nijhout, 2004; Gillooly et al., 2006; Fisher et al., 2011; Campione and Evans, 2012; Clauss et al., 2013). In the field of paleontology and macroevolution, it is pivotal to understand how huge body masses evolved for the first time, particularly in the evolution of herbivores which developed long intestinal tracts to enable digestion of celluloses and hemicelluloses (Reisz and Sues, 2000; Lombardo, 2008; Hong et al., 2011; Romano and Nicosia, 2014, 2015; Romano, 2017a), and as a deterrent to large contemporary predators (see Sinclair et al., 2003). In this context, obtaining a plausible and refined estimate of Scutosaurus karpinskii body mass will shed light on the evolution of body sizes in late Paleozoic tetrapods.

In this contribution we present a volumetric body mass estimate of Scutosaurus determined using a 3D photogrammetric model of the complete mounted skeleton PIN 2005/1537 from the Sokolki locality, Arkhangelsk Region, Russia (Figure 1), which is on exhibit at the Borissiak Paleontological Institute, Russian Academy of Sciences (Moscow).
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FIGURE 1. 3D photogrammetric model of almost complete Scutosaurus karpinskii skeleton PIN 2005/1537 from the Sokolki locality, Arkhangelsk Region (Russia), on exhibit at the Borissiak Paleontological Institute, Russian Academy of Sciences, Moscow, Russia. (A,B) 3D model with original texture; (C) 3D solid model. Scale bar equal to 50 cm.


In addition to the body mass estimation we also present an in vivo artistic reconstruction of Scutosaurus karpinskii on the base of the “average model.”



MATERIALS AND METHODS

In vivo restoration and body mass estimate of Scutosaurus karpinskii is based on the almost complete mounted skeleton PIN 2005/1537 from the Sokolki locality, Arkhangelsk Region (Russia), on exhibit at the Borissiak Paleontological Institute, Russian Academy of Sciences, Moscow, Russia. Firstly a 3D photogrammetric model of the skeleton was generated by taking 180 photographs around the specimen with a 24 Megapixel Canon EOS 750D (18 mm focal length). Then a high definition model was calculated using the software Agisoft Metashape Standard Edition, version 1.5.0 (Educational License, 64 bit) (Figure 1). Agisoft enables automatic generation of DSMs/DTMs from still images, point clouds, polygonal models, georeferenced true orthomosaics, and textured. High resolution Digital Photogrammetry is based on Multi View Stereo (MVS; Seitz et al., 2006) algorithms and structure from Motion (SfM) (Ullman, 1979); close-range photography results in an accuracy of up to 1 mm in the calculated models.

The obtained photogrammetric model was exported as “Ply” files and uploaded in ZBrush, software for digital sculpting and painting, which enables isolation of individual bones in the skeleton, compensation for distortion and, when necessary, to modify the posture of the animal (Romano and Rubidge, 2019a; see Romano and Manucci, 2019). Following the procedure proposed by Romano and Manucci (2019) and Romano and Rubidge (2019a), to produce a realistic range of weight estimations we used the 3D sculpture software to obtain three different reconstructions of Scutosaurus, adding different masses of soft tissue around the reconstructed skeleton (Figures 2, 3). The first is a body reconstruction following the contour of the skeleton, indicated as “slim model” (Figure 2B). The second model, termed “average model” is what we consider the most likely reconstruction of the animal in life, with the most probable amount of fleshy material (Figures 2C, 3). The third reconstruction is generated by adding an excess of soft tissue mass around the skeleton, and is termed “fat model” (Figure 2D).


[image: Side and top views of a prehistoric animal model. Image A shows a detailed skeletal model. Images B, C, and D present progressively refined body shapes, each with a corresponding top view (B1, C1, D1) showing the animal's posture.]

FIGURE 2. Three different reconstructions of Scutosaurus, adding different masses of soft tissue around the reconstructed skeleton. (A) digital sculpture in transparency around the original skeleton; (B,B1) “slim model” in lateral and dorsal views; (C,C1) “average model” in lateral and dorsal view; (D,D1) “fat model” in lateral and dorsal view. Scale bar equal to 50 cm.
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FIGURE 3. Digital sculpture of the “average model” in transparency around the original skeleton (A), frontal view (B), lateral view (C), posterior view (D), and dorsal view (E). Scale bar equal to 50 cm.


The three models were than imported in the software 3D Studio Max to calculate the total surface area and volume of the scaled digital sculptures (see Romano and Manucci, 2019; Romano and Rubidge, 2019a; Romano et al., 2021). The next step was to apply a specific density to the living tissue to obtain an estimate of the body mass from the obtained volume. In particular, Larramendi (2016) proposed a specific average body gravity in extinct proboscideans of 0.99 to 1.01; in several contributions (e.g., Alexander, 1985, 1989; Gunga et al., 1995; Henderson, 1999; Hurlburt, 1999; Hutchinson et al., 2007; Bates et al., 2009, 2015; Romano et al., 2021) the density of water, i.e., 1 kg/1,000 cm3, has been used as the most plausible value to calculate body mass in extinct vertebrates. According to Gunga et al. (2007), rhinoceros has the highest density of land mammals, equal to 1.15 kg/1,000 cm3. Considering this range of values for the density of living tissue in land vertebrates, we applied the three densities of 0.99, 1, and 1.15 kg/1,000 cm3 to the volumes in the three different reconstructed models of Scutosaurus, following the same procedure proposed by Romano et al. (2021).

For completeness we also calculated the possible body mass of Scutosaurus using classic regression formulas based on the circumference of the femur and humerus, in particular the formulas proposed by Anderson et al. (1985) and Campione and Evans (2012). Anderson et al. (1985) propose the formula W = 0.078⋅Ch+F2.73 ± 0.09, where CH+F is the sum of the humerus and femur circumferences, calculated on the basis of a large mammal dataset from the Mountain Zebra National Park and the Kruger National Park of South Africa. Campione and Evans (2012) propose the universal formula LogBM = 2.754.logCh+F − 1.097, on the basis of a large dataset incorporating non-avian reptiles and mammals.



RESULTS

The reconstruction of the appearance of Scutosaurus in the three proposed variants is shown in Figure 2. The “slim model” was reconstructed following the outline of the skeleton (Figure 2B), hence not including additional muscle mass or soft tissue. The digitally sculptured “slim model” once imported and scaled in 3D Studio Max using different bone measures, returned a total surface area for the model of 8.25 m2, and a total volume of 1.01 m3. Application of the densities for the living tissues selected for the present work to this volume, equal to 0.99, 1, and 1.15 kg/1,000 cm3, the respective resultant body mass estimates were 1,000, 1,010, and 1,160 kg, with an average value of 1,060 kg.

The “average model” was reconstructed using extant land tetrapods such as hippos and rhinos as a reference and as an indication of muscle mass and soft tissues, is shown in Figures 2C, 3. In our opinion this model represents the most likely proportions closest to the natural condition. The model imported and scaled in 3D Studio Max is characterized by a total surface area of 8.5 m2 and a volume of 1.11 m3. By applying the three densities to this volume the obtained body mass are 1,090, 1,110, and 1,280 kg respectively, with an average value of 1,160 kg.

The “fat model” was sculptured using an extremely barrel-shaped ribcage layout (as found in some reconstructions of Bradysaurus (Lee, 1994, 1997a) and digitally adding excess muscle mass and soft tissue to the photogrammetric model of the skeleton (Figure 2D). The model, scaled and imported in 3D Studio Max, has a total surface are of 9.04 m2 and a volume of 1.27 m3. The application of the three densities for living tissues to this volume yielded a body mass of, respectively, 1,260, 1,270, and 1,460 kg, with an average value of 1,330 kg.

The presence of extremely robust limb bones in Scutosaurus has led to the hypothesis that the classic regression formulas based on stylopods could lead to an overestimation of the body mass, as already found in large therapsids (Romano and Manucci, 2019; Romano and Rubidge, 2019a) and dwarf island elephants (Romano et al., 2021). By applying the formula of Anderson et al. (1985) to the circumference of the left femur (296 mm) and left humerus (247 mm) in Scutosaurus specimen PIN 2005/1537 we obtain a minimum value of 1,294 kg and a maximum value of 4,020 kg, with an average value of 2,657 kg. Application of this body mass to the volume of the average model equal to 1.11 m3, we obtain a density of 2.39 for living tissues i.e., slightly more than the density of sandstone. By applying to the same average volume the maximum value of 4,020 kg calculated by using the formula of Anderson et al. (1985), the density of Scutosaurus in life would have been more than the average density of diamond (i.e., 3.62).

The formula provided by Campione and Evans (2012) returned an average body mass of 2,720 kg, with a minimum of 2,040 kg and a maximum of 3,499 kg considering the ±25% error. By applying these body masses to the average volume of the reconstructed Scutosaurus, the density varies from a minimum of 2.16 (about the density of the concrete) up to 3.15 (slightly greater than granite and marble).

Figure 4 shows the box plots with the estimate of the body mass of the three reconstructed morphs (using the three different densities) and the regression formulae of Anderson et al. (1985) and Campione and Evans (2012). As shown in the graph, the largest range is given by the formula of Anderson et al. (1985) (Figure 4C), covering almost the entire spectrum of body mass obtained with the other methods. The weight range obtained using the formula of Campione and Evans (2012) is more restricted but still consistent, ranging from a minimum of 2,040 kg to a maximum of 3,499 kg (Figure 4B). In contrast the range obtained using the volumetric method is much narrower (Figure 4A), as already observed in other studies (Romano and Manucci, 2019; Romano and Rubidge, 2019a), with only a slight overlap between the maximum volumetric values and the minimum values obtained with the method of Anderson et al. (1985). According to the present volumetric study, the body mass of an adult Scutosaurus karpinskii could likely vary from a minimum of one ton to a maximum of 1.46 tons with an average value, considered to be the closest to the natural condition, of 1,160 kg.
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FIGURE 4. Box plot showing the range of body mass estimate in the “Slim model” (A1), “Average model” (A2), and “Fat model” (A3), in comparison with the range of weight calculated with the formula by Campione and Evans (2012) (B) and Anderson et al. (1985) (C).




DISCUSSION AND CONCLUSION

Pareiasaurs had a global distribution and have been described from several countries with the majority of species found in southern Africa, Russia, and China, and a few species from Niger, Morocco, Brazil, Scotland and Germany. It is increasingly apparent that they were an important component of Permian terrestrial ecosystems and biodiversity, not only in terms of numbers of specimens but also because of their large body size at that time. Despite this, relatively little is known about the palaeobiology of middle and late Permian species and how they achieved global distribution. South Africa has the most diverse pareiasaurian fauna in terms of number of species, and also has the oldest and most primitive members of the group, from the middle Permian Tapinocephalus Assemblage Zone of the Beaufort Group (Van den Brandt, 2020; Van den Brandt et al., 2021b).

The first pareiasaurs to appear are the three middle Permian genera from South Africa (Bradysaurus, Embrithosaurus, and Nochelesaurus) and they are all large forms, 2.5–3 m in body length, similar in size (and presumably weight) to Scutosaurus. Deltavjatia is the only other middle Permian pareiasaur and is medium-sized at about 2 m in length. The primitive condition for pareiasaurs, as shown by their abrupt first occurrences of multiple genera in South Africa, is therefore large. This is surprising and interesting as their closest relatives are much smaller animals (procolophonoids and “nycteroleters”) (Tsuji and Muller, 2009) and may indicate an extremely rapid initial size increase for pareiasaurs likely connected to the origin of herbivory, as already found in edaphosaurid synapsids (Brocklehurst and Brink, 2017). Over time, pareiasaur species tended to decrease in size since in the late Permian almost all members of the group are small to medium-sized forms. Only Scutosaurus in Russia and Pareiasaurus in South Africa are large members of the group in the late Permian. As part of his Ph.D. Lee (1994) produced an updated and extremely detailed cranial re-description for Scutosaurus karpinskii, using several adult and juvenile specimens. Lee also analyzed the hypothesized two sexually dimorphic body types (Hartmann-Weinberg, 1937; Lee, 1994:55–60) and found two definitive morphs based on size, justifying this on the basis of different sexes rather than different species. Lee (1994, 1997a) produced the most recent diagnosis, a comparative list of important cranial and postcranial features, and the first phylogenetic analysis for Scutosaurus. Lee (1996, 1997a) also produced a full body skeletal restoration of Scutosaurus karpinskii, based on the holotype PIN 2005/1532.

Pareiasaurs were some of the largest terrestrial tetrapods to have evolved a herbivorous diet in middle and late Permian ecosystems (Ivakhnenko, 1987, 2001; Sennikov, 1995, 1996; Lee, 1997a, 2000; Reisz and Sues, 2000; Boitsova et al., 2019). As stressed by Boitsova et al. (2019), despite the evident importance of this clade for the understanding of the first terrestrial ecosystems of the “modern” type and the abundance of finds in various countries, general knowledge about the biology of these animals is still limited. Within this framework, we determined the body mass of Scutosaurus. Size and body mass are of the most important biological aspects for organisms, and influence various vital aspects such as life span, general ecology, fecundity, physiology, metabolism, growth rate, locomotion, preferential diet and many others. In terms of macro-evolution it is important to understand when large size and body masses were first achieved by terrestrial vertebrates, and in this context the importance of a sound mass estimate for pareiasaurs is essential.

Using the high definition 3D photogrammetric model of the almost complete mounted skeleton PIN 2005/1537 from the Sokolki locality, we developed a 3D in vivo restoration of Scutosaurus karpinskii, resulting in a stocky animal with a large barrel-shaped rib cage (Figure 5). This conformation, typical of herbivorous tetrapods, is required to accommodate a large and long intestinal tract for digestion of celluloses and hemicelluloses (see Reisz and Sues, 2000; Lombardo, 2008; Hong et al., 2011; Romano, 2017a). In terms of physiology, two main models have been proposed in the literature as an explanation of the evolution of large body size in herbivorous lineages (see Brocklehurst and Brink, 2017): the abundance packet size hypothesis (Olsen, 2015) and the Jarman–Bell principle (Geist, 1974). According to the abundance packet size hypothesis diet transition is subsequent to change in body size, thus with the emergence of herbivory in larger taxa (see Brocklehurst and Brink, 2017). The model predicts a selective pressure toward a more abundant food source like plant material, since taxa with larger body sizes are characterized by greater energy requirements (Olsen, 2015). According to the Jarman–Bell principle, small animals are characterized by higher metabolic energy requirements with respect to their body size when compared to larger animals, even if the latter need greater absolute energy (Geist, 1974). Since low quality plant material such as leaves is more abundant than higher quality material (e.g., fruits, roots), the Jarman–Bell principle predicts an evolution of large body size in herbivorous clades. The above mentioned rapid initial size increase for pareiasaurs probably indicates that the Jarman–Bell principle provides a better explanation for the evolution of large body sizes in this clade, as already stressed for the evolution of large size in edaphosaurids by Brocklehurst and Brink (2017).


[image: Four angles of a dinosaur model with a heavily armored, bumpy body and limbs. The views include top, front, side, and three-quarter perspectives, showing detailed scales and robust features.]

FIGURE 5. Artistic in vivo restoration of Scutosaurus karpinskii based on the 3D solid “average model” sculptured around the specimen PIN 2005/1537 from the Sokolki locality.


Following published literature we reconstructed Scutosaurus as having a traditional sprawling posture in both front and hind limbs as is the case in most pareiasaurs (Haughton and Boonstra, 1930; Boonstra, 1932; Lee, 1997a). Turner et al. (2015) discussed the forelimb posture of Bunostegos as implied by the degree of offset between the planes of the proximal and distal expansions of the humerus. They noted that most pareiasaurs have a value around 45 degrees of offset, inferring a sprawling posture, and proposed a more upright (and less sprawling) posture for Bunostegos since the humerus has proximal and distal expansions that are untwisted and are in line with each other (flat). In Scutosaurus the humeral torsion is 45 degrees (Lee, 1994, 1997a), implying a sprawling fore-limb posture (Lee, 1997a: 241, Figure 3B).

Haughton and Boonstra (1930) considered a relatively low or shallow femoral head expansion to represent the primitive condition and indicate a more horizontal femur orientation and a sprawling hind limb posture as in Bradysaurus, Embrithosaurus, and Nochelesaurus, which measured about 40 degrees relative to the substrate (Van den Brandt, 2020; Van den Brandt et al., 2021a,b). In Scutosaurus the femoral head expansion is also low (Turner et al., 2015, character 120) indicating a sprawling hind limb posture. However, the fore- and hind- limb posture has no effect on the total volume of the reconstruction, and thus does not affect the estimate of the body mass calculated in this paper.

Following the procedure proposed by Romano et al. (2021) we applied the living tissue densities of 0.99, 1, and 1.15 kg/1,000 cm3 to each of the three reconstructions. Lower densities, ranging from 0.8 to 0.85 kg/1,000 cm3, have been proposed in the literature for tetrapods characterized by an intense pneumatization of the postcranial skeleton, such as prosauropods and sauropods (Wedel, 2003, 2005; Gunga et al., 2008), but are not applicable to pareiasaurs. By applying the three densities to the “slim,” “average” and “fat model” we obtain an average body mass, respectively, of 1,060, 1,160, and 1,330 kg, with a total range for the estimated body weight from a minimum of one ton to a maximum of 1.46 tons. Taking into consideration the relative proportions between skeleton and soft parts in extant tetrapods, we consider the “average model” (Figure 3) as the most plausible reconstruction and close to the natural condition. We thus consider the most robust body mass estimate for Scutosaurus to be 1,160 kg, which is comparable to that of an adult black rhino or a large domestic cow.

As stressed in the text we prefer the volumetric method for body mass estimate, since the classic regression formulas based on long bone dimensions can lead to substantial under- or overestimation of the body weight of extinct tetrapods (see Sellers et al., 2012; Bates et al., 2015; Brassey et al., 2015; Larramendi, 2016; Romano and Manucci, 2019; Romano and Rubidge, 2019a; Romano et al., 2021). It has been empirically shown that the discrepancy between estimates obtained from regression formulas are greater when applied to clades phylogenetically distant from those used to construct the dataset (Brassey, 2016; Romano and Manucci, 2019; Romano and Rubidge, 2019a), and in particular to taxa with a “primitive” sprawling posture characterized by excessively “overbuilt” long bones (sensu Romano, 2017b; Romano and Rubidge, 2019b). The latter applies directly to Scutosaurus which has extremely strong and stocky long bones in proportion to their length, most likely to withstand the great torsional efforts caused by the sprawling posture. In fact, by using the regression formulae proposed by Campione and Evans (2012) and Anderson et al. (1985) we obtain a substantially overestimated body mass for Scutosaurus, up to 235% with respect to the average value obtained with the volumetric method (Figure 4), and relative densities of living tissues that are too high and unnatural. This contribution therefore once again supports the use of volumetric methods for body mass estimation in instances where sufficiently complete mounted skeletons are available, underlining the problem of obtaining overestimated values by applying regression formulae on extremely robust long bones.

This contribution demonstrates that amongst parareptiles barrel-shaped herbivores, which had a body mass of more than a ton and subsisted on a high fiber diet, had already evolved in the upper Palaeozoic, shedding new light on the structure of the first modern terrestrial ecosystems.
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Julien Benoit1*, Claire Browning2 and Luke A. Norton1

1Evolutionary Studies Institute and School of Geosciences, University of the Witwatersrand, Johannesburg, South Africa

2Karoo Palaeontology, Iziko South African Museum, Cape Town, South Africa

Edited by:
Jörg Fröbisch, Museum of Natural History Berlin (MfN), Germany

Reviewed by:
Aaron R. H. LeBlanc, King’s College London, United Kingdom
Christian Kammerer, North Carolina Museum of Natural Sciences, United States

*Correspondence: Julien Benoit, Julien.benoit@wits.ac.za

Specialty section: This article was submitted to Paleontology, a section of the journal Frontiers in Ecology and Evolution

Received: 23 April 2021
Accepted: 31 May 2021
Published: 21 June 2021

Citation: Benoit J, Browning C and Norton LA (2021) The First Healed Bite Mark and Embedded Tooth in the Snout of a Middle Permian Gorgonopsian (Synapsida: Therapsida). Front. Ecol. Evol. 9:699298. doi: 10.3389/fevo.2021.699298

Despite their significance for paleobiological interpretations, bite marks have been rarely reported in non-mammalian therapsids (NMT). Here we describe, for the first time, the occurrence of a tooth embedded in the snout of a gorgonopsian. The tooth is surrounded by a bony callus, which demonstrates that the animal was still alive after the attack and healed. The identity of the attacker is unknown. Two hypotheses are discussed to account for this healed bite: failed predation (most likely by a biarmosuchian, therocephalian, or another gorgonopsian) and intraspecific social biting. Though predation cannot be ruled out, it has been hypothesized that gorgonopsians used their saber-like teeth for social signaling, which suggests that social biting may be the most likely scenario. The practice of social biting has long been hypothesized in NMT, but this is the first fossilized evidence of the behavior to be described.
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INTRODUCTION
The paleopathological study of extinct species is the gateway to many, otherwise inaccessible, paleobiological traits such as intraspecific behavior (Farke et al., 2009; Peterson and Vittore, 2012; Peterson et al., 2013), diet and food acquisition (DePalma et al., 2013), etiology and healing capabilities (Wolff et al., 2009; Kato et al., 2020), soft tissue reconstruction (Rega et al., 2012), thermophysiology (Benoit et al., 2015), interspecific interactions (Aureliano et al., 2021), biting force (Erickson et al., 1996; Gignac et al., 2010), and even key transitional events in the evolutionary history of vertebrates such as the onset of arboreality in hominins and terrestriality in early tetrapods (Bishop et al., 2015; Kappelman et al., 2016).
Published paleopathology literature on non-mammalian therapsids (NMT) is surprisingly scarce (Jinnah and Rubidge, 2007; Fröbisch and Reisz, 2008; Budziszewska-Karwowska et al., 2010; Fordyce et al., 2012; Vega and Maisch, 2014; Benoit et al., 2015; Whitney et al., 2017, 2019; Kato et al., 2020) despite the demonstrated species richness, abundance, and extensive spatial distribution of these animals in the fossil record (Ivakhnenko, 2008; Nicolas and Rubidge, 2010; Angielczyk and Kammerer, 2018). In contrast, osteopathologies are well documented in dinosaurs, crocodilians, mosasaurs, non-therapsid pelycosaurs, etc. (Buffetaut, 1983; Boucot, 1990; Rothschild and Martin, 1993; Mackness and Sutton, 2000; Tanke and Rothschild, 2002; Katsura, 2004; Lingham-Soliar, 2004; Reisz and Tsuji, 2006; Boucot and Poinar, 2011; Zammit and Kear, 2011; Rega et al., 2012; Bakker et al., 2015; Bastiaans et al., 2020), and the existence of paleopathologies in contemporaneous species is attested (Fernandez et al., 2013). Bite marks, in particular, have been documented in countless fossil mammals (e.g., Scott and Jepsen, 1936; Tanke and Currie, 1998; Chimento et al., 2019), pelycosaurs (Reisz and Tsuji, 2006; Bakker et al., 2015), and outside synapsids in, e.g., dinosaurs, crocodilians, mosasaurs, ichthyosaurs (Buffetaut, 1983; Boucot, 1990; Rothschild and Martin, 1993; Tanke and Currie, 1998; Mackness and Sutton, 2000; Tanke and Rothschild, 2002; Avilla et al., 2004; Katsura, 2004; Lingham-Soliar, 2004; Zammit and Kear, 2011; Bastiaans et al., 2020), but remain rarely reported in NMT. So far, bite marks have been described on the surface of the bones of two dicynodonts (Budziszewska-Karwowska et al., 2010; Fordyce et al., 2012) and one titanosuchid dinocephalian (Shelton et al., 2019). These bites have been attributed to a gorgonopsian (Fordyce et al., 2012), an anteosaur (Shelton et al., 2019), and unknown carnivores (Budziszewska-Karwowska et al., 2010). To find a tooth still embedded in bone is even rarer and extremely significant for paleobiological interpretations (Buffetaut et al., 2004; Bell and Currie, 2010; DePalma et al., 2013; Drumheller et al., 2014; Konishi and Brinkman, 2016), but such an occurrence has never been reported in NMT.
Here we report, for the first time, the preservation of a tooth found embedded in a callus within the bone of the snout of a gorgonopsian from South Africa, and discuss its paleobiological implications.



MATERIALS AND METHODS

The embedded tooth was found in specimen SAM-PK-11490 (Figure 1). The specimen is an isolated and mostly unprepared snout of a gorgonopsian found on farm Mynhardskraal (Beaufort West District) by Dr. Lieuwe D. Boonstra in 1940. Biostratigraphically, it is from the Tapinocephalus Assemblage Zone of the Beaufort Group of the Karoo Supergroup (South Africa), which correlates with the Guadalupian epoch of the Permian period (Day and Rubidge, 2020). The snout was attributed to Arctognathus cf. curvimola by Sigogneau (1970) but was then re-identified as Gorgonopsia indet. by Kammerer et al. (2015). We maintain the identification of this specimen as Gorgonopsia indet. given: (i) that the sample preserves a fragment of the snout only, (ii) the unprepared state of the specimen, and (iii) the currently unclear number of postcanine teeth [four according to Kammerer et al. (2015), but five according to Sigogneau (1970), although ongoing preparation of the specimen appears to support that four is the correct number, see Figure 1], this last character being important for taxonomic identification. The presence of an embedded tooth in this specimen was not reported during these previous taxonomic assessments.
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FIGURE 1. Specimen SAM-PK-11490 in left lateral with a simplified diagram showing the position of the embedded tooth and surrounding callus.
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MCA, Museo “Carlos Ameghino,” Mercedes, Buenos Aires province, Argentina; SAM, Iziko South African Museum, Cape Town, South Africa; SDSM, South Dakota School of Mines and Technology, Museum of Geology, Rapid City, SD, United States.




DESCRIPTION

The embedded tooth is located on the dorsal half of the left side of the snout, above the maxillary canine and approximately at the same height as the naris (Figure 2). The visible cross-section of the tooth is circular except for the presence of a carina (but this feature may be exaggerated due to the displacement of a portion of the tooth as it is heavily fractured). The tooth section measures 2.1 mm across, and the pulp cavity is exposed. The embedded tooth is surrounded by a porous, raised, and dorso-ventrally oblong callus of bone (Figure 2), which conforms to the cicatricial osseous tissue described in most tetrapods (Boucot, 1990; Rothschild and Martin, 1993; Tanke and Rothschild, 2002; Bishop et al., 2015) including gorgonopsians and other NMT (Fordyce et al., 2012; Kato et al., 2020). The callus measures 6.5 mm long and 8.5 mm wide. Its surface is porous, but no drainage canal for pus is visible. This feature is thus interpreted as a callus resulting from the healing of the bone around the tooth after it broke during a bite and remained embedded in the bone. Noticeably, the callus is not limited to the immediate surrounding of the tooth but is expanded laterally, which indicates that the bone in this area was damaged too (Figure 2). This suggests that the axis of the tooth row that inflicted the damage was oriented obliquely, almost perpendicular to the snout (Figure 3), so that the rest of the tooth row produced more superficial bone damages next to the embedded tooth. This is consistent with the position and orientation of the carina on the embedded tooth (assuming that the carina was pointing distally as in most carnivorous species). No exostosis indicative of bone infection is visible.
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FIGURE 2. Close-up views of the embedded tooth and callus of SAM-PK-11490. (A) Dorsolateral view of the tooth and callus; (B) lateral view of the tooth and callus; and (C) interpretive drawing of (B).
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FIGURE 3. Reconstruction of the biting action by a conspecific leading to the embedded tooth on the snout of SAM-PK-11490 (see section “Discussion”). Artist: S. Vrard.




DISCUSSION

The presence of a callus around the embedded tooth clearly distinguishes SAM-PK-11490 from cases of post-mortem bites (e.g., Bell and Currie, 2010; Fordyce et al., 2012) as it unmistakably indicates that healing of the periosteum took place after the tooth broke-off. The raised rim around the tooth provides direct evidence for the growth of a callus in response to the penetration of the tooth (Figure 2). The vascularized surface and slightly elevated aspect of the callus observed in SAM-PK-11490 conforms well with healed bite marks documented elsewhere in other tetrapods (Scott and Jepsen, 1936; Lingham-Soliar, 2004; Zammit and Kear, 2011; DePalma et al., 2013; Chimento et al., 2019). This strongly supports that the gorgonopsian was alive when it was bitten and survived the bite. This is extremely significant as only post-mortem damage (Budziszewska-Karwowska et al., 2010; Fordyce et al., 2012), bone infection caused by a bite (Shelton et al., 2019), or bone diseases unrelated to bites (Vega and Maisch, 2014; Kato et al., 2020) have been described in NMT to date.

The presence of a callus suggests that the gorgonopsian was bitten 2–9 weeks before it died based on mammalian healing capabilities (Lovell, 1997; Lingham-Soliar, 2004). The absence of a drainage channel for pus or any other trace of infection suggests that an infection resulting from the bite was likely not the cause of death.

In living animals, bites can be inflicted either during an act of predation or for social signaling (Poole, 1985; Tanke and Currie, 1998). Therefore, the two hypotheses that may account for the circumstances that led to the condition in SAM-PK-11490 are attempted predation or social signaling. Regarding the predation hypothesis, specimen SAM-PK-11490 is a small to medium sized gorgonopsian. The snout is only 54 mm wide at the canines, making it similar in size to the contemporaneous Eriphostoma microdon, which is generally recognized as a small gorgonopsian (Kammerer et al., 2015). A wide variety of possible predators large enough to attack such a species populated the Tapinocephalus Assemblage Zone fauna of the South African Karoo, including large biarmosuchians, therocephalians (scylacosaurid and lycosuchids), anteosaurs, and rhinesuchid amphibians (Day and Rubidge, 2020). Attempted cannibalism or attack by another gorgonopsian are not excluded. A rhinesuchid attacker can be excluded as the embedded tooth does not display the typical labyrinthodont pattern of plicidentine (Fortuny and Steyer, 2019) encountered in the sectioned teeth of these amphibians (Figure 2). The tooth being carinated, the bite of a prey (such as an anomodont) defending itself appears unlikely. Biarmosuchians, gorgonopsians, and therocephalians would be more likely compared to anteosaurs as the latter would have had large teeth and a crushing bite (Kammerer, 2011), not compatible with the small size of the embedded tooth and light damage observed in SAM-PK-11490. The cross-section of the anterior-most incisors is generally circular in biarmosuchians, gorgonopsians, and therocephalians (Sigogneau, 1970; Mendrez, 1975), which suggests the embedded tooth is either a lateral incisor, a canine, or a postcanine tooth. The very small size of the tooth would exclude a canine, although it could be the very tip of a canine; but this too is unlikely, given that the pulp cavity is visible (Figure 2). The lateral incisors and postcanine teeth can bear serrations on their posterior face and appear carinated in cross-section in biarmosuchians, gorgonopsians, and therocephalians (Sigogneau, 1970; Mendrez, 1975; Rubidge and Kitching, 2003; Abdala et al., 2008). It is thus likely that the embedded tooth is a lateral incisor or postcanine that belongs to a biarmosuchian, gorgonopsian, or a therocephalian (scylacosaurid or lycosuchid).

The second hypothesis is intraspecific social biting. Social biting occurs in many modern species (reptiles and mammals, particularly carnivores) to assert dominance, stimulate copulation and ovulation, compete for mates, territory and breeding rights, or simply as juvenile play biting (Poole, 1985; Tanke and Currie, 1998; Cabrera and Stankowich, 2018; Chimento et al., 2019; although, play biting can be safely excluded as this behavior is limited to juvenile individuals and the dimensions of SAM-PK-11490 corresponds to an adult-sized middle Permian gorgonopsian).

Social biting has been suggested in many extinct species, including theropod dinosaurs, aquatic reptiles, and saber-toothed cats (Scott and Jepsen, 1936; Buffetaut, 1983; Tanke and Currie, 1998; Avilla et al., 2004; Katsura, 2004; Everhart, 2008; Peterson et al., 2009; Wolff et al., 2009; Bell and Currie, 2010; Zammit and Kear, 2011; Chimento et al., 2019), and has also long been hypothesized in NMT (Geist, 1972; Barghusen, 1975; Benoit et al., 2016, 2021), but evidence was lacking. As stated above, the embedded tooth is likely a lateral incisor or postcanine of another carnivorous NMT. Its diameter is consistent with the size of the incisors and postcanines of specimen SAM-PK-11490, making a conspecific individual a possible candidate as the attacker (Figure 3).

The possibility that the embedded tooth belongs to a biarmosuchian, a therocephalian, or another species of gorgonopsian cannot be ruled out; however, intraspecific social biting is here preferred over predation to account for the condition in SAM-PK-11490 for three reasons. Firstly, the position of the embedded tooth is consistent with face biting. Face biting is a particular kind of social biting during which modern amphibians (e.g., Ceratophrys), reptiles (e.g., Varanus), and mammals (e.g., Panthera) bite each others’ head during more or less ritualized intraspecific combat to assert dominance and secure mates, territory, or breeding rights (Tanke and Currie, 1998; Chimento et al., 2019). Secondly, the non-lethality of the bite is an expected outcome of social biting (Geist, 1966). Lethal intraspecific combat would reduce population size and attract predators and scavengers (Geist, 1966; Lorenz, 1966; Cabrera and Stankowich, 2018), and as such, social biting is meant to signal dominance and power, or stimulate breeding rather than to injure or kill a member of the same species. Accordingly, social biting often targets the dorsal part of the neck or the snout because injuries there would neither be lethal nor disabling (Poole, 1985; Tanke and Currie, 1998; Bell and Currie, 2010; Zammit and Kear, 2011). In SAM-PK-11490, the embedded tooth is located on the maxilla, in an area of the snout generally targeted during intraspecific face-biting [e.g., in crocodilians, Peterson et al. (2009)] as this region is not susceptible to intense bleeding and has no vital organs. In contrast, a predatory action (interspecific or cannibalism) is expected to be lethal if successful, which was not the case with SAM-PK-11490. Thirdly, gorgonopsians are noticeable for their saber-like canines (Sigogneau, 1970) and one of the functions of such enlarged canines in modern species is social signaling, including sexual display and intraspecific combat (Poole, 1985; Miller, 2011; Cabrera and Stankowich, 2018). Evidence of social biting has been found in saber-toothed cats, such as specimens MCA 2046 of Smilodon populator and SDSM 348 of Nimravus brachyops, which bear distinctive healed bite marks made by their conspecifics’ enlarged canines (Scott and Jepsen, 1936; Chimento et al., 2019). The almost ubiquitous presence of enlarged canines among NMT strongly supports that social signaling using teeth (including social biting) was an important driver of their evolution (Geist, 1972; Benoit et al., 2016). Noticeably, the rare NMT with reduced or no canines (e.g., tapinocephalids, endothiodontids, cistecephalids, or bauriid therocephalians) generally have bosses, horns, or enlarged incisors to compensate (Nasterlack et al., 2012; Abdala et al., 2014; Benoit et al., 2016, 2021).

It may be argued that the embedded tooth cannot belong to a gorgonopsian because their bite force was too weak to puncture bone. To achieve a bone-crushing bite on long bones, it is generally accepted that a carnivorous species would have to develop a bite force of at least 1,000–3000 N (Tanner et al., 2008; Bell and Currie, 2010; Snively et al., 2015), whereas the estimated bite force of Eriphostoma and Gorgonops (the two taxa that most closely resemble SAM-PK-11490) is only 25 N and 116 N, respectively (Lautenschlager et al., 2020). Even the largest gorgonopsians, such as Rubidgea atrox, would have had an estimated bite force of 715 N, insufficient for long bone-crushing (Lautenschlager et al., 2020). However, a bone-crushing bite is not a necessary condition to puncture bone, especially the rather thin bone of the snout, as demonstrated by the Komodo dragons (Varanus komodoensis), which can leave distinct bite marks on bones (D’Amore and Blumensehine, 2009) despite their weak bite force of less than 20 N (Moreno et al., 2008). Additionally, a distinctly large and deep puncture was found on the femur of an Oudenodon specimen (SAM-PK-K06446) and was attributed to the gorgonopsian Aelurognathus based on a broken tooth found close to the bone (Fordyce et al., 2012). According to Lautenschlager et al. (2020), the bite force of Aelurognathus was also very weak (61 N), but in the case of SAM-PK-K06446, it appears that the bite force of Aelurognathus was arguably strong enough to puncture the thigh bone of this large dicynodont. This shows that even a small gorgonopsian like SAM-PK-11490 could have been capable of puncturing bone and that its inability to crush bone does not disqualify social biting to account for the embedded tooth in its snout.



CONCLUSION

Social biting, and more particularly face biting, was advocated by (Geist, 1972; Barghusen, 1975; Benoit et al., 2016, 2021) to account for the evolution of oversized canines in NMT, but the absence of bite marks in the abundant fossil record of these taxa was puzzling. This is the first time a healed bite mark is documented in NMT, and its position on the snout, in line with other evidence, suggests that it was made during a face biting contest or some other type of social biting behavior (though, attempted predation by a therocephalian, biarmosuchian, or another gorgonopsian cannot be completely ruled out). Evidence of possible social behavior in NMT already supported parental care/brooding in cynodonts and the dicynodont Diictodon (Jasinoski and Abdala, 2017; Hoffman and Rowe, 2018; Smith et al., 2021 but see Sues, 2018 and Benoit, 2019 for different interpretations), gregariousness in dicynodonts (Fiorelli et al., 2013; Viglietti et al., 2013; Francischini et al., 2018), and head butting mostly in tapinocephalid dinocephalians (Barghusen, 1975; Benoit et al., 2017, 2021). In the synapsid lineage, these behaviors are traditionally considered as complex and more typical of mammals because they imply some level of social intelligence and usually correlate well with the presence of a large brain (Pérez-Barbería and Gordon, 2005; Sues, 2018; Benoit et al., 2021). The current work suggests social biting may be added to this list of advanced behaviors already present in NMT. The discovery of such significant evidence of ancient behavior on a specimen that was collected some 80 years ago and studied for at least five published and unpublished works (Sigogneau, 1970; Sigogneau-Russell, 1989; Gebauer, 2007; Kammerer, 2015; Kammerer et al., 2015) suggests that bite marks have been overlooked in NMT. This may account for the apparent paucity of recorded bite marks and other paleopathologies in NMT despite their rich fossil record. The systematic search for bite marks in the extensive collections of Permo-Triassic specimens will likely unravel a hitherto unknown diversity of bite marks and their associated behavior.
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A New Late Permian Burnetiamorph From Zambia Confirms Exceptional Levels of Endemism in Burnetiamorpha (Therapsida: Biarmosuchia) and an Updated Paleoenvironmental Interpretation of the Upper Madumabisa Mudstone Formation
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A new burnetiamorph therapsid, Isengops luangwensis, gen. et sp. nov., is described on the basis of a partial skull from the upper Madumabisa Mudstone Formation of the Luangwa Basin of northeastern Zambia. Isengops is diagnosed by reduced palatal dentition, a ridge-like palatine-pterygoid boss, a palatal exposure of the jugal that extends far anteriorly, a tall trigonal pyramid-shaped supraorbital boss, and a recess along the dorsal margin of the lateral temporal fenestra. The upper Madumabisa Mudstone Formation was deposited in a rift basin with lithofacies characterized by unchannelized flow, periods of subaerial desiccation and non-deposition, and pedogenesis, and can be biostratigraphically tied to the upper Cistecephalus Assemblage Zone of South Africa, suggesting a Wuchiapingian age. Isengops is the second burnetiamorph recognized from Zambia and is part of a tetrapod assemblage remarkably similar to others across southern Pangea during the Wuchiapingian. A revised cladistic analysis of Biarmosuchia yielded over 500 most parsimonious trees that generally reaffirm the results of previous analyses for burnetiamorphs: Lemurosaurus is basal, Lobalopex and Isengops are proximate burnetiid outgroups, and Bullacephalus, Burnetia, Mobaceras, Niuksenitia, and Pachydectes are burnetiines. Furthermore, Russian biarmosuchians are scattered throughout the tree and do not form sister taxon relationships with each other. Burnetiamorphs display a wide disparity of cranial adornments and are relatively speciose (13 species), especially when compared to the number of specimens discovered to date (∼16 specimens). As has been suggested in some other tetrapod clades (e.g., ceratopsian dinosaurs), the burnetiamorph fossil record supports an inferred macroevolutionary relationship between cranial adornment and increased speciation rate.

Keywords: Lopingian, Permian, Luangwa Basin, Zambia, Africa, speciation, Burnetiamorpha, Therapsida


INTRODUCTION
Among therapsids, biarmosuchians are known to be rare members of the assemblages in which they occur (Hopson, 1991; Sidor and Rubidge, 2006; Sidor and Smith, 2007; Sidor, 2015; Day et al., 2018). For example, in a review of the fossil record of the Beaufort Group of South Africa, Smith et al. (2012) noted that over 9,600 Permian fossils have been collected and identified, but Sidor (2015) documented only 22 biarmosuchian specimens in his comprehensive assessment of the same beds. Kammerer (2016) recently published on two additional specimens that were previously unreported collections and Day et al. (2016) described the first burnetiamorph from the Pristerognathus Assemblage Zone (now the Lycosuchus–Eunotosaurus subzone of the Endothiodon Assemblage Zone; Day and Smith, 2020), but it remains the case that the vast majority of biarmosuchian genera are known from only one or two specimens (Sidor, 2015). By comparison, there are at least seven Permian genera of other groups of therapsids that are known from at least a hundred specimens (e.g., Cistecephalus, Diictodon, Oudenodon; Smith et al., 2012), although all of these are herbivores. Interestingly, the biarmosuchian subclade Burnetiamorpha is known from only 16 specimens but was remarkably taxonomically diverse, with 13 species recognized (Table 1; see also Sidor, 2015). Indeed, Burnetiamorpha was among the first tetrapod clades to develop bony horn-like processes and crests, which in other extinct tetrapod lineages have been considered characteristics enhancing species recognition or mate competition (e.g., ceratopsian dinosaurs; Sampson, 1999; Padian and Horner, 2011).


TABLE 1. The thirteen currently named burnetiamorph species.

[image: Table listing biarmosuchians with columns for Taxon, Location, and Holotype and referred specimens. Examples include "Bullacephalus jacksoni" from Karoo Basin, South Africa, with specimen BP/1/5387, and "Isengops luangwensis" from Luangwa Basin, Zambia, with specimen NHCC LB363. Further details on data sources and studies mentioned are at the bottom.]Until relatively recently, African representatives of the Burnetiamorpha have been restricted to the Karoo Basin of South Africa (Broom, 1923; Boonstra, 1934; Rubidge and Sidor, 2002; Rubidge and Kitching, 2003; Sidor and Welman, 2003; Sidor et al., 2004; Rubidge et al., 2006; Smith et al., 2006; Sidor and Smith, 2007; Day et al., 2016, 2018; Kammerer, 2016). The first African burnetiamorph from outside of the Karoo Basin was discovered in the upper Permian Chiweta Beds of Malawi and was mentioned by Jacobs et al. (2005), although it went unnamed until the work of Kruger et al. (2015). Sidor et al. (2010) reported the first burnetiamorph material from the upper Permian of Tanzania, but did not name the single isolated skullcap. Likewise, Sidor et al. (2014) mentioned the presence of burnetiamorph fossils from the lower Madumabisa Mudstone Formation in southern Zambia, which they considered Guadalupian in age based on the co-occurrence of tapinocephalid dinocephalians (see Day et al., 2015), with one species recently described as Mobaceras zambeziense by Kammerer and Sidor (2021). From the same beds, Whitney and Sidor (2016) described Wantulignathus gwembensis as a probable burnetiamorph, although the type material allowed referral only to Biarmosuchia indet.

Here, we describe a new burnetiamorph species from the Luangwa Basin of Zambia, which represents the first occurrence of the clade in that basin. In addition, we compare the relationship between the diversity and abundance of burnetiamorphs to other clades of Permian therapsid carnivores as a preliminary test of the hypothesis that conspicuous cranial adornments are associated with enhanced rates of speciation (Vrba, 1984; Sampson, 1999).



MATERIALS AND METHODS


Institution Abbreviations

BP, Evolutionary Studies Institute, University of the Witwatersrand, Johannesburg; CGS, Council for Geosciences, Pretoria; MAL, Malawi Department of Antiquities Collection, Lilongwe and Nguludi; NHCC, National Heritage Conservation Commission, Lusaka; NHMUK, Natural History Museum, London; NMQR, National Museum, Bloemfontein; NMT, National Museum of Tanzania, Dar es Salaam; PIN, Paleontological Institute, Moscow; SAM, Iziko South African Museum, Cape Town; UMZC, Cambridge University Museum of Zoology.



Geology

GPS coordinates of the start and end points of two overlapping measured sections of the Madumabisa Mudstone strata that are depicted Figure 1 are available from NJT on request. The Madumabisa stratigraphic section presented here was measured and described following standardized field geology methods (e.g., Compton, 1985). Beds were delineated by recognizable differences in color, composition, sedimentary grain size, sedimentary structure, sedimentary architecture, and were measured using a 150 cm high Jacob’s staff mounted with a topographic Abney level while paying particular attention to the upper contacts between beds as descriptions were made upward through the stratigraphic section. Attempts were made to provide a complete stratigraphic section of the rocks, but some areas were under grasses, modern sediments, and soils which were too extensive to remove and were marked as “covered section” and are represented by “X” within the schematic diagram of the measured section (Figure 1). The stratigraphic section in Figure 1 represents an approximation of the dominant sedimentary grain size, color, sedimentary structure and sedimentary architecture as well and the contact relationship of bedding contacts observed amongst the strata in this section.


[image: Geological diagram comparing borehole logs labeled A and B. Both sections display stratigraphic columns with red shading, indicating different lithologies and sediment textures, marked by patterns and symbols. Columns A (left) and B (right) show depth intervals with varying thicknesses and textures. Stratigraphy is described using terms like clay, silt, and sand, with subcategories such as very fine (vf), fine (f), medium (m), coarse (c), and very coarse (vc), culminating in gravel (cg).]

FIGURE 1. Representative stratigraphic section of the upper Madumabisa Mudstone Formation, Luangwa Basin. This section was taken near the southern boundary of North Luangwa National Park, in the vicinity of several vertebrate fossil localities (marked A36, C14, C48, S09 on section). (A) Lithofacies association 1 and (B) lithofacies association 2. The burnetiamorph skull described here was found away from the measured section, but likely within the lithofacies association 1 and probably very close to the transition between the two lithofacies. c, coarse; cgl, conglomerate; f, fine; m, medium; OM, organic matter; vc, very coarse; vf, very fine.




Fossil Preparation

The fossil described here was collected in 2014 by S. Nesbitt, as part of a long-term project to understand the geology and paleontology of the Permian and Triassic rocks of Zambia (see Sidor and Nesbitt, 2018). It was prepared at the University of Washington Burke Museum by G. Livingston and B. Crowley using airscribes and pin vices.



RESULTS


Geological Context

Geological research on the Madumabisa Mudstone Formation of the Luangwa Basin has concentrated on rocks exposed in its northern part (Dixey, 1937; Drysdall and Kitching, 1962, 1963; Utting, 1978), with very little work focusing on the middle portion of the valley (Kemp, 1975; Banks et al., 1995). It is generally accepted that the formation can be subdivided into lower and upper members, with tetrapod fossils restricted to the upper member (Kitching, 1963; Drysdall and Kitching, 1963). Angielczyk et al. (2014) suggested that the vertebrate fossils collected from the northern and middle parts were best viewed as constituting a single assemblage and suggested correlation to the Cistecephalus Assemblage Zone (Wuchiapingian) of South Africa, however, more recent work by Peecook et al. (2020) suggests that two assemblages may be present and that the upper assemblage bears resemblance to the Dicynodon-Theriognathus Subzone of the Daptocephalus Assemblage Zone of South Africa (sensu Viglietti, 2020). In the Mid-Zambezi Basin of southern Zambia, Sidor et al. (2014) reported tetrapod fossils from the lower member of the Madumabisa Mudstone Formation and proposed a Guadalupian age, but corresponding fossils from the Luangwa Basin have yet to be discovered.


Stratigraphy and Sedimentology

Surface exposures of the upper Madumabisa Formation in North Luangwa National Park are limited to a series of disconnected low cliff sections along the eroded banks of ephemeral stream channels. We measured an approximately 85-meter composite stratigraphic section in which two lithofacies were recognized (Figure 1). The sedimentary strata strike N40°E and dip west between 2–5 degrees.


Lithofacies association 1

This association occurs from the base of the section up to ∼50 meters and is composed of intercalated mudstones, sandstones, and conglomerates (Figure 1A). Mudstones predominate and occur as dull reddish-brown (Munsell color ∼5YR 5/3), weakly-bedded to relict-laminated layers or as massive to blocky layers. These can occur with and without carbonate nodules and tubules and can range from a few centimeters to several meters thick. Many mudstone layers also include coarse silt to fine sand-filled desiccation cracks extending vertically into the mudstone and tapering downward as much as 10 centimeters. Sandstone beds occur as dull reddish-brown layers ranging from very-fine to fine-grained and range from <10 centimeters to slightly more than two-meters thick. Thinner beds of sandstone are typically ripple cross-laminated and commonly intercalated with thin mudstone beds (e.g., between 3.5 and 7 meters in Figure 1) or thin beds of carbonate-nodule conglomerates (e.g., between 35.5 and 39 meters, between 44 and 46 meters in Figure 1). Thicker beds and successions of sandstone exhibit general upward-fining textures with upward changes in sedimentary structures from planar bedding to trough-cross-bedding, into ripple-cross lamination (e.g., between 12 and 16 meters in Figure 1). Conglomerates occur only as thin beds of carbonate nodules similar morphologically to nodules found in the underlying blocky mudstone. They are typically clast-supported and have a fine muddy sandstone matrix. Relict-laminated muds tend to have the greatest concentrations of fossil vertebrate material and even preserve some large diameter burrows (∼30 cm wide), that are possibly vertebrate dwelling structures (e.g., between 20 and 22.5 meters in Figure 1). However, bone fragments tend also to be common to abundant in carbonate-nodule conglomerate layers.



Lithofacies association 2

This occurs from ∼50 to 85 meters in the stratigraphic section and is composed of dull reddish-brown (Munsell color ∼5YR 5/3) massive mudstones ranging from ∼2 meters (e.g., between 55.5 and 57.5 meters in Figure 1B) to ∼5 meters (e.g., between 57.5 and 63 meters in Figure 1B) in thickness. The upper surface of each bed is characterized by an abrupt and smooth-to-wavy contact with the overlying bed. Numerous vertically oriented, yellow-brown (Munsell color ∼2.5 YR 7/6) sandstone-filled polygonal desiccation cracks up to 10 cm wide taper downward from these surfaces up to two meters in the underlying strata. The lower parts of many of these mudstone beds display zones of slickensides up to 0.5 meters thick. Slickenplanes are long (∼1 meter), arcuate, and often occur as crosscutting co-sets in vertical exposures. In beds where sand-filled desiccation cracks and slickenplanes coexist, they are typically exclusive of each other in a vertical sense (e.g., between 53 and 55, 60 and 63, 65 and 67.5, 76 and 78.5 meters in Figure 1). To date, no vertebrate fossils have been recovered from lithofacies association 2.



Paleoenvironmental interpretation

The upward-fining sedimentary cycles in lithofacies association 1 are indicative of decreasing and shallowing unidirectional currents associated with fluvial systems. Plane-bed and trough-cross bedded sandstones represent the highest-velocity and/or deepest flows, whereas ripple cross-laminated sandstones, mixed ripple-cross-laminated sandstones and mudstones, and laminated mudstones represent decreasing flow depths, waning velocities, and in some instances slack-water conditions. Finally, massive and blocky mudstones with and without calcareous nodules are bioturbated layers that spent extended periods of time as hiatus surfaces within the vadose zone; they were soils and now are paleosols. Distinct channel structures, such as broad, lenticular sandstones with erosive bases, were not identified in the North Luangwa National Park stratigraphic section. Yet, the sedimentary structures in lithofacies association 1 appear closely matched to flood-type deposits in fluvial floodplains proximal to channel belt systems. In particular, the highest-velocity and deepest flow structures, and their upward shallowing/decreasing flow patterns are similar to those described in modern fluvial crevasse-splay deposits, and massive to blocky mudstones represent more distal positions and longer durations of sedimentary quiescence upon the floodplains.

Lithofacies association 2 is peculiar in that it is a monotonous sequence of bioturbated and pedoturbated (i.e., shrink-swell) mudrocks with no preserved evidence for flow. Yet, sand-sized particles clearly were transported into and through these systems because sandstone now fills the desiccation features within the mudstones, forming clastic dikes (Figure 1). This necessitated relatively high energy-flows to have brought sands into these parts of the depositional basin. However, it cannot be determined from the preserved sedimentary structures if these sandstone and mudstone elements in lithofacies association 2 represent products of aqueous or eolian transport. Nevertheless, blocky to massive mudstones with clastic dikes and slickensides all are common features associated with soil profiles with a high concentration of fine clay-sized particles in climates characterized by intense seasonal precipitation. Each bed in lithofacies association 2 is interpreted to have been a soil profile similar to modern Vertisols. The physiographic placement of lithofacies association 2 also is difficult to assess. We favor a very distal position upon a fluvial floodplain or possibly, a major facies shift from fluvial deposition in lithofacies 1 to lake-plain depositional systems. However, lithofacies association 2 also could represent eolian depositional systems, playa-type depositional systems, or even loess plateau-type depositional systems similar to those described from the Plio-Pleistocene of the south-central United States (e.g., Gustavson and Winkler, 1988).



Summary and comparisons

Within the mudrock-dominated basin fills associated with the East African rift system, the common association of vertebrate fossils with horizons of large smooth-surfaced calcareous nodules has been interpreted as the result of significant lowering of lake level (Yemane and Kelts, 1990; Smith, 2000; Catuneanu et al., 2005). In this view, the shrinking axial lake promotes an increased density of bones accumulating along its migrating shoreline. Bone burial is completed with the return of higher lake levels, and bone early diagenesis is promoted by alkaline groundwaters that preferentially precipitate micrite around the buried bones (Calvo et al., 1989).

The upper Madumbisa Mudstone vertebrate fauna in Zambia has been tentatively correlated with the Cistecephalus Assemblage Zone of the main Karoo Basin of South Africa (Angielczyk et al., 2014). Comparison of the host rocks suggests a different paleoenvironmental setting for the bone occurrences between these two basins. Superficially, the silt-dominated mudrocks are similar in color and both host calcareous nodules. However, the main difference is that, in the main Karoo Basin, well-confined channel sandstones are common and are clustered into sets of mappable lithostratigraphic units named the Oukloof Member in the west and the Oudeberg Member in the east. These members are interpreted as large, low-gradient fluvial distributary systems dominated by low sinuosity channels and seasonally dry floodplains (Viglietti et al., 2016). We have yet to recognize such stratigraphically distinctive sandstone units in the Madumabisa Mudstone sequence in North Luangwa National Park.



Systematic Paleontology

THERAPSIDA Broom (1905)

BIARMOSUCHIA Sigogneau-Russell (1989)

BURNETIAMORPHA Broom (1923)

Isengops luangwensis gen. et sp. nov.

Etymology – The generic name alludes to the tall, triangular supraorbital bosses by combining the local Bemba word for horn (isengo) with the Greek suffix commonly used for face (ops). The species name combines the geographic area of origin (Luangwa river valley) with “ensis,” which is Latin for “from” or “belonging to.”

Holotype – NHCC LB363, an isolated skull lacking most of the occiput, both zygomatic arches, the left temporal region, and the tip of the snout, as well as missing the lower jaws entirely.

Locality and Horizon – The holotype was surface collected at L322, one of a number of closely spaced localities in the upper Madumabisa Mudstone Formation near the southern border of North Luangwa National Park (Muchinga Province, Zambia; see also Sidor, 2015; Huttenlocker and Sidor, 2020). Based on the local tetrapod fauna, this portion of the formation can be biostratigraphically correlated with the Cistecephalus Assemblage Zone (AZ) of South Africa, and is therefore Wuchiapingian (late Permian) in age (Rubidge et al., 2013; Angielczyk et al., 2014; Smith et al., 2020). Detailed locality information is available to qualified researchers at the NHCC or by contacting CAS.

Diagnosis – Palatal dentition extremely reduced; palatine and pterygoid bosses ridge-like and oriented nearly anteroposteriorly; pterygoid midline suture absent; palatal exposure of jugal extends far anteriorly between maxilla and ectopterygoid; tall supraorbital boss (over 50% of orbit height), which is triangular in lateral view and has recessed area on its lateral surface; posterodorsal margin of lateral temporal fenestra with medially recessed shelf. Isengops can be distinguished from other burnetiamorphs by a taller nasal ridge than in Lemurosaurus (but one that is similarly unpachyostosed) and a supratemporal “horn” more robust than in Lobalopex, but not extremely pachyostosed as in Bullacephalus or Burnetia.



Description


Skull Roof

Septomaxilla – Most of the anterior portion of the skull was lost prior to discovery, but a small section of the facial process of the septomaxilla is preserved the right side (Figures 2A,B). The lateral surface of the septomaxilla is flat and featureless. It is preserved in the same plane as the maxilla, as both have been slightly dislodged along their common sutural contact with the nasal. As in several other biarmosuchians and other basal therapsids, the septomaxilla is relatively long, extending to a level posterior to that of the upper canine (Sidor, 2003).


[image: Top image (A) shows a fossil bone with a rough, reddish-brown texture and a concave oval shape. Middle image (B) is a black-and-white diagram of the bone with labeled parts, including features like 'sb', 'po', and 'pal'. Bottom image (C) depicts a similar bone from a different angle, showing a circular depression and a smoother, reddish surface. A scale bar indicating three centimeters is included for reference.]

FIGURE 2. The holotype of Isengops luangwensis gen. et sp. nov. (NHCC LB363). Skull in right lateral (A,B) and left lateral (C) views. ec, ectopterygoid; j, jugal; m, maxilla; nb, median nasal boss, pal, palatine; pb, parietal boss; po, postorbital; prf, prefrontal; pt, pterygoid; sb, supraorbital boss; sh, shelf on lateral surface of temporal fenestra margin; sm, septomaxilla; tb, supratemporal “horn.”


Maxilla – This element is more completely preserved on the right side and its surface is in good condition, although a small opening is present anteroventrally, exposing internal matrix. In addition, two other openings are present in the vicinity of the prefrontal and lacrimal on the right side, but these openings are absent on the left side, suggesting they are artifactual. Such openings occur in many other burnetiamorph specimens and have been interpreted as fossae (e.g., Sidor and Welman, 2003). The lateral surface of the maxilla is textured, but it is not as rugose as in Bullacephalus or Pachydectes (Rubidge and Kitching, 2003; Rubidge et al., 2006). The right maxilla measures 33 mm in maximum height, which gives the snout of Isengops a lower and more gracile appearance than in other burnetiamorphs. Transverse compression of the skull has separated the maxilla along its dorsal contact with the nasal, but the corresponding contact with the prefrontal is more difficult to discern. Anterior to the orbit, the maxilla’s suture with the lacrimal and jugal is similarly difficult to discern, but a long posterior ramus of the maxilla is visible ventrally and forms part of the suborbital bar.

The ventral margin of the maxilla forms a shallow curve in lateral view, although anteriorly it becomes more horizontal just behind the position of the upper canine. Based on the geometry of the preserved root, the upper canine likely projected anteroventrally, as in Lemurosaurus and Lobalopex (Sidor and Welman, 2003; Sidor et al., 2004). Following a short post-canine diastema, the roots of seven small postcanine teeth are present in the right maxilla. In ventral view, the maxilla contacts the palatine, ectopterygoid, and jugal.

Nasal – The dorsal surface of the nasal is dominated by a median ridge or crest (Figure 3), which is similar in its degree of the development to that of Lobalopex or Lophorhinus (Sidor and Welman, 2003; Sidor et al., 2004) or the unnamed species from the Endothiodon Assemblage Zone (Day et al., 2016), although in the latter the ridge is more robust posteriorly. Importantly, the nasal crest is not transversely expanded as in Burnetia or Bullacephalus or pachyostosed as in Paraburnetia. In lateral view, the nasal crest is parabolic in outline, diminishing in height both anteriorly and posteriorly. The posterior margin of the nasal is difficult to determine, but based on the condition in other burnetiamorphs where sutures are visible, the nasal likely contributed to anterior portion of the frontal boss. The nasal crest is continuous with the median frontal ridge in Isengops, although the latter is very subdued in its expression, especially compared to what is seen in Lende, Leucocephalus, Paraburnetia, or Proburnetia.


[image: A fossilized bone shown alongside its detailed black and white illustration. The left side displays the physical fossil with a ruler scale indicating its size. The right side is an annotated drawing, labeling various parts such as "nb," "prf," "fb," "sb," "pfor," and "tb."]

FIGURE 3. The holotype of Isengops luangwensis gen. et sp. nov. (NHCC LB363) in dorsal view. fb, median frontal boss; nb, median nasal boss, pfor, parietal foramen; prf, prefrontal; sb, supraorbital boss; tb, supratemporal “horn.”


Prefrontal – The sutures delimiting the prefrontal are difficult to make out, but this element most likely conforms to the anatomy reported by Sidor and Smith (2007) for Lophorhinus. The prefrontal contacts the nasal and frontal medially. Anteroventrally, it contacts the maxilla. On the left side, the suture between the prefrontal and lacrimal follows a raised area. The degree to which the prefrontal contributes to the supraorbital boss is unknown, but we suspect that it formed the anterior one-quarter of this feature.

Lacrimal – The lateral surface of the lacrimal is bounded by two subhorizontal ridges that radiate anterodorsally and anteroventrally, along the sutures with the prefrontal and jugal, respectively (Figure 2). Between these ridges, the lacrimal forms a mild depression. Anteriorly, the lacrimal contacts the maxilla, dorsally it contacts the prefrontal, and ventrally it contacts the jugal. Two lacrimal foramina are present on the anterior border of the orbit, as reported for Lophorhinus and Proburnetia (Rubidge and Sidor, 2001; Sidor and Smith, 2007).

Jugal – The jugal is more complete on the left side (Figure 2C), which preserves a nearly complete suborbital bar. On the right side, this bar is broken and allows for the suture between the jugal and underlying maxilla to be seen in cross-section (Figures 2A,B). In ventral view (Figure 4), the jugal extends remarkably far anteriorly, wedging itself between the ectopterygoid and maxilla. This configuration has not been reported previously for a burnetiamorph, and is considered an autapomorphy of Isengops. The contact between the jugal and postorbital can be seen only in ventral view, on the lateral margin of the subtemporal fenestra.


[image: Fossil skull of a Labidosaurikos, ventral view. Left: photo of the fossil showing bone texture and coloration. Right: detailed line drawing with labeled anatomical features, including the can, v, pc1, pc7, pal, ec, m, j, pt, and po. Scale bar indicates three centimeters.]

FIGURE 4. The holotype of Isengops luangwensis gen. et sp. nov. (NHCC LB363) in ventral view. 1, 7, tooth position number; can, upper canine; ec, ectopterygoid; j, jugal; m, maxilla; pal, palatine; pc, postcanine tooth; po, postorbital; pt, pterygoid; v, vomer.


Postorbital Bar – Based on the condition recorded for most other Permian therapsids, the postorbital bar was likely formed by the jugal and postorbital. Unfortunately, the limits of neither element can be identified on the lateral surface of the bar (Figure 2C). Compared to other burnetiamorphs, the postorbital bar is not pachyostosed and is much longer anteroposteriorly than thick mediolaterally. In contrast to the condition in burnetiines like Bullacephalus and Burnetia, Isengops shows no indication of a distinct thickening at the dorsal part of the postorbital bar, near its confluence with the skull roof. A small section of suture between the postorbital and squamosal appears above the lateral temporal fenestra on the right side.

Skull Table – The elements of the skull table are co-ossified and mildly pachyostotic. In posterior view, a cross-section of the dermal skull roof is visible along the broken surface between the parietal foramen and base of the left supraorbital boss (Figure 5). Two layers are apparent: a deeper, compact layer with trabecular structure and a more superficial layer that lacks clear internal organization. At a macroscopic level, this two-layered anatomy corresponds to what Kulik and Sidor (2019) described as zone B and zone C + D in thin-section. The degree of vascular pachyostosis in this region of the skull roof of Isengops is much reduced compared to what Kulik and Sidor (2019) described in the corresponding region of an unidentified burnetiamorph skull cap.


[image: Fossil vertebra in a reddish-brown hue with a smooth surface, showcasing prominent bony protrusions. Below, a line drawing of the vertebra highlights labeled parts, including p, s, ip, t, so, ex, and fm, with a scale indicator of two centimeters.]

FIGURE 5. The holotype of Isengops luangwensis gen. et sp. nov. (NHCC LB363) in occipital view. ex, possible exoccipital; fm, foramen magnum; ip, postparietal; p, parietal; s, squamosal; so, supraoccipital; t, tabular.


Above each orbit, the most striking feature of the skull table is a tall supraorbital boss. It resembles a trigonal pyramid in geometry, with flat faces directed posteriorly and medially that converge at the apex. The remaining face is directed anterolaterally and is situated above the orbit. This configuration is most similar to that seen in Lemurosaurus (Sidor and Welman, 2003). In Isengops, however, ridges are present along the anterior and posterior edge of this face, and the apex is thickened to overhang a shallow fossa positioned just above the orbit. This anatomy is unlike that seen in any other burnetiamorph, with the possible exception of the left supraorbital boss in Lende, but the description of Kruger et al. (2015) does not make it clear if this feature is natural (because it is lacking on the other side). The supraorbital boss in Isengops is proportionately taller than in any other burnetiamorph, being over 50% of the height of the orbit.

The anatomy of the region surrounding the parietal foramen is also unique among burnetiamorphs. Anterior to the foramen, the pineal boss blends almost seamlessly into the skull roof. Laterally and posteriorly, however, the parietal foramen is raised above the surrounding elements, such that a shallow fossa is formed between the pineal boss, the supraorbital boss, and the base of the supratemporal horn. Importantly, the anatomy in Isengops does not conform to what Kammerer (2016) regarded as a dome-like anatomy, where the parietal boss and supraorbital boss become confluent. Although the occipital border is incompletely preserved, the parietal foramen was situated relatively posteriorly, which is the plesiomorphic condition within burnetiamorphs (Smith et al., 2006).

The right supratemporal horn is well preserved and is directed posteriorly, dorsally, and slightly laterally (Figures 2, 3, 5). A supratemporal horn is present in all burnetiamorphs where this region is preserved, except for Lemurosaurus, although it takes a variety of forms. For example, in Bullacephalus, Burnetia, and Niuksenitia the entire posterior margin of the squamosal is thickened so that the horn is incorporated into the larger pachyostosis. In Isengops, the supratemporal horn is particularly well defined and upturned. In lateral view, the dorsal margin of the temporal fenestra shows a recess under supratemporal boss, which is seen also on the right side in Lende (Kruger et al., 2015: Figure 1C), but is absent in all other described burnetiamorphs.



Palate

Vomer – In ventral view (Figure 4), the choanal portion of the unpaired vomer has complex shape, narrowing slightly from anterior to posterior. Anteriorly, this region is flat to convex anteriorly, but is ventrally concave surface near its mid-length, as several other biarmosuchians (Sidor, 2003; Sidor and Smith, 2007). This troughed appearance is the product of the vomer having downturned lateral edges in the region of the choana, but these edges are weathered so the degree to which they curled together towards the midline is unknown. From what is preserved, the downturned edges of the vomer fail to coalesce on the midline posteriorly. Anteriorly, the connection between the vomer and premaxilla is not preserved.

The post-choanal portion of vomer is trapezoidal in ventral view and has a deep crack on its midline, making the recognition of a suture (or lack thereof) difficult to determine in this area. Posteriorly, the vomer contacts the palatine and pterygoid. As is characteristic for therapsids, the choana is relatively long and extends further posteriorly than the maxillary tooth row (Sidor, 2003).

Palatine – This element is better preserved on the right side and conforms to the general outline seen in most biarmosuchians (Sidor et al., 2004; Sidor and Smith, 2007). The palatine extends anteriorly to just behind the maxillary swelling that houses the upper canine. It forms the lateral margin of the choana posteriorly until it contacts the palatal portion of the vomer. The body of the palatine is deeply V-shaped in frontal section, with the apex formed by an anteriorly and slightly laterally oriented palatal ridge. The palatine ridge is more complete on the left side, where it preserves the roots of three small teeth. Uniquely among burnetiamorphs, the palatine teeth form a single row and the boss into which they implant is nearly straight and does not form a semicircular or triangular platform anteriorly. Laterally, the palatine contacts the maxilla and ectopterygoid, whereas most of its posterior border is with the pterygoid.

Ectopterygoid – The excellent preservation of the palate of NHCC LB363, combined with its lack of a lower jaw, has yielded new information about the anatomical relationships of the ectopterygoid in a burnetiamorph. In ventral view, the element has the outline of a right triangle, with the hypotenuse directly obliquely across the palate (Figure 4). A delicate vertical lamina is present and slightly inset from its lateral margin, connecting the palatal portion of the element to the lateral part of the transverse flange of the pterygoid. Lateral to the transverse flange of the pterygoid, a longitudinal trough for the adducted mandible is formed by the maxilla laterally, the jugal dorsally, and the ectopterygoid and pterygoid medially. In lateral view (Figure 2), the lack of a lower jaw affords a view of the ectopterygoid descending on the lateral surface of pterygoid wing, forming its anterior face.

Pterygoid – The pterygoid is more completely preserved on the left side. Anteriorly, the pterygoid forms a complex suture with the vomer and palatine. Surprisingly, there is no evidence for a midline suture connecting the pterygoids, so we must assume they are fused. As with the palatine, the pterygoid palatal ridge is directed anterolaterally and is remarkably narrow, housing a reduced complement of teeth (only one is visible on the left side, none on the right). The palatal ridge of the pterygoid is continuous with the transverse flange, which also occurs in Lobalopex (Sidor et al., 2004: Figure 3), although the frequency with which this connection has been accidentally damaged in other burnetiamorphs is uncertain. A cluster of three extremely small tooth roots is present near the medial extent of the transverse flange of the pterygoid on the left side, but corresponding evidence for teeth on the right side is absent. The transverse flange deepens laterally and bears a rugose, presumably cartilage-covered, lateral surface. Posteriorly, the basicranial ramus of the pterygoid is more complete on the left side, but only the anterior-most portion of the pterygoid ramus is preserved. Based on what is preserved, the basicranial ramus likely had a small parasagittal ridge that laterally bounded the interpterygoid vacuity, but this area is incomplete.



Occiput and Braincase

Compared to the palate, the occiput and braincase are poorly preserved in NHCC LB363, with much of the left side of the occiput missing so that matrix filling the temporal fenestra can be in posterior view (Figure 5). The postparietal is present and bears a midline nuchal crest, although the paired descending ridges highlighted by Kammerer (2016) in Paraburnetia and Bullacephalus are not apparent. The outline of the foramen magnum is recognizable and the opening appears shifted to the left of the midline, as most of surrounding bones are damaged on this side and seen in section. Sutures delimiting the medial and ventral extent of the right squamosal are visible in occipital view. In addition, the right tabular is mostly preserved, as is a good portion of the supraoccipital on that side. Ventral to the foramen magnum, we can more tentatively identify the basioccipital and right exoccipital, although for both of these only the internal anatomy of each bone is visible in cross-section.



Discussion


Phylogenetic Position of Isengops

Kammerer and Sidor (2021) recently published a comprehensive review of the characters used in most previous analyses of burnetiamorph phylogenetic relationships. Their paper was, in part, a response the results of Day et al. (2016), who found unorthodox phylogenetic results markedly at contrast to the majority of those since the initial studies of the group (e.g., Sidor, 2000; Sidor and Welman, 2003; Sidor et al., 2004; Kammerer, 2016). Day et al. (2016) were concerned with the lack of concordance between the stratigraphic and phylogenetic positions of burnetiamorph genera such as Bullacephalus and Pachydectes and based their study on the data set of Kammerer (2016), but added 12 characters. Surprisingly, they found currently recognized burnetiamorphs to be paraphyletic in some analyses, with the middle Permian Bullacephalus and Pachydectes forming a clade with Hipposaurus to the exclusion of other burnetiamorph taxa. Kammerer and Sidor (2021) reanalysis of the Day et al. (2016) data set suggested that: (1) some characters could be excluded because they were either parsimony uninformative or strongly tied to ontogenetic status of the specimens under study, (2) some character state attributions were mistaken and were corrected in the revised data matrix, and (3) some characters had to be reformulated in order to better describe and encompass the range of variation seen within the ingroup. After their revisions, the Kammerer and Sidor (2021) resulting data set included 27 characters and 21 operational taxonomic units (all biarmosuchians). In some analyses, three particularly incomplete specimens (BP/1/7098, NHMUK PV R871a, and TM 4305) were removed.

To determine the phylogenetic position of Isengops, we added it to the complete data set of Kammerer and Sidor (2021). Thus, the current analysis includes 27 characters assessed in 22 taxa. The line of character codings for Isengops is provided in Appendix 1. All other aspects of the analysis were identical to those of Kammerer and Sidor (2021), including character ordering and outgroup selection.

When the complete data set was analyzed using the heuristic analysis option of PAUP 4∗ (Swofford, 2002), 18,768 most parsimonious trees were found. When the three particularly incomplete specimens were removed, this number was reduced to 532 most parsimonious trees. The majority-rule consensus cladogram of the more restricted analysis is shown in Figure 6 and generally conforms to the results given by Sidor and Smith (2007) as well as by Kammerer (2016), with several burnetiamorph taxa (e.g., Lemurosaurus, Lobalopex, Lophorhinus) falling outside Burnetiidae, which is itself subdivided into Burnetiinae (Bullacephalus, Burnetia, Mobaceras, Niuksenitia, Pachydectes) and Proburnetiinae (Lende, Leucocephalus, Proburnetia, Paraburnetia). In all trees, Isengops was found to be more derived than Lemurosaurus and Lobalopex, falling just outside of Burnetiidae and it was not particularly closely related to either Mobaceras (the other burnetiamorph known from Zambia) or Lende, which is known from Malawi.


[image: Phylogenetic tree diagram showing the evolutionary relationships of various species within Burnetiamorpha, including Biarmosuchus, Hipposaurus, and others. The clade Burnetiidae has subgroups with confidence levels of seventy-five and seventy-one. Silhouettes of Africa are displayed next to each species name.]

FIGURE 6. Phylogenetic relationships inferred among burnetiamorph biarmosuchians. The majority-rule consensus of 532 minimum-length trees of 49 steps is shown, with values above branches denoting the percentage of trees showing that clade (when less than 100%). Each tree had a Consistency Index of 0.735 and a Retention Index of 0.882. Of the 19 biarmosuchian taxa included, Biarmosuchus, Niuksenitia and Proburnetia are from Russia (modified Eurasian silhouette) whereas the remaining species from southern Africa (continental African silhouette).




Burnetiamorph Biogeography

Burnetiamorph fossils are known from at least six geologic basins spanning the northern (Russia) to southern regions of Pangea (Malawi, South Africa, Tanzania, and Zambia). In all of the burnetiamorph phylogenies reported to date, the two Russian forms (Niuksenitia and Proburnetia) are not sister taxa, which implies independent dispersal events to northern Pangea (Figure 6). In addition, there is little consistency between stratigraphic appearance and phylogenetic position for taxa included in these phylogenies (see Wagner and Sidor, 2000). Two contrasting interpretations have been offered to explain these patterns. The first, typified by Sidor and Welman (2003), suggests that burnetiamorphs were, as a clade, likely widely distributed across Pangea and paleontologists have succeeded in sampling their diversity only rarely. Sidor and Welman (2003) suggested that the fossil record is not sufficient to answer questions like the area of origin of burnetiamorphs until adequate sampling – or at least equivalent sampling – can be demonstrated for all of the areas under consideration. In the second interpretation, the burnetiamorph cladograms and the stratigraphic position of their constituent taxa are viewed as straightforward guides to the biogeographic history of the group. For example, Rubidge and Kitching (2003:207) suggested that, “[Burnetiamorpha] had its origins in Gondwana” and Kruger et al. (2015:e1008698-8) stated, “what is now southern Africa was a potential area of origin for burnetiamorphs.” Below we analyze abundance data to assess the quality of the burnetiamorph fossil record.

Sidor and Welman (2003) suggested that burnetiamorphs have a poor fossil record, perhaps more so than other therapsids of the same geologic age. In terms of the number of specimens, the burnetiamorph fossil record is summarized in Table 1. These numbers can be readily compared to the numbers of other tetrapod fossils from the Karoo Basin of South Africa provided by Smith et al. (2012). Abundance data for other basins are more difficult to gather, but a preliminary comparison for Tapinocephalus and Cistecephalus-equivalent strata in three other southern Pangean basins is shown in Figure 7. It seems clear that Tanzanian and Zambian rocks have produced substantially fewer fossils than those of equivalent age in Karoo Basin of South Africa (Figure 7A). It is likewise apparent that biarmosuchian specimens, most of which are burnetiamorphs, are much less abundant in the fossil record than most of the other therapsid subclades (Figure 7B), including their nearest ecological equivalents, the gorgonopsians and therocephalians. Based on these data, Sidor and Welman’s (2003) worries that the burnetiamorph record might be insufficient to fruitfully assess biogeographic history seem justified.


[image: Two graphs (A and B) compare the abundance of various taxa across stratigraphic zones. Graph A shows data from four regions: Karoo, Zambia, Ruhuhu, and Chiweta, using different symbols. Graph B displays the abundance of six taxonomic groups: Biarmosuchia, Dinocephalia, Dicynodontia, Gorgonopsia, Therocaphalia, and Cynodontia, using unique symbols and a line for Biarmosuchia. The x-axis lists stratigraphic zones: Eodicynodon, Tapinocephalus, Pristerognathus, Tropidostoma, Cistecephalus, and Dicynodon. The y-axis indicates abundance.]

FIGURE 7. The fossil record of Permian therapsids from southern Pangea. Number of cataloged specimens in each geographic area (A) and number of cataloged specimens in each therapsid subgroup (B) are plotted against the biostratigraphic subdivisions of the Karoo Basin (Rubidge, 2005; Viglietti et al., 2016). Intervals where inter-basin comparisons are possible are highlighted in gray in (A). Abundance data are from Smith et al. (2012) for the Karoo and Peecook (2016) for Ruhuhu and Zambia (note that lower Madumabisa Mudstone Formation data from the Mid-Zambezi Basin are used for the Tapinocephalus Assemblage Zone and upper Madumabisa Mudstone Formation data from the Luangwa Basin are used for the Cistecephalus Assemblage Zone). Abundance data for the Chiweta beds of Malawi are based museum records at the SAM and UMZC as well as on the results of more recent collecting.


As part of their biogeographic argument, Kruger et al. (2015; see also Day et al., 2018) noted that both the oldest and the phylogenetically earliest diverging burnetiamorphs are from South Africa, as well as the majority of species. However, given the amount of paleontological effort devoted to the Karoo relative to other areas of mid-to-late Permian age (i.e., sampling noted above), one might predict all three of those observations to occur purely by chance. A more compelling scenario that contradicts the expectations of sampling would be if the earliest and most primitive members of a group occurred outside of the Karoo, and then only later did the group in question appear within South African rocks. Olroyd et al. (2018) found such an example for endothiodont dicynodonts. Another important consideration is the quality of the phylogenetic hypotheses available. The number of characters evaluated relative to the number of terminal taxa is relatively low in the current analysis, as well as in the analysis of Kruger et al. (2015), Day et al. (2018), Kammerer and Sidor (2021), and all previous studies. Relatedly, nearly all of the internal nodes recovered in the current analysis have weak support values. Indeed, adding a single extra step to the current analysis yields over four million most parsimonious trees, the strict consensus of which lacks any resolution within Burnetiamorpha. The pachyostosis seen in many burnetiamorphs can obscure the recognition of sutural contacts, thereby limiting the recognition of detailed homologies (Kulik and Sidor, 2019). It is possible that an over-reliance on characters related to cranial pachyostosis has led previous phylogenetic analyses astray and a greater variety of characters (e.g., postcranial) would yield a cladogram more consistent with the stratigraphic appearance of burnetiamorph taxa.

Like several previous authors, Day et al. (2018: 471) suggested that the, “origins of Burnetiidae probably lie in Gondwana” but they went further to suggest that the main Karoo Basin might have been on the fringe of the geographic range of burnetiamorphs, with greater numbers of species expected elsewhere (presumably at lower latitudes). The discovery of relatively numerous burnetiamorph skull caps in both the Guadalupian lower Madumabisa Mudstone Formation of Zambia as well as the Lopingian Usili Formation of Tanzania (Sidor et al., 2010, 2014 and unpublished data) is intriguing, but most of these specimens appear to represent one or two species/morphotypes. Therefore, while there is the suggestion that the abundance of individuals within a species is higher in Tanzania and Zambia, the low number of burnetiamorph species recognized per formation seems consistent regardless of geographic position.



Bosses, Horns, and Speciation

The discovery of a previously undescribed species of burnetiamorph in the upper Madumabisa Mudstone Formation of Zambia is somewhat surprising given that the faunal assemblage from these beds has been considered remarkably similar to others across southern Pangea. Indeed, Sidor et al. (2013) noted that of 21 Permian species recorded in Luangwa Basin of Zambia, only five were unique occurrences (i.e., endemic), with the 16 other taxa occurring in at least one other basin. However, it’s worth pointing out that Huttenlocker and Sidor (2020) have since reidentified one specimen as belonging to a new, endemic species for Zambia.

More generally, the discovery of an endemic burnetiamorph in Zambia conforms to the general pattern for the clade: almost every time a new burnetiamorph specimen is found, it is recognized as a new species. As seen in Table 1, only rarely are burnetiamorph species known from more than one specimen. At least three reasons might underlie this pattern. First, paleontologists using a morphological species concept might be compelled to recognize new species based on the differing forms of cranial ornamentation observed. In other words, because horns and crests elaborate through ontogeny, semaphoronts of the same species might be recognized as distinct species. Second, Day et al. (2018) proposed that burnetiamorphs might conform to the pattern, suggested by Stanley (1986) for Neogene bivalves, that rare species generally have high speciation rates.

A third, and more thought-provoking explanation for the relatively high number of burnetiamorph species given their low sample size, is that cranial ornamentation has a macroevolutionary relationship with speciation rate. As proposed for other clades like ceratopsian dinosaurs, horns and other visual displays might promote speciation by allowing for social selection or enhanced species recognition (Vrba, 1984; Sampson, 1999; Padian and Horner, 2011). One prediction made by this hypothesis is that a clade with adorned species should be more speciose than a closely related, but unadorned clade, with similar ecology. Although not sister-taxa, burnetiamorphs can be compared with gorgonopsians and therocephalians, as all three clades first appear in Guadalupian of southern Pangea, overlap in inferred body size, and share similar carnivorous ecologies. Remarkably, there are 13 burnetiamorph species known from 16 specimens (Table 1). By comparison, in the Cistecephalus Assemblage Zone of South Africa, there are 18 gorgonopsians based on 146 specimens, and nine therocephalians based on 46 specimens (based on values reported in Smith et al., 2012). Although preliminary, this suggests that burnetiamorphs were more speciose than would be expected given their sample size (Sidor et al., 2017).

A more systematic analysis of cranial adornment and its relationship to speciation would need to address the function of burnetiamorph horns and crests. Hieronymus et al. (2009) compared the osteological and histological correlates of various skin structures in a variety of extant tetrapods to the anatomy seen in centrosaurine ceratopsians as a way to infer the function of the latter (e.g., for head-butting). Kulik and Sidor (2019) applied the criteria developed by Hieronymus et al. (2009) to two burnetiamorph skull caps from the middle Permian of Zambia, but were unable to make definitive inferences about what covered them in life because of imperfect surficial preservation. Future work addressing the function of burnetiamorph cranial adornments will need to focus on comparative biomechanics, as has been previously proposed for some other groups with thickened, pachyostotic crania (e.g., tapinocephalids and pachycephalosaurs; Barghusen, 1975; Sues, 1978).
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APPENDIX 1

This line of data was added to the cladistic analysis of biarmosuchian relationships presented by Kammerer and Sidor (2021). The complete list of characters and the remainder of the data matrix can be found in that paper or at Morphobank publication #3785 (https://morphobank.org/index.php/Projects/ProjectOverview/project_id/3785).
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The origin of Reptilia and the biostratigraphic and palaeobiogeographic distribution of its early representatives are still poorly understood. An independent source of information may come from the extensive Carboniferous footprint record of reptiles, which is arguably richer and more complete than the skeletal record. Nevertheless, previous studies often failed to provide useful information because they were based on poorly preserved material and/or characters non-exclusive of reptile tracks. In fact, a large part of the supposed early reptile tracks can be assigned to the anamniote ichnotaxon Hylopus hardingi. Here, we revise the ichnotaxon Hylopus hardingi based on anatomy-consistent material, attribute it to anamniote reptiliomorphs, and distinguish it from Notalacerta missouriensis, the earliest ichnotaxon that can be attributed to reptiles, and the somewhat younger Varanopus microdactylus (attributed to parareptiles, such as bolosaurians) and Dromopus lacertoides (attributed to araeoscelid reptiles and non-varanodontine varanopids). These attributions are based on correlating morphofunctional features of tracks and skeletons. Multivariate analysis of trackway parameters indicates that the late Bashkirian Notalacerta missouriensis and Hylopus hardingi differ markedly in their trackway patterns from Late Mississippian Hylopus hardingi and Late Pennsylvanian reptile tracks, which appear to share a derived amniote-like type of gait. While the first occurrence/appearance of reptile tracks in the tetrapod footprint record during the late Bashkirian corresponds to the first occurrence/appearance of reptiles in the skeletal record, footprints significantly enlarge the paleobiogeographic distribution of the group, suggesting an earlier radiation of reptiles during the Bashkirian throughout North America and possibly North Africa. Dromopus appeared in the Kasimovian together with the diapsid group Araeoscelidia, but footprints from Western-European occurrences enlarge the paleobiogeographic distribution of diapsids and varanopids. Varanopus and bolosaurian parareptiles appear in the Gzhelian of North America. Older parareptiles are, however, known from the late Moscovian. In all, the footprint record of early reptiles supplements the skeletal record, suggesting possible future lines of research.

Keywords: tetrapod ichnology, Notalacerta, Hylopus, trackway parameters, trackmaker attribution


INTRODUCTION
The origin of reptiles has been consistently placed in the Carboniferous, and more specifically, a late Mississippian to Early Pennsylvanian origin of this group is inferred (e.g., Didier and Laurin, 2020; Pardo et al., 2020 and references therein). The skeletal record of the earliest reptiles is, however, rather incomplete, scattered and in need of revision (e.g., Mann et al., 2019). Moreover, the phylogeny of the earliest representatives of reptile groups is often unclear or not fully resolved, because of the overall similarity among these forms and the difficult distinction from closely related anamniote reptiliomorphs and synapsids (e.g., Ford and Benson, 2020). An independent source of information may come from the tetrapod footprint record, especially as regards the palaeoecology, biostratigraphic and palaeobiogeographic distribution of reptile groups. Moreover, fossil footprints can provide clues to potential interrelationships among trackmaker groups that, however, can only be verified through the phylogenetic study of the skeletal record. Tetrapod footprints are a valuable source of information for tetrapod groups, provided that a sound anatomy-consistent ichnotaxonomy and track-trackmaker correlation have been established (e.g., Haubold et al., 1995; Voigt et al., 2007; Marchetti et al., 2019a,b). The tetrapod footprint record of the Carboniferous is generally more extensive than the skeletal record (e.g., Lucas, 2019). Therefore, hypotheses about the origin of reptiles can benefit from the inclusion of data obtained from the footprint record. Nevertheless, recent revision studies based on anatomy-consistent approaches are few (e.g., Voigt and Ganzelewski, 2010; Buchwitz and Voigt, 2018; Marchetti et al., 2020a), and most material is in need of revision. This has caused misinterpretations of the tetrapod footprint record, especially with regard to the origin of reptiles. In fact, the morphology of early reptile tracks and contemporary anamniote reptiliomorphs can be very similar and is easily misinterpreted without a thorough ichnotaxonomic study. This is especially the case with the ichnotaxon Hylopus hardingi, probably an anamniote reptiliomorph track type. Material assignable to this ichnotaxon is often erroneously assigned and mistaken for a reptile track (e.g., Falcon-Lang et al., 2007; Marchetti et al., 2019a, 2020a). Thus, in order to clarify the origin of reptiles in the tetrapod footprint record, a thorough revision of this ichnotaxon is necessary, as well as a detailed study of the earliest reptile ichnotaxa and their trackmakers. In this work, we comprehensively revise Hylopus hardingi and compare it to the early reptile ichnospecies Notalacerta missouriensis, Varanopus microdactylus, and Dromopus lacertoides. A track-trackmaker correlation based on morphofunctional features of tracks and skeletons is then proposed for these four ichnotaxa. Multivariate analysis has been carried out for Late Carboniferous-Cisuralian reptile tracks and the anamniote reptiliomorph track Hylopus, in order to infer trends in the evolution of locomotor capabilities of the alleged trackmaker groups. In addition, considerations of the stratigraphic distribution and paleobiogeography of both the earliest reptile footprints and skeletons are proposed.



MATERIALS AND METHODS


Ichnological Study

The tetrapod footprint material has been studied first-hand whenever possible and photographed with a digital camera perpendicular to the footprint surface when illuminated by artificial oblique light. Some relevant specimens were drawn on transparent film and later digitized. All the specimens were evaluated by means of the morphological preservation scale/rating of Marchetti et al. (2019a). Only well-preserved footprints (preservation grade 2.0–3.0) and, when possible, trackways, have been considered relevant to our ichnotaxonomic study. These specimens record the anatomy-consistent features of footprints, which are used as diagnostic characters for the assignment, and they have not been altered substantially due to substrate characteristics, such as water saturation, cohesiveness and grain size spectrum or by secondary behavior of the trackmaker, such as sliding, limping, etc. These substrate and behavioral factors can produce morphological features unrelated to or inconsistent with the trackmaker anatomy, generally known as extramorphologies sensu Peabody (1948) and Haubold et al. (1995).

The tetrapod track measurements listed in Tables 1–3 were taken with specific software (e.g., Gimp2®) and mostly follow the conventions of Leonardi (1987). 3D models were obtained through digital photogrammetry with the software Agisoft Photoscan Professional® (v.1.4.0). Contour lines and color depth maps were obtained by employing the software Cloud Compare® (v.2.8 beta) and Paraview® (v.4.1.0).


TABLE 1. Ichnological parameters of pedal footprints.

[image: A table listing various ichnotaxa with columns for specimen number, trackway number, formation, age, state, and specific measurements related to foot length, width, and other dimensions. Measurements include detailed metrics like foot length, width ratio, sole length and width, and digit divergence. Age references range from Ghzelian-Asselian to Late Mississippian, covering various locations such as Kansas, Nova Scotia, Missouri, and more. The table also contains a detailed legend explaining abbreviations used for measurement metrics.]

TABLE 2. Ichnological parameters of manual footprints.

[image: Table listing various prehistoric specimens, detailing measurements including foot length, width, and toe lengths. Includes columns for specimen number, formation, age, state, and various numerical data related to limb and digit measurements. Geographical locations span several U.S. states and Canada, with age ranging from the Early Moscovian to the Late Bashkirian period.]

TABLE 3. Ichnological parameters of vertebrate trackways.

[image: A detailed data table listing various specimens with measurements and characteristics. Columns include specimen number, formation, age, state, and various numeric data for parameters like trackway number, pace length, and divarication. The table covers a range of geological periods and locations, primarily within North America, with some entries from Europe. Measurements include specific parameters like stride length, pace angulation, and width of pace.]
The track-trackmaker correlations were based on morphofunctional features that tracks and postcranial skeletons of the potential trackmakers have in common (e.g., Voigt et al., 2007; Marchetti et al., 2017, 2019b, 2020b). These morphological features in tracks do not have a cladistic meaning, but instead have a precise functional and morphometric meaning that is caused by specific functional and morphometric features of the trackmaker postcranial skeletons, and this may have instead a cladistic meaning (e.g., Carrano and Wilson, 2001). In fact, ichnotaxonomy is a parataxonomy parallel to the phylogenetic classification of the producers, so any relationship to clades is not an actual assignment but rather a correlation. Notwithstanding, these track features can still be the subject of character evolution studies based on pre-existing trackmaker phylogenies (e.g., Buchwitz et al., 2021). In our discussion of producer groups for reptile tracks, we follow the phylogenetic analysis of Ford and Benson (2020), whose results indicate that varanopids were a group of reptiles, although most other hypotheses have grouped varanopids within synapsids (e.g., Reisz and Dilkes, 2003; Berman et al., 2014; Spindler et al., 2018). The term “Reptiliomorpha” is used here according to the temnospondyl hypothesis of lissamphibian ancestry (sensu Ruta et al., 2003; Ruta and Coates, 2007) and groups of early tetrapods presumably more closely related to amniotes than temnospondyls are referred to as “anamniote reptiliomorphs” here.



Multivariate Analysis

To define their degree of similarity and whether they can be separated based on standard imprint and trackway measurements (Table 3 and Supplementary Material), we compare the following Late Mississipian and Pennsylvanian samples of alleged anamniote reptiliomorph and reptile tracks in a multivariate approach (employing the statistics software package PAST 3 and 4.05; Hammer et al., 2001): ten trackways of Hylopus hardingi from Late Mississippian deposits of Pennsylvania, West Virginia and Nova Scotia (e.g., Sundberg et al., 1990; Fillmore et al., 2012; this work) and one trackway from early Bashkirian deposits of Nova Scotia (e.g., Sternberg, 1933); three trackways of Hylopus hardingi from late Bashkirian strata of New Brunswick and Nova Scotia (e.g., Falcon-Lang et al., 2007; this work); six trackways of Notalacerta missouriensis from late Bashkirian units of Alabama, Kentucky and Nova Scotia (e.g., Chesnut et al., 1994; Haubold et al., 2005; Marchetti et al., 2020a); and five trackways of Notalacerta missouriensis from deposits of the McAlester Formation of Oklahoma, which have a Moscovian age (e.g., Lucas et al., 2004; Marchetti et al., 2020a). Four trackways of Gzhelian age from Kansas and Nova Scotia (e.g., Marsh, 1894; Van Allen et al., 2005), which have been assigned to Dromopus lacertoides and Varanopus microdactylus, and one Hylopus hardingi trackway (specimen SGM SA) from the Moscovian of Germany (e.g., Voigt, 2007) are included as individual samples. Further trackways of Hylopus hardingi and cf. Hylopus isp. have been measured (Table 3) but are not considered here because their morphological preservation is not sufficient to define the (total) pes length.

Because the sample sizes of Late Pennsylvanian Varanopus microdactylus and Dromopus lacertoides are too small for the purpose of inferring group characteristics for these two ichnotaxa and to compare them with the older Notalacerta missouriensis records, we broaden the database. We include five trackways of Varanopus microdactylus and 12 trackways of Dromopus lacertoides from the Cisuralian of the Thuringian Forest (data from Voigt, 2005). Accordingly, we consider two different test cases: (1) four groups of Mississippian to Moscovian anamiote reptiliomorph and reptilian tracks (Mississippian-early Bashkirian Hylopus, late Bashkirian Hylopus, Bashkirian Notalacerta, Moscovian Notalacerta) plus five individual trackways (Gzhelian Dromopus, Gzhelian Varanopus, Moscovian Hylopus) and (2) four groups of Bashkirian to Cisuralian reptile tracks (Bashkirian Notalacerta, Moscovian Notalacerta, Gzhelian-Cisuralian Dromopus, Gzhelian-Cisuralian Varanopus).

We use pes length as a body size proxy for the normalization of length measures, such as stride length, pace length, gauge width, pes-manus distance and “apparent trunk length” (glenoacetabular length sensu Leonardi, 1987, formula for walking trot), as a standard procedure to eliminate body size as a cause of variation. Four normalized length measures—normalized pedal stride length, normalized pedal gauge width, normalized difference between manual and pedal gauge width and normalized distance between pes and manus parallel to the trackway midline—and two angles—the orientation of the pes with respect to the trackway midline and the orientation of the manus with respect to the pes—were chosen for multivariate comparison and statistical testing. These six parameters can describe a symmetrical homogeneous trackway pattern exhaustively, minimize redundancy and can also be interpreted in terms of trackmaker function (e.g., Buchwitz and Voigt, 2018).

We employ standard multivariate normality tests implemented in PAST3 (Mardia tests, Doornik and Hansen omnibus) to find out whether empirical distributions follow a multivariate normal distribution. Depending on the test results, we continued either with multivariate analysis of variance (MANOVA)—to test the overall distinctiveness of the predefined groups via two different test statistics (Wilk’s lambda, Pillai trace) and to determine the degree of distinction between pairs of groups (Mahalanobis distances)—or permutational analysis of variance (PERMANOVA) as a non-parametric alternative test.

In the next analysis step, we used linear discriminant analysis (LDA) to address the question of how well the four groups can be separated from each other through linear discriminant functions. In the analysis of Hylopus and Notalacerta samples, five Pennsylvanian trackways (Gzhelian Dromopus, Gzhelian Varanopus, Moscovian Hylopus) were included as unassigned specimens in order to determine how they are sorted into one of the four groups. In three further LDAs based on the same set of trackway parameters, the Notalacerta samples were considered alone, in combination with Cisuralian Dromopus and Varanopus samples and in combination with the joint Gzhelian-Cisuralian samples of Dromopus and Varanopus.



Institutional Abbreviations

ALMNH –Alabama Museum of Natural History, Tuscaloosa, Alabama, United States, ANSP—Academy of Natural Sciences, Philadelphia, Pennsylvania, United States, BIRUG—University of Birmingham’s Lapworth, Birmingham, Museum of Geology, United Kingdom, CMN—Canadian Museum of Nature, Ottawa, Canada, DBM—Deutsches Bergbau-Museum, Bochum, Germany, JL—Private collection of Jim Lacefield, Tuscumbia, Alabama, United States, KGS—Paleontological Collections of the Kentucky Geological Survey, Kentucky, United States, KU—Biodiversity Institute and Natural History Museum, Lawrence, Kansas, United States, MCZ—Museum of Comparative Zoology, Harvard University, Cambridge, Massachusetts, United States, MNG—Museum der Natur, Stiftung Schloss Friedenstein, Gotha, Germany, NBMG—New Brunswick Museum, Saint John, Canada, NMMNH—New Mexico Museum of Natural History, Albuquerque, New Mexico, NSM—Nova Scotia Museum, Halifax, Canada, ROM—Royal Ontario Museum, Toronto, Canada, RPM—Reading Public Museum, Reading, Pennsylvania, United States, SGM—Geologisches Museum der Saarbergwerke AG, Saarbrücken, Germany, SMP—State Museum of Pennsylvania, Harrisburg, Pennsylvania, United States, UCM—Anniston Museum of Natural History, Anniston, Alabama, United States, UGKU—Urweltmuseum GEOSKOP, Thallichtenberg, Germany, USNM—National Museum of Natural History, Smithsonian Institution, Washington, D.C., United States, VP & SU—Department of Geological Sciences, Virginia Polytechnic Institute and State University, Blacksburg, Virginia, United States, YPM—Yale Peabody Museum, New Haven, Connecticut, United States.




RESULTS


Tracks Attributed to Anamniote Reptiliomorph Tracks

Hylopus (Dawson, 1882) (Figures 1D, 2D, and 3–5).


[image: Six images labeled A to F showing ancient track fossils with varying clarity and sediment colors. Images A, B, and C display distinct reptile-like footprints with visible toes, while images D, E, and F show more eroded and less defined tracks. Vertical white scale bars provide size reference.]

FIGURE 1. Carboniferous ichnotaxa attributed to reptiles (A–C) and anamniote reptiliomorphs (D–F). (A) NMMNH P-31746-7. Notalacerta missouriensis, right pes-manus couple, convex hyporelief. McAlester Formation, Oklahoma. (B) NSM 997 GF 30.6. Varanopus microdactylus, right pes-manus couple, convex hyporelief. Cape John Formation, Nova Scotia. (C) YPM 519. Dromopus lacertoides, left pes-manus couple, concave epirelief. Howard Limestone, Kansas. (D) NMMNH P-64276. Hylopus hardingi, right pes-manus couple, convex hyporelief. (E) NMMNH-NN 1. Amphisauropus kablikae, right pes-manus couple, convex hyporelief. McAlester Formation, Oklahoma. (F) KU-NN 1. Ichniotherium cottae, left pes-manus couple, concave epirelief. Rock Shale Member, Stanton Formation, Kansas. Scale bars (A–E) are 1 cm, scale bar (F) is 5 cm.



[image: Line drawings of six different frog feet labeled A to F, each showing variations in toe length and webbing. The differences highlight diverse adaptations in frogs. Black scale bars provide size reference.]

FIGURE 2. Carboniferous ichnotaxa attributed to reptiles (A–C) and anamniote reptiliomorphs (D–F), interpretive drawings. (A–F) See caption of Figure 1. Scale bars (A–E) are 1 cm, scale bar (F) is 5 cm.



[image: Panel A shows a photograph of fossilized dinosaur footprints with a label. Panel B includes drawings outlining the footprint shapes. Panel C is a close-up of footprints labeled with 'V' and 'i'. Panel D features a color depth map of the same footprints, using a scale from zero to 2.9 millimeters. Panel E, similar to C, shows another close-up of footprints. Panel F displays another color depth map with a scale up to 3.8 millimeters.]

FIGURE 3. Carboniferous anamniote reptiliomorph tracks, Hylopus hardingi. (A) NBMG 3060, “plastotype” of Hylopus hardingi, trackway, concave epirelief. Parrsboro Formation, Nova Scotia. (B) Interpretive drawing of (A). (C) Enlargement of (A). Right pes-manus couple. (D) False-color depth map of (C). (E) Enlargement of (A). Left pes-manus couple. (F) False-color depth map of (E). Manual digits indicated by Roman numbers. Scale bar is 1 cm.



[image: Various photographs of fossilized animal tracks on rock surfaces. Panels A to K show different footprints with some labeled with numerals or letters such as "I," "V," and "i." Each image showcases a distinct pattern of impressions on surfaces of varying textures and colors. A measuring scale is visible in panels A and G. The images highlight the detailed features of the ancient tracks.]

FIGURE 4. Carboniferous anamniote reptiliomorph tracks, additional material of Hylopus hardingi. (A) MCZ 267, two consecutive pes-manus couples, convex hyporelief. West Bay Formation, Nova Scotia. (B) NSM 008GF031.142, left pes-manus couple, convex hyporelief. Joggins Formation, Nova Scotia. (C) NSM 008GF039.336. Two left pes-manus couples. Joggins Formation, Nova Scotia. (D) NBMG 10128-1, right pes-manus couple, convex hyporelief. Enrage Formation, New Brunswick. (E) NBMG 14143, right pes-manus couple, convex hyporelief. Grande Anse Formation, New Brunswick. (F) UCM 263 JT, left pes-manus couple, concave epirelief. Pottsville Formation, Alabama. (G–J) Mauch Chunk Formation, Pennsylvania. (G) SMP-IP 8789, two consecutive left pes-manus couples, impression of digit I basal pad, tail impression and digit scratches, convex hyporelief. (H) SMP-VP 2325, left pes-manus couple, convex hyporelief. (I) MCZ-NN 1, isolated tracks, convex hyporelief. (J) RPM 1011, left pes-manus track, convex hyporelief. (K) DBM-NN 1. Left pes imprint, convex hyporelief. Germany. Manual digits indicated by Roman numbers. Scale bar (A) is 5 cm, scale bars (B–F,H–K) are 1 cm.



[image: Series of images and diagrams depicting dinosaur tracks and skeletal reconstructions. Panels A and B show photographs of fossilized tracks on a rock surface, highlighting impressions labeled "i" and "v". Panel C presents a false-color depth map of the track. Panel D contains skeletal diagrams illustrating the foot structure with labeled bones in color. Panels E and F showcase additional skeletal diagrams of the foot bones. Scale bars are present for reference.]

FIGURE 5. Carboniferous anamniote reptiliomorph tracks and trackmakers: Hylopus hardingi (A–C) and stem tetrapods and anthracosaurids (D–F). (A) NMMNH P-64276, trackway, convex hyporelief. Mauch Chunk Formation, Pennsylvania. (B) NMMNH P-64276, right pes-manus couple, concave epirelief. (C) False-color depth map of (B). (D) Proterogyrinus scheelei, reconstruction of left pes and manus, dorsal side. From Holmes (1984), modified. Manual digits indicated by Roman numbers. Centralia in orange, tibiale in yellow and intermedium and fibulare in brown. Red dotted lines represent the possible articulations within the tarsus. (E) Casineria kiddi, reconstruction of right manus, dorsal side. From Paton et al. (1999), modified. (F) Greererpeton burkemorani, reconstruction of left pes, dorsal side. From Clack (2002), modified. Scale bar (A) is 5 cm, scale bars (B,D–F) are 1 cm.



Type and Included Ichnospecies

Type and only ichnospecies Hylopus hardingi (= H. hamesi). H. caudifer and H. logani are here regarded as nomina dubia.



Revised Diagnosis

Five distinct digits on manus and pes, relatively long and slender (different from the temnospondyl tracks Batrachichnus, Limnopus, and Matthewichnus, which have a tetradactyl manus). Pedal footprints 25–107 mm long (51 mm on average), manual tracks about 1/3 shorter. Digits I-IV significantly increasing in length in the manus, more than in the pes (different from the amniote tracks Notalacerta and Varanopus and the anamniote tracks Amphisauropus and Ichniotherium, in which digits I–IV increase in length more markedly in the pes). Digit V as long as digit II (manus) or slightly shorter than III (pes) (different from Dromopus, in which digit V has a similar relative length in the pes and manus). Larger divergence between manus digits III-IV than between manus digits I–II and II–III (different from Notalacerta, which has a smaller manus digit III-IV divergence). Similar total divarication in pes and manus (different from Notalacerta and Dimetropus, which have a larger total divarication in the manus compared to the pes). Digit bases diverging and not laterally overlapping (different from Dromopus and Varanopus, which show proximal-lateral overlap of digit bases). Digit terminations tapering or enlarged, rarely with pointed end (different from amniote tracks, which show sharp terminations and claw marks). Digits distally markedly curved inwards (different from most anamniote tracks, which show straight digits). In fully impressed tracks, distinct, small circular basal pad of digit I in both pes and manus (different from all the amniote tracks and Ichniotherium cottae and I. sphaerodactylum, which do not have this feature). Semiplantigrade manus and semiplantigrade to plantigrade pes (different from Dromopus, which is semidigitigrade, and Dimetropus, which has a plantigrade pes). Both manus and pes slightly wider than long (different from Notalacerta and Dimetropus, in which the manus is slightly wider than long and the pes longer than wide, respectively). Palm relatively short, sole relatively short to proximally elongated with concave (manus and pes) or convex (pes) proximal margin, usually not impressed (the proximal elongation is not observed in Notalacerta). Simple alternating arrangement of close pes-manus couples, sometimes showing partial pes-manus overstep. Broad to relatively narrow trackways, pace angulation moderately high, ranging between 66 and 131°, being 100° on average and generally higher in manus imprints (different from Notalacerta and Dimetropus, which have a lower manus pace angulation). Relatively rare body/tail drag mark (different from Amphisauropus and Notalacerta). Pes outward-directed and manus forward- to slightly inward-directed.

Hylopus hardingi (Dawson, 1882).

	1863 Footprints of reptiles—Dawson, p. 6, pl. I, Figure 2
	1882 Hylopus hardingi n. igen. n. isp.—Dawson, p. 653
	1933 Hylopus hardingi—Sternberg, p. 952–953, pl. 36, Figure 2
	1947 Palaeosauropus isp.—Colbert and Schaeffer, p. 614–618, pl. 1
	1956 Asperipes isp.—Schmidt, p. 204–205, Figure 3
	1982 Cincosaurus tauentzieni n. isp.—Fichter, p. 38–45, Figures 2–3 and Tables 1,2
	1990 Hylopus hamesi n. isp.—Sundberg et al., p. 115, Figures 4, 5 and Tables 1–3
	2000 Hylopus hardingi—Mossman and Grantham, p. 194–195, Figure 8 and Table 2
	2005 Cincosaurus cobbi—Haubold et al., p. 96, 109, Figure 8B
	2007 aff. Pseudobradypus longidigitatus—Falcon-Lang et al., p. 1114–1115, Figure 3 and Table 1
	2007 Hylopus hardingi—Vrazo et al., p. 200–201, Figures 1, 2 and Tables 1–3
	2007 Pseudobradypus isp.—Wood and Miller, p. 183–185, Figures 3, 4 and Table 1
	2008 Amphisauroides isp.—Turek et al., p. 48–49, Figure 1B
	2010 Pseudobradypus longidigitatus—Falcon-Lang et al., p. 6–7, Figures 7–10
	2012 Hylopus hardingi—Fillmore et al., p. 58, Figures 47–59
	2012 Palaeosauropus primaevus—Fillmore et al., Figure 68B
	2012 Pseudobradypus isp.—Fillmore et al., Figure 74A
	2020a Notalacerta missouriensis—Marchetti et al., Figure 7J



Diagnosis

Same as for the ichnogenus.



Remarks

Hylopus hardingi is morphologically similar to Carboniferous ichnotaxa attributed to anamniote reptiliomorphs and reptiles (Figures 1, 2). It differs from the reptile track Notalacerta missouriensis based on the more ectaxonic and narrower manus with higher digit III-IV divergence and less ectaxonic and wider pes, as well as the broader palm/sole impression and the occurrence of circular basal pads of digit I. It differs from the reptile tracks Varanopus microdactylus and Dromopus lacertoides in the markedly lower pedal ectaxony, the non-occurrence of digit-base lateral overlap, the absence of sharp claw marks, the less curved pes digit I–IV imprints, the broader palm/sole impression and the occurrence of circular basal pads of digit I. It differs from the seymouriamorph track Amphisauropus kablikae in the narrower and more ectaxonic manus imprint, with a higher digit III–IV divergence and a relatively shorter digit V in the manus relative to digit IV. It differs from the diadectomorph track Ichniotherium cottae as a result of the more ectaxonic manus imprint and less ectaxonic pes imprint, the higher digit III-IV divergence and a relatively shorter digit V relative to digit IV in the manus, the shorter and non-elliptical palm/sole impression, and the occurrence of digit I basal pads.

The ichnogenus Hylopus was introduced by Dawson (1882) with the ichnospecies H. caudifer, H. hardingi and H. logani. Since the type ichnospecies was not specified, Matthew (1904) chose H. hardingi as the type ichnospecies of the ichnogenus. We follow this interpretation, because it is in agreement with the ICZN (1999). H. hardingi was erected on the base of a “plastotype” (Dawson, 1863, pl. I, Figure 2; NBMG 3060, Figure 3) of a specimen coming from the Parrsboro Formation of Nova Scotia, showing a trackway including five consecutive pes-manus couples. The original specimen was last reported to be in the King’s College of Windsor, Nova Scotia (Dawson, 1863, p. 6) and subsequently lost in a fire (Fedak, 2021). An additional cast of the original specimen is stored in the NSM collection. The footprints are relatively well preserved, semiplantigrade and pentadactyl, and the digit imprint proportions and arrangement are diagnostic. Digit I imprints are relatively shallow, but clearly preserved (Figures 3C–F), whereas digits II–V are more deeply impressed. So, the pentadactyly of this ichnotaxon is definitely confirmed as initially proposed by Dawson (1882). The possible manual tetradactyly suggested by later studies (Matthew, 1904; Sundberg et al., 1990; Fillmore et al., 2012) is rejected here as extramorphological, as is confirmed by additional material preserving five clear manual digit imprints (Figures 4A,E–J, 5A–C). Hylopus hardingi manus imprints that preserve only four digits thus are incomplete pentadactyl tracks: when digit V is missing, digit IV would be relatively too long to be the most lateral, and when digit I is missing, digit V is relatively too short compared to IV to be interpreted as digit IV. Small circular basal pad impressions below digit I are also visible (Figures 3C,D for the manus, Figures 3E,F for the pes). Another trackway from the Parrsboro Formation has been described by Mossman and Grantham (2000, Figure 8). Some undescribed material from the West Bay Formation of Nova Scotia includes incomplete step cycles with well-preserved footprints assignable to Hylopus hardingi (MCZ 267, YPM-PU 16983, YPM-PU 20103). MCZ 267 shows large tracks with unusually large sole impressions in a proximal-lateral position (Figure 4A). An undescribed specimen from the Pomquet Formation of Nova Scotia preserves a trackway showing partial overstep of the pes on the manus. Because of a well-preserved pes-manus couple, it is assignable to Hylopus hardingi (YPM-PU 18828). Sternberg (1933, pl. 36, Figure 2) described a trackway of Hylopus hardingi from the Joggins Formation, Nova Scotia. This is a relatively common ichnotaxon from this unit, several specimens including trackways, incomplete step cycles and isolated pes-manus couples display its diagnostic features, including the basal pad I impression and the typical manus morphology, more ectaxonic than the pes and high digit III-IV divergence (NSM 008GF031.142, NSM 008GF031.352, NSM 008GF039.014, NSM 008GF039.039, NSM 010GF045.051, NSM 294, NSM 300, Figure 4B). These features are also visible on specimens with smaller footprints and thinner digit imprints, such as NSM 008GF039.336 (Figure 4C), initially assigned to Notalacerta missouriensis by Marchetti et al. (2020a). We now assign all of this material to Hylopus hardingi.

A specimen with tracks belonging to two trackways from the Enrage Formation of New Brunswick has been assigned to “Pseudobradypus” isp. and attributed to reptiles (Wood and Miller, 2007). This material clearly displays the diagnostic features of Hylopus hardingi, showing a markedly ectaxonic manus, with high digit III-IV divergence and the impression of the basal pad of digit I (NBMG 10128-1, Figure 4D). We re-assign this material to Hylopus hardingi. A specimen including two trackways from the Grande Anse Formation of New Brunswick (NBMG 14143, Figure 4E) has been compared to “Pseudobradypus,” in particular “P. longidigitatus,” and attributed to reptiles by Falcon-Lang et al. (2007). This attribution has been questioned by several subsequent studies (e.g., Keighley et al., 2008; Fillmore et al., 2012; Lucas, 2019; Marchetti et al., 2019a). The latter re-assigned this material to Hylopus isp. The narrow manus, more ectaxonic than the pes with a basal pad impression of digit I, is diagnostic, so we re-assign this material to Hylopus hardingi. Some material from the Tynemouth Creek Formation of New Brunswick has been assigned to “Pseudobradypus longidigitatus” and attributed to reptiles by Falcon-Lang et al. (2010). Aside from the relatively poor overall preservation, a few pes-manus couples show the typical morphology of Hylopus hardingi, with a semiplantigrade and weakly ectaxonic pes (e.g., Falcon-Lang et al., 2010, Figures 8, 10). So, we reject the assignment to “P. longidigitatus” and assign this material to Hylopus hardingi.

The ichnospecies Hylopus “hamesi” Sundberg et al., 1990 from the Bluefield Formation of West Virginia has been interpreted as having pes digit imprints of subequal length. This, together with the proximal-lateral extension of the sole impression and the thinner manus digit imprints, was used to distinguish Hylopus “hamesi” from Hylopus hardingi. Nevertheless, the subequal lengths of pes digit imprints are only apparent and caused by the outward rotation of the pes, as is clear from the better-preserved pes of the paratype material (Sundberg et al., 1990, Figure 5A). The other features are not diagnostic and/or can be present in Hylopus hardingi. Accordingly, we consider H. “hamesi” a junior subjective synonym of H. hardingi, in agreement with Fillmore et al. (2012). Some material from the Pottsville Formation of Alabama (e.g., Haubold et al., 2005), previously assigned to “Cincosaurus cobbi,” shows the typical morphology of the manus imprint of H. hardingi: narrow, markedly ectaxonic and with higher divergence between digits III-IV (e.g., UCM 263 JT, Figure 4F). We assign this material to H. hardingi. The Mauch Chunk Formation of Pennsylvania yields the most abundant, well preserved and complete record of Hylopus hardingi worldwide, encompassing numerous trackways (Vrazo et al., 2007; Fillmore et al., 2012; Figures 1D, 4G–J, 5A–C). Especially relevant are trackways showing transitional morphology on the same side (SMP-IP 8789, Figure 4G) or on different sides (NMMNH P-64276, Figure 5A). This is revealing of the mechanism of the formation of typical extramorphologies such as: the preservation of only the digit I-III imprints in the pes, which can be dragged forward, the result of a lateral orientation of the pes, or the non-preservation of the basal pad of digit I, which happens when the proximal part of digit I is not impressed. Some specimens show relatively small footprints with thin digit imprints, with the typical manus digit III-IV divergence, ectaxony or digit I basal pad impression of H. hardingi (NMMNH P-64282, NMMNH P-64311, SMP-VP 2325, Figure 4H). Some specimens may show pointed digit terminations, laterally elongated sole impressions or continuous, thin and straight tail impressions (NMMNH P-64275, RPM B13, RPM H26). Two specimens previously assigned to Palaeosauropus primevus (NMMNH P-64275) and Pseudobradypus isp. (RPM B13) (Fillmore et al., 2012, Figures 68B, 74A) show typical features of Hylopus hardingi such as the marked manual ectaxony with high digit III–IV divergence and pentadactyly. We re-assign these specimens to Hylopus hardingi. The holotype of Palaeosauropus primaevus Lea, 1849 (ANSP 9752) is a pes-manus couple with an incompletely impressed manus imprint (Lucas et al., 2010, Figure 2; Fillmore et al., 2012, Figures 6A,B). The manus shows four digit imprints, which have similar morphology and proportions compared to digit II-V imprints of H. hardingi. Also, the morphology and trackway pattern of another specimen originally assigned to this ichnotaxon (Lucas et al., 2010, Figure 3; Fillmore et al., 2012, Figures 6C,D) with relatively high pace, primary pes-manus overstep and laterally elongated sole, is consistent with H. hardingi. Further studies are necessary to verify the validity of this ichnotaxon and possible synonymies with H. hardingi. An incomplete step cycle from the Upper Mississippian Tar Springs Formation of Indiana, assigned to Palaeosauropus isp. (Colbert and Schaeffer, 1947, pl. 1) shows the typical morphology and proportions of the pes and manus of Hylopus hardingi, including a manus more ectaxonic than the pes and a circular basal pad of digit I. The manus preserves only four digit imprints, but their proportions are identical to the digit II-V proportions of H. hardingi, so we re-assign this material to H. hardingi.

Material previously classified as “Asperipes” isp. by Schmidt (1956) from the Bochum Formation of Germany is here re-assigned to Hylopus hardingi because of the good preservation of the pes imprint (DBM-NN 1, Figure 4K), showing the typical weak ectaxony, semiplantigrady and digit V relative length and orientation. The study of a trackway from the Sulzbach Formation of Germany (SGM SA), permits the attribution of “Cincosaurus tauentzieni” Fichter, 1982 to H. hardingi, because of the typical manual morphology with diverging digit III-IV imprints. A single trackway with two incomplete manus-pes couples from the Žacléř Formation of the Intrasudetic Basin in the Czech Republic, previously assigned to Amphisauroides Haubold, 1970 (Turek et al., 2008, Figure 1B), is herein re-assigned to Hylopus hardingi because of the imprint morphology, especially the manual digit proportions with marked ectaxony and short palm impression with a concave proximal margin.

Some material, which is morphologically similar to Hylopus hardingi, but too poorly preserved for a definitive assignment, is herein discussed. The holotype of Hylopus “logani” Dawson, 1882 from the Horton Bluff Formation of Blue Beach, Nova Scotia (CMN 4622) shows a trackway with digit drag marks, which has no diagnostic features. We consider Hylopus “logani” as a nomen dubium and assign this material as undetermined tetrapod footprints. Some of the material from the same unit such as the holotypes of “Anticheiropus bishopi” Sarjeant and Mossman, 1978 and “Eochelysipus horni” Mossman and Grantham, 2008 show some similarities with Hylopus hardingi, but due to their poor preservation (especially the manual tracks), we considered these ichnotaxa as nomina dubia. This material, and the material assigned to Hylopus by Mansky and Lucas (2013) are reassigned to cf. Hylopus isp. The trackways of morphotype D described by Keighley and Pickerill (1998, Figures 8, 9) from the Port Hood Formation of Nova Scotia, partly assigned to cf. Notalacerta isp. by Marchetti et al. (2020a), are assignable to cf. Hylopus isp., mostly because of the manus morphology, which is more ectaxonic, narrower and with a more concave palm proximal margin than Notalacerta. We consider Hylopus “caudifer” Dawson, 1882 from the Joggins Formation of Nova Scotia (Dawson, 1863, pl. I, Figure 3) as a nomen dubium, because of its overall incompleteness and poor preservation. This trackway is tentatively assigned to cf. Batrachichnus isp.

A trackway from the Boss Point Formation of Oxford Junction, Nova Scotia, is the holotype of “Laoporus canadensis” Sternberg, 1933 (CMN 4631). Because of the poor preservation of the holotype trackway, especially of the manus imprints, we consider this ichnotaxon as a nomen dubium. Nevertheless, the most recognizable pes imprints are weakly ectaxonic and semiplantigrade, in agreement with Hylopus hardingi. We tentatively assign this specimen to cf. Hylopus isp. This locality, also known as River Philip (e.g., Cotton et al., 1995), was first reported by Selwyn (1872), who specified that it was situated about 3/4 of mile (1.2 km) east of the railroad bridge on River Philip, Nova Scotia. The bridge is in Oxford Junction, and according to the most recent geologic mapping, the track-bearing outcrop is in the Boss Point Formation (Ryan et al., 1991). This locality yielded also the holotype and paratype trackways of “Pseudobradypus unguifer” (Dawson, 1882) and “Pseudobradypus” Matthew, 1903 (CMN 4630 and CMN 4629, respectively) and the holotype trackway of “Asperipes longidigitatus” Sternberg, 1933, renamed “Pseudobradypus longidigitatus” by Haubold (1971) (CMN 4629). This material is poorly preserved so it is difficult to interpret it. Marchetti et al. (2019a) considered Pseudobradypus unguifer as a nomen dubium because of the poor preservation of the manus imprints and re-assigned the type material to cf. Dimetropus isp., because of the morphological similarity of the pes imprints with Dimetropus material from the Tambach Formation (e.g., Voigt, 2005), and we agree with this assignment. Because of the poor preservation of the pes imprints, we consider “Asperipes longidigitatus” as a nomen dubium. Nevertheless, the manus morphology and proportions with bifurcated digit tips are generally consistent with Dimetropus, so we re-assign this material to cf. Dimetropus isp. The re-assignment of this material is key in Carboniferous ichnotaxonomy, because several times “Pseudobradypus” has been inappropriately used to classify Hylopus tracks and/or to claim an attribution to reptile producers (e.g., Falcon-Lang et al., 2007, 2010; Wood and Miller, 2007; Fillmore et al., 2012; Niedźwiedzki, 2015).

A manus imprint from the Rhode Island Formation of Massachusetts, initially assigned to Notalacerta (Fichman et al., 2015), has been re-assigned to cf. Hylopus isp. by Marchetti et al. (2020a) because of the presence of a basal pad of digit I. The ichnotaxon “Quadropedia prima” in Aldrich and Jones (1930) from the Pottsville Formation of Alabama (e.g., Haubold et al., 2005) includes a trackway with very incomplete pes imprints. We consider this ichnotaxon as a nomen dubium. Nevertheless, the manus morphology is similar to H. hardingi, so we assign this material to cf. Hylopus isp. Unfortunately, although abundant, most of the morphologically-similar material from this site lacks completely impressed tracks (especially regarding the pes), so it is not unequivocally assignable to Hylopus hardingi because of its similarities with other ichnotaxa such as Notalacerta missouriensis. Possibly, this could be clarified by a comprehensive anatomy-consistent ichnotaxonomic revision of the Pottsville Formation tracks, together with the analysis of track and trackway parameters of this material. Two trackways from the late Moscovian Llewellyn Formation of Pennsylvania were assigned to cf. Hylopus hardingi by Fillmore et al. (2015, Figure 5). However, the smaller manus imprints, which appear tetradactyl on ANSP V 7264 and pentadactyl on ANSP V 7266 are too poorly preserved for a definitive assignment. Nonetheless, they both differ from the typical morphology of Hylopus hardingi because the digits are shorter and the footprints wider and less ectaxonic.

Lagnaoui et al. (2014) assigned isolated tracks from the Galmous Formation of Morocco to cf. Hylopus isp.; we agree with this assignment. A few isolated tracks assigned to aff. “Pseudobradypus” from the Lublin Formation of Poland (Niedźwiedzki, 2015; Figures 3D–F), are herein re-assigned to cf. Hylopus isp. because of the higher ectaxony of the manus imprints compared to the pes and the curved manus digit imprints. Mietto et al. (1986) assigned an isolated and incomplete manus from the Gzhelian Corona Formation of Italy to Hylopus cf. hardingi. This material has been re-assigned to Limnopus isp. (see Marchetti et al., 2020c).



Trackmaker Attribution

Since its introduction, the ichnotaxon Hylopus hardingi was generally attributed to anamniote producers (Dawson, 1863) because of the broad and well-divaricated digits with rounded terminations, and the supposed occurrence of tetradactyl manus tracks (here interpreted as missing the impression of digit I or V), and this attribution was generally accepted by subsequent authors (e.g., Haubold, 1971; Sundberg et al., 1990; Cotton et al., 1995; Fillmore et al., 2012; Lucas, 2019; Marchetti et al., 2019a, 2020a). The presence of five digits in the manus of well-preserved specimens, here definitively confirmed, suggests a possible anamniote reptiliomorph producer rather than temnospondyls or lepospondyls, which had instead a tetradactyl manus (e.g., Dilkes, 2014; Glienke, 2015). Among anamniote reptiliomorphs, seymouriamorphs have a non-overlapping stratigraphic range with H. hardingi. The seymouriamorphs probably appeared in the Gzhelian (Klembara and Ruta, 2003), whereas H. hardingi has an older, Mississippian-Moscovian stratigraphic range. Moreover, the manus proportions of seymouriamorphs are different, being much wider and less ectaxonic than H. hardingi (such as Seymouria sanjuanensis described from the Bromacker site of Germany by Berman et al., 2000). Based on this material, seymouriamorphs have been correlated to the ichnotaxon Amphisauropus kablikae, based on a morphofunctional comparison (Marchetti et al., 2017). So, we can exclude seymouriamorphs as possible producers of H. hardingi.

Diadectomorphs also have a different stratigraphic range (Kasimovian-Cisuralian: Kissel and Lehman, 2002; Lucas, 2018), although tracks attributed to diadectomorphs include older records (Bashkirian-Moscovian, Haubold and Sarjeant, 1973; Voigt and Ganzelewski, 2010). Also, diadectomorphs gemerally have a larger size range than Hylopus hardingi, show a less ectaxonic manus and more ectaxonic pes and have a very broad and elliptical tarsal structure, which is not in agreement with H. hardingi. The diadectomorphs Orobates pabsti, Diadectes absitus, and Limnoscelis paludis have been instead correlated to the ichnogenus Ichniotherium through morphofunctional comparisons (Voigt et al., 2007; Mujal and Marchetti, 2020). So, we can exclude diadectomorphs as possible producers of H. hardingi.

We compared the best-preserved pes-manus couples and the trackway pattern of Hylopus hardingi (Figures 5A–C) to the most complete appendicular skeleton of anamniote reptiliomorphs in the Carboniferous, that of Proterogyrinus scheelei (already signaled as a possible producer by Sundberg et al., 1990; Figure 5D). The digit proportions of the manus and pes, as reconstructed by Holmes (1984), are generally consistent with H. hardingi. They are in fact both ectaxonic (more so in the manus), and the digit V of the manus is short and slender, like digit II, whereas the digit V of the pes is thicker and longer, like digit III. The tarsus is broad, but probably capable of substantial flexion in the medial part. Since the tibiale was a continuation of the tibia, most of the flexion occurred in the centralia, which are wedge-shaped. This is in agreement with the medial semiplantigrady and occasional impression of a laterally expanded sole of H. hardingi. Most of the weight was supported by the three centralia, compressed by the intermedium bearing half the weight of the fibula, and the tibiale bearing the entire weight of the tibia. This is in agreement with the deeper impression of pedal digits I-III and the occurrence of a circular fleshy pad corresponding to centrale 1 (Figure 6C), which was probably the most stressed point in the tarsus (as in Seymouria-Amphisauropus: Marchetti et al., 2017). Although lacking the tarsus, morphologically analogous pedes are observed in Greererpeton burkemorani, Pederpes finneyae, and Silvanerpeton miripedes (e.g., Clack, 2002; Figure 5F). A similar manus structure is observed in Casineria kiddi (e.g., Paton et al., 1999; Figure 5E). The manus of Gephyrostegus appears less ectaxonic than Hylopus hardingi. Unfortunately, articulated and complete carpal structures are not known from Carboniferous non-diadectomorph anamniote reptiliomorphs. The measured apparent trunk length is generally shorter in Hylopus hardingi than those expected from forms with long vertebral column compared to the limb length, such as embolomeres and some basal tetrapodomorphs. This should be investigated by future approaches.
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FIGURE 6. Carboniferous reptile tracks and trackmakers: Notalacerta missouriensis (A–F) and basal reptiles (G,H). (A) NSM 008GF031.068, left pes-manus impression, convex hyporelief. Joggins Formation, Nova Scotia. (B) KGS 1381. Right pes-manus couple, convex hyporelief. Rockcastle Sandstone Member, Lee Formation, Kentucky. (C) JL NN-1, trackway with tail impression, convex hyporelief. Pottsville Formation, Alabama. (D) NMMNH P-31746-7, trackway with straight tail impression, convex hyporelief. McAlester Formation, Oklahoma. (E) NMMNH-NN 2. Left pes-manus couple, convex hyporelief. McAlester Formation, Oklahoma. (F) False-color depth map of (E). (G) Paleothyris acadiana, reconstruction of right pes and manus, dorsal side. From Carroll (1969), modified. Astragalus and lateral centrale in yellow (single block). Red dotted lines represent the possible articulations within the tarsus. (H) Anthracodromeus longipes, reconstruction of right pes and manus, dorsal side. From Carroll and Baird (1972), modified. Scale bars are 1 cm.





Tracks Attributed to Basal Reptiles

Notalacerta missouriensis (Butts, 1891) (Figures 1A, 2A, and 6).


Description

Each footprint has five slender digits, and each digit tapers from the base to the extremity. Digit termination acuminate, bifurcated or pointed, evidence of thin sharp claws. Manus slightly wider than long, and pes about as long as wide, pes length of 15–38 mm (22 mm on average), manus about 1/4 shorter. Marked increase of length between digits I and IV in both pes and manus but more marked in the pes, digit V as long as digit II (manus) or as long as or slightly shorter than III (pes). No digit superimposition, and digit V base in line with the bases of digits I-IV. The digits I-IV can be distally curved inward; digits long, compared to size of foot. Variably oriented digit imprints, especially digit III, which can be parallel to digit IV in the manus and to digit II in the pes. High total digit divergence, especially in the manus, commonly higher than 95°. Marked median-lateral decrease in relief in the pes and semiplantigrade footprints. Very short and usually not impressed sole and palm traces. Simple, alternating arrangement of close pes-manus couples, with a moderate pace angulation (70–110°, 91° on average), pes parallel to the midline or rotated outwards, manus slightly rotated inwards. Common thin, straight and continuous tail drag.



Remarks

Notalacerta missouriensis was erected by Butts (1891), with a short description and simple outline drawing. However, this author did not designate a holotype, and the original material was never relocated (e.g., Baird, 1982; Chesnut et al., 1994; Marchetti et al., 2020a). The only known specimens coming from the type locality (Cement City Limestone, Chanute Formation of Kansas City, Missouri) and preserving possible Notalacerta missouriensis tracks are: MCZ 204–206, USNM 7321 and FMC P 25486. Another specimen from the same locality was illustrated by Branson and Mehl (1932, pl. 10.3). In the recent comprehensive revision of this ichnotaxon, Marchetti et al. (2020a) established as neotype of Notalacerta missouriensis the specimen USNM 7321, which shows a complete and well-preserved pes-manus couple, and used the additional material from the type locality and the extensive record from other Carboniferous-Permian sites to emend the diagnosis of Notalacerta missouriensis. This is the most abundant and widely distributed Pennsylvanian ichnotaxon attributed to reptiles, with the exception of the Gzhelian, when other reptilian ichnotaxa occur (Marchetti et al., 2019a). The McAlester Formation of Oklahoma includes the most abundant, complete and well-preserved record of Notalacerta missouriensis worldwide, encompassing numerous trackways showing a complete morphological spectrum (Lucas et al., 2004; Marchetti et al., 2020a; Figures 6D,E). Notalacerta missouriensis occurs also in the Pottsville Formation of Alabama (Haubold et al., 2005; Marchetti et al., 2020a) and the Rockcastle Sandstone Member of the Lee Formation, Kentucky (Chesnut et al., 1994; Marchetti et al., 2020a). Other occurrences are reported from the Lancaster Formation of New Brunswick (Marchetti et al., 2020a) and the Joggins Formation of Nova Scotia (Marchetti et al., 2020a). The only African record is from the Galmous Formation of Morocco (Lagnaoui et al., 2014).

Some material is more cautiously assigned to cf. Notalacerta isp. because of overall poorer preservation. This includes material from: the Joggins Formation of Nova Scotia, including the type material of “Asperipes avipes” Matthew, 1903, the Stanton Formation of Kansas (Reisz, 1990; Marchetti et al., 2020a), and the Lower Coal Measures of Indiana, including the holotype of “Collettosaurus indianensis” Cox, 1874.



Trackmaker Attribution

Butts (1891) named Notalacerta (“lizard mark”) because of its supposed lizard producers. The first detailed discussion is from Chesnut et al. (1994), who attributed Notalacerta missouriensis to the basal reptile group of protorothyridids because of relative digit length, digit width, claw marks, gait and tail drag. Subsequent works confirmed this interpretation (Lucas et al., 2004; Haubold et al., 2005; Voigt and Lucas, 2018; Marchetti et al., 2020a), discarding any possible attribution of this ichnotaxon to anamniotes or synapsids, because of the evident differences in the appendicular skeleton structure, encompassing broader tarsus/carpus and thicker digits. Araeoscelid diapsids, bolosaurian parareptiles and varanopid synapsids have an ectaxonic pes and manus, long and slender digits with acuminate terminations and relatively short and flexible tarsus/carpus, features potentially similar to the trackmaker of Notalacerta missouriensis. However, they are all characterized by very close, almost parallel and laterally overlapping metatarsals and metacarpals of digits I-IV (Reisz, 1981; Reisz et al., 1984; Lee, 1997; Berman et al., 2000; Spindler et al., 2019). This is not in agreement with Notalacerta missouriensis, which shows well-separated digit imprints radiating at their base (Marchetti et al., 2020a). This feature is not observed in the articulated metatarsus of the basal reptile Hylonomus lyelli and in the articulated metatarsus and metacarpus of the protorothyridid Paleothyris acadiana (Carroll, 1964, 1969). The protorothyridid Paleothyris acadiana has the most complete, articulated and best-preserved appendicular skeleton among basal reptiles (Carroll, 1969; Figure 6G). The long and thin digits, the ectaxony of both the pes and the manus, and the relatively longer pes digit V compared to the manus digit V are in agreement with Notalacerta missouriensis (Figure 6E). Also, the very short and small tarsus/carpus and the rounded/L-shaped distalia 1 and 5 are in agreement with a short palm/sole impression and the medial/lateral orientation of digit I and V imprints. Furthermore, the lateral centrale appears in continuity with the astragalus, so most of the flexion of the medial tarsus was accommodated in the small area between this element and distal tarsals 1–3. This is in agreement with the deeper impression of the medial part of the sole of Notalacerta missouriensis, whereas the lateral part was usually not impressed (Marchetti et al., 2020a; Figure 6F). The morphology and proportions of the pes and manus of the protorothyridid Anthracodromeus longipes (Carroll and Baird, 1972; Figure 6F) and the pes of the basal reptile Hylonomus lyelli (Carroll, 1964, Figure 8) are also consistent with Notalacerta missouriensis. Permian captorhinomorphs such as Thuringothyris mahlendorffae (Müller et al., 2006) may have been the producer of the Permian Notalacerta (Marchetti et al., 2020a).




Tracks Attributed to Parareptiles

Varanopus microdactylus (Pabst, 1896) (Figures 1B, 2B, and 7).
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FIGURE 7. Carboniferous reptile tracks and trackmakers: Varanopus microdactylus (A–C) and bolosaurian parareptiles (D–F). (A) NSM 997 GF 30.6. Trackway, convex hyporelief. Cape John Formation, Nova Scotia. (B) Enlargement of (A), left pes-manus couple, convex hyporelief. Red arrows indicate the proximal-lateral digit overlap. (C) False-color depth map of (B). (D) Erpetonyx arsenaultorum, reconstruction of right pes and left manus, dorsal side. Based on ROM 55402. (E,F) Eudibamus cursoris. (E) Reconstruction of right pes, ventral side. Based on MNG 12895. Astragalus and lateral centrale in yellow (single block). Red dotted lines represent the possible articulations within the tarsus. (F) Reconstruction of left pes and manus, dorsal side. Based on MNG 8852. Scale bars are 1 cm.



Description

Semiplantigrade, pentadactyl, ectaxonic footprints of a small-sized quadruped (pes length 25–36 mm, 31 mm on average). The manus is about 1/4 shorter than the pes. The pes is about as wide as long, whereas the manus is slightly wider than long. Relatively long and slender digit imprints, distally tapering and ending in acute terminations or triangular claw marks, curved toward midline. Digit I–IV imprints are slightly curved toward midline and tightly grouped, often showing lateral superimposition of digit bases. Digit V imprint is straight and directed distally-laterally. It is slightly shorter than digit II in the manus and slightly longer than digit II in the pes. Digit length increases from digit I to IV, and digit IV is the longest in both the pes and the manus. Very short palm/sole impression, with straight to slightly concave proximal margin. Both manus and pes show a medial-lateral decrease in relief, which is more marked in the pes impressions (laterally semidigitigrade). Trackways are relatively broad and show a simple and regular alternating arrangement of pes-manus couples, with a moderate pace angulation (74–103°, 88° on average), and with the pes imprint parallel to the midline and the manus imprint slightly directed medially, the manus in front of the pes and never overstepped by it. A continuous and relatively straight tail impression can sometimes be observed.



Remarks

“Ichnium” microdactylum was erected by Pabst (1896), based on a trackway from the Cisuralian Tambach Formation, Germany. Subsequently, Müller (1954) proposed the new combination Procolophonichnium microdactylum, due to the similarity of the Tambach material with Procolophonichnium Nopcsa, 1923 from the Lopingian-Early Triassic Balfour Formation of South Africa. Haubold (1971) proposed for the same material the new combination Varanopus microdactylus, because of the similarity with Varanopus Moodie, 1929 from the Cisuralian Choza Formation of Texas. More recent studies based on further material from Europe and North America generally confirmed the latter interpretation (e.g., Haubold and Lucas, 2001, 2003; Voigt, 2005; Voigt and Haubold, 2015; Marchetti, 2016). Nevertheless, the relationship of Varanopus with morphologically-similar ichnogenera such as Procolophonichnium Nopcsa, 1923 and Robledopus Voigt et al., 2013 needs to be re-investigated (Marchetti et al., 2019b).

Varanopus currently includes the ichnospecies V. curvidactylus Moodie, 1929 and V. microdactylus (Pabst, 1896). A straight pes digit V characterizes both. Nevertheless, V. curvidactylus shows a lower pes/manus length ratio and a relatively longer pes digit V, so this ichnospecific differentatiation may be justified. A large quantity of material previously assigned to V. curvidactylus or Varanopus isp. needs to be re-analyzed because it is characterized by a relatively short and distally bent pes digit V, a trait shared with Erpetopus Moodie, 1929 from the Cisuralian Choza Formation of Texas (e.g., Haubold and Lucas, 2001, 2003; Gand and Durand, 2006; Marchetti et al., 2015a, b; Voigt and Lucas, 2017). Varanopus is a rare ichnotaxon in the Carboniferous. Van Allen et al. (2005) have assigned well-preserved and relatively long trackways from the Gzhelian-Asselian Cape John Formation of Nova Scotia to Varanopus cf. microdactylus. Because of the good preservation of the material, we can confirm the assignment to V. microdactylus, though these specimens may be of early Permian age. Marchetti et al. (2020d) assigned an incomplete step cycle from the Ghzelian Wescogame Formation of the Grand Canyon, Arizona, to Varanopus isp. We confirm this assignment.



Trackmaker Attribution

The ichnogenus Varanopus was initially attributed to Varanosaurus, an ophiacodontid synapsid with markedly ectaxonic autopodia (Moodie, 1929). This interpretation was later discarded in favor of reptilian producers (e.g., Haubold, 1971). Some ophiacodont and sphenacodont taxa such as Ophiacodon and Dimetrodon were characterized by the digital arcade described by Kümmell and Frey (2012), which produces paw-like impressions, not like those observed in Varanopus. Haubold (1971) was the first to propose captorhinomorphs among the possible producers. Fichter (1983) supported an attribution to captorhinomorphs, based on appendicular morphology and proportions of Captorhinus. Voigt (2005) suggested the mesotarsal joint of Captorhinus described by Holmes (2003) as a possible explanation for the medial-lateral decrease in relief of the Varanopus pes. Haubold and Lucas (2001) suggested captorhinomorphs and protorothyridids among the possible producers of Varanopus curvidactylus.

Nevertheless, captohinomorphs, protorothyridids and closely related forms such as Hylonomus are characterized by well-separated and radiating metatarsals (Carroll, 1964, 1969; Holmes, 2003; Marchetti et al., 2020a), whereas Varanopus tracks show digit impressions that are proximally closely grouped parallel to each other and laterally superimposed (Figure 6B), which is instead the result of the overlap of metatarsals, a feature observed in diapsids, varanopids and parareptiles (e.g., Reisz, 1981; Reisz et al., 1984; Lee, 1997; Berman et al., 2000, 2014; Spindler et al., 2018, 2019). The medial-lateral decrease in relief (medial functional prevalence) of the Varanopus pes imprint (Figure 6C) occurs both in captorhinomorph (Hyloidichnus, Notalacerta) and parareptile footprints (Pachypes, Procolophonichnium nopcsai, P. tirolensis), as evidenced by Mujal et al. (2020). Thus, an attribution of Varanopus to captorhinomorphs, protorothyridids or closely related forms, such as Hylonomus, is presently not well justified. Müller (1954), based on overall morphology and proportions, compared the material from Tambach (V. microdactylus) to Procolophon, and suggested as possible producers Permian parareptiles, such as nycteroleters and nyctiphruretids. Haubold (1971, 1984) proposed parareptiles, such as Nyctiphruretus, as possible producers. Haubold and Lucas (2001) suggested that parareptiles, such as bolosaurians or acleistorhinids, were among the possible producers of Varanopus curvidactylus. Among parareptile groups, only bolosaurians and acleistorhinids are known from Carboniferous units (Modesto et al., 2015; Mann et al., 2019), although well-preserved pes and manus skeletons of the latter are presently unknown.

The only known Carboniferous bolosaurian, Erpetonyx arsenaultorum, has disarticulated but relatively well-preserved pes and manus (Modesto et al., 2015), that allow a reliable reconstruction (Figure 7D). Digit proportions of the pes are generally consistent with Varanopus microdactylus, as is the tarsal structure. The carpus is well preserved and articulated. The small and rounded distal carpal 5 is in agreement with the lateral orientation of the manus digit V imprint. The best-preserved bolosaurian pes is known from Eudibamus cursoris from the Cisuralian Tambach Formation of the Bromacker site, Germany (Figures 7E,F). The pes digits are more slender and more elongated than in Erpetonyx, especially the first phalangeal bones. Nevertheless, the proportions are similar, although Eudibamus is more ectaxonic. A relatively high ectaxony can be observed in some Cisuralian V. microdactylus tracks, notably also from the same locality of Eudibamus (e.g., Voigt, 2005). The marked ectaxony with reduced digit I and long pes digit V, about as long as digit III, are in general agreement with V. microdactylus. The pes distal tarsal V is relatively angular (Figure 7E), and this is consistent with the forward-lateral orientation of pes digit V in V. microdactylus (Figure 7B). The tarsal structure is compact. The lateral centrale is fused with the astragalus, so the flexion was concentrated in the small area between this element and distal tarsals 1–3. This is in agreement with the deeper medial impression of the V. microdactylus sole (Figure 7C). Tarsal elements are generally larger in the ventral side (Figure 7E) rather than in the dorsal side (Figure 7F), suggesting a wedge-shape and flexion as a natural arrangement, in agreement with the short sole impression of V. microdactylus (Figure 7B). The overlapping of metatarsal from I to V is clear (Figures 7E,F), and consistent with the lateral overlapping of the digit imprint base seen in V. microdactylus (Figure 7B). The manus is incompletely preserved but shows a relatively short digit V compared to digit IV. This is in agreement with the digit V imprint proportions of V. microdactylus. Eudibamus has been regarded as a fast-moving and facultatively bipedal reptile (Berman et al., 2000). In the track record of Varanopus, bipedality is not observed, but complete primary overstep of the pes on the manus and very high pace angulation (160°) are known from the ichnospecies V. curvidactylus from Cisuralian eolian units of Arizona (Marchetti et al., 2019c). Though associated with downhill locomotion, this trackway pattern testifies to a trackmaker capable of a very fast gait, certainly the fastest known of the Carboniferous and Cisuralian tetrapod trackmakers.




Tracks Attributed to Araeoscelids and Varanopids

Dromopus lacertoides (Geinitz, 1861) (Figures 1C, 2C, and 8).
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FIGURE 8. Carboniferous reptile tracks and trackmakers: Dromopus lacertoides (A–E) and araeoscelid (F,G) and non-varanodontine varanopids (H). (A) YPM 519. Holotype of Dromopus “agilis.” Trackway, concave epirelief. Howard Limestone, Kansas. (B) YPM 519. Right pes-manus couple, concave epirelief. Howard Limestone, Kansas. Red arrows indicate the proximal-lateral digit overlap. (C) False-color depth map of (B). (D) NSM 009 GF 012. Right pes-manus couple, convex hyporelief, plaster cast. Cape John Formation, Nova Scotia. (E) BIRUG BU 5283. Right footprint, convex hyporelief. Enville Member, Salop Formation, United Kingdom. (F) Petrolacosaurus kansensis, reconstruction of left pes and manus, dorsal side. From Reisz (1981), modified. Astragalus in yellow, lateral centrale in orange. Red dotted lines represent the possible articulations within the tarsus. (G) Araeoscelis gracilis, reconstruction of right pes, convex hyporelief. From Reisz et al. (1984), modified. (H) Mesenosaurus romeri, reconstruction of left pes and manus, dorsal side. From Spindler et al. (2019), modified. Scale bars are 1 cm.



Description

Semidigitigrade, pentadactyl, ectaxonic footprints of a small- to medium-sized quadruped (pes foot length 44–75 mm, 60 mm on average). The manus is about 1/5 shorter than the pes but shows identical morphology and proportions. Digit imprints are long, slender, distally tapering and end in triangular claw marks, directed medially. They may show elliptical digital pads. Digits I–IV are medially and distally curved and are tightly grouped, showing a marked proximal-lateral superimposition. Digit length markedly increases between digit I and IV imprints. Digit V is proximal, straight, oriented laterally and of intermediate length between digit II and III imprints. The palm/sole is very short, shallow and rarely impressed. Footprints are semidigitigrade; the most deeply impressed digit imprints are II–IV, digit I and the bases of all other digits are very shallow and rarely impressed. Trackways are relatively broad and constituted by a simple alternating arrangement of pes-manus couples. The pace angulation is moderately high (98–108, 104° on average), the pes may partially overstep the manus proximally, the manus is parallel to the midline, and the pes is slightly oriented laterally. No tail and body impressions are observed.



Remarks

The ichnospecies “Saurichnites” lacertoides was erected by Geinitz (1861), based on material coming from the Cisuralian Proseèné-Formation of the Czech Republic. Pohlig (1892) introduced the new combination “Protritonichnites” lacertoides after the description of material from the Cisuralian Goldlauter Formation, Germany. Haubold (1971) introduced the new combination Dromopus lacertoides, because of the similarity of this material with Dromopus Marsh, 1894, from the Pennsylvanian Howard Limestone of Kansas. Subsequent studies generally used this combination (e.g., Haubold, 1984, 1996; Gand, 1988; Haubold et al., 1995; Haubold and Lucas, 2001; Voigt, 2005; Lucas et al., 2011; Marchetti et al., 2015a, b; Voigt and Lucas, 2015, 2017), employing what is now a longstanding reversal of priority of Dromopus over “Protritonichnites.” Haubold (1996) considered Dromopus agilis a junior synonym of Dromopus lacertoides; and this has generally been accepted by later studies. Some authors consider valid a further ichnospecies, Dromopus didactylus (Moodie, 1930) from the Cisuralian Choza Formation of Texas (Sarjeant, 1971; Gand, 1988; Gand and Durand, 2006), based on a supposed larger distance between the bases of digit impressions IV and V and thus increased digitigrady. Voigt (2005) questioned this argument, because it is based on a criterion difficult to verify due to the rarity of completely impressed footprints of Dromopus. Haubold and Lucas (2001, 2003) considered D. didactylus a junior synonym of Dromopus palmatus (Moodie, 1929) from the same formation. It is evident that a comprehensive revision of these ichnospecies is needed in order to verify possible synonymies and their relationship with morphologically-similar ichnotaxa such as Tambachichnium schmidti Müller, 1954.

The ichnotaxon Dromopus lacertoides is a relatively common form in the Late Pennsylvanian of Europe and North America. A Kasimovian occurrence is known from the Enville Member of the Salop Formation, United Kingdom (Haubold and Sarjeant, 1973; Meade et al., 2016). This age is based on late Westphalian D macrofloras found in the comformably underlying Halesowen Formation and sparse macrofloras of possible early Stephanian age within the Salop Formation (Cleal, 2008). Gzhelian occurrences are known from the Howard Limestone of Kansas (Marsh, 1894; Baird, 1952), the Flechtingen, Georgenthal, and Ilmenau formations of Germany (Voigt, 2012) and possibly the Remigiusberg Formation of Germany (Voigt et al., 2019). A Gzhelian-Asselian occurrence is known from the Cape John Formation of Nova Scotia, originally assigned to Dromopus agilis (Van Allen et al., 2005).



Trackmaker Attribution

The long, curved, tapering digit imprints with sharp claw marks, the strong ectaxony, and the digitigrady are generally consistent with an attribution of Dromopus lacertoides to reptiles. In the first descriptions (Geinitz, 1861; Marsh, 1894), Dromopus was attributed to Lacertilia because of its lacertoid appearance (i.e., long, curved and clawed digit imprints, marked ectaxony, pentadactyly). However, the oldest representatives of this group are Triassic. An attribution of Dromopus to basal reptiles, such as protorothyridids, has been also proposed (Haubold, 1971; Fichter, 1983). Nevertheless, protorothyridids and closely related forms, such as Hylonomus and capthorhinomorphs, are characterized by radiating and non-overlapping metatarsals (e.g., Carroll, 1964, 1969; Sumida, 1989; Holmes, 2003), which is evidently in contrast with the proximally overlapping digit imprints of Dromopus (Figure 8B). This is clearly not an extramorphological feature because it occurs consistently in optimally preserved material, regardless of gait variability and lithofacies. An attribution to other forms with lacertoid appearance such as the bolosaurian Eudibamus cursoris has also been proposed (Voigt, 2005). Nevertheless, the manus shows a markedly shorter digit V compared to the pes, unlike Dromopus lacertoides, in which the pes and manus imprints have very similar morphology and proportions. Also, the pes distal tarsal V is angular, and this is not consistent with the laterally directed pes digit V imprint of D. lacertoides. Moreover, the fused astragalus and lateral centrale are not in agreement with the digitigrady of the D. lacertoides medial pes imprint. Because other parareptile forms also show these features, an attribution of Dromopus lacertoides to parareptiles is currently not well supported.

Nopcsa (1923) proposed an attribution to Araeoscelidia such as Araeoscelis, because of similar appendicular morphology and age. This has been the most accepted attribution so far (Haubold, 1971; Gand, 1988; Haubold et al., 1995; Haubold and Lucas, 2003; Voigt, 2005; Voigt and Lucas, 2015; Lucas, 2018; Marchetti et al., 2015a, b). The relative lengths of the pes and manus digits of Petrolacosaurus kansensis (Figure 8F) and the pes digits of Araeoscelis gracilis (Figure 8G) are generally consistent with the marked ectaxony of D. lacertoides. Most of the tarsal and carpal elements are characterized by a marked, wedge-shape morphology (e.g., Reisz, 1981; Reisz et al., 1984), in agreement with the digitigrady of Dromopus lacertoides. Forward flexion was possible throughout the whole tarsus and carpus, also between the lateral centrale and the astragalus, different from captorhinomorphs and parareptiles. This would explain why Dromopus lacertoides is not characterized by a deeper medial impression of the sole (Figure 8C); the medial flexion of the trackmaker tarsus could be better accommodated by the presence of a further articulation. Metatarsals and metacarpals are laterally overlapped, and this is consistent with the digit base overlap of D. lacertoides (Figure 8B). The morphology and proportions of some varanopid appendicular skeletons are virtually identical to those of araeoscelids, therefore they could have been producers of Dromopus (Spindler et al., 2018, 2019). This is the case of the relatively small forms such as Ascendonanus, Cabarzia, and Mesenosaurus, characterized by marked ectaxony in both the pes and manus. Mesenosaurus romeri has digit proportions and arrangement consistent with Dromopus lacertoides (Figure 8H). Quite interestingly, a specimen preserves an articulated pes in flexion, which clearly shows the mobility between astragalus, lateral centrale and tarsals 1–3 and laterally overlapping metatarsals (Spindler et al., 2019; Figure 10h), all features consistent with D. lacertoides. All varanopids show an angled fifth toe, a feature in common with araeoscelids and in agreement with the laterally oriented digit V imprints of Dromopus lacertoides (Spindler et al., 2019). Larger forms of varanodontine varanopids such as Aerosaurus, Varanops, and Tambacarnifex have instead a pes more robust and less ectaxonic than the manus, therefore they could have instead been the producers of Tambachichnium Müller, 1954.




Quantitative Comparison of Trackway Patterns


Variation Among Reptile Tracks

Trackways of Dromopus and Varanopus from Gzhelian deposits mostly fall within the ranges of Cisuralian trackways from the Thuringian Forest assigned to the same ichnogenera (Figure 9). Samples of both ichnogenera occupy different but adjacent variation spaces. In (normalized) pace length, however, which is usually distinct in the Dromopus and Varanopus reference samples from the Cisuralian, the Gzhelian trackways overlap (Figure 9A). Notalacerta trackways from the Moscovian McAlester Formation can be distinguished from the Bashkirian Notalacerta based on several trackway parameters, especially pace angulation, stride length, orientation of the pes imprints, position and orientation of the manus imprints in relation to the pes imprints and glenoacetabular distance (Figures 9A,B,D–H). In some features, such as pace angulation, stride, position and orientation of the manus imprints (in relation to pes imprints), Moscovian Notalacerta is closer to the Gzhelian and Cisuralian samples of Dromopus and Varanopus than Bashkirian Notalacerta (Figures 9A,D,E,H).
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FIGURE 9. Variability of trackway measures in Hylopus, Notalacerta, Dromopus and Varanopus from Mississippian to Pennsylvanian deposits and two Cisuralian reference samples (Supplementary Material), depicted as bivariate plots (A,B) and combined scatter plots/box-and-whisker plots (C–H). (A) Pedal pace angulation (vertical axis) vs. pedal pace length (horizontal axis); (B) orientation for the manus imprints (vertical axis) vs. orientation of the pes imprints (horizontal axis) (with respect to the trackway midline; in degree); (C) normalized pedal gauge width; (D) normalized deviation between manual and pedal gauge width; (E) normalized pedal stride length; (F) normalized pedal gauge width; (G) normalized pes-manus along-track distance; (H) normalized deviation between manus and pes imprint orientation (in degree). The sole trackway of Hylopus from the Moscovian of Germany is represented by the empty circle (phi symbol) in (C–H).




Similarity Between Hylopus and Reptile Tracks

The ranges of the Mississippian to early Bashkirian Hylopus (n = 11) and late Bashkirian Hylopus (n = 3) samples are overlapping only in some trackway measures and are clearly distinct in others. The single Hylopus trackway from the Moscovian of Germany does not fit with either sample (see diamond symbol in Figures 9A,B; phi symbol in e.g., Figures 9C–H). There are notable similarities between late Bashkirian Hylopus and Bashkirian Notalacerta tracks—among others, low pace angulations, inward positioned manus and outward-oriented pes imprints are similar. Some characteristics present in late Bashkirian Hylopus tracks, such as the moderate stride length, a short pes-manus distance and a high deviation between manus and pes imprint orientations, are also shared by Gzhelian and Cisuralian Dromopus tracks. Mississippian tracks of Hylopus are characterized by very narrow gauges (normalized pedal gauge width < 1.8), a feature shared by Dromopus and several Notalacerta trackways (Figure 9C). In certain measures, such as gauge width and pes-manus distance, the ranges of Varanopus and late Bashkirian Hylopus overlap (Figures 9C,G).



MANOVA Results

In standard multivariate normality tests (Mardia tests, Doornik and Hansen omnibus) the null hypothesis (multivariate normality) was not rejected, and we employed MANOVA for both test scenarios (each with 4 groups, 6 variables). In both cases, significant differences were found: For the analysis including Mississippian-early Bashkirian Hylopus, late Bashkirian Hylopus, Bashkirian Notalacerta and Moscovian Notalacerta as four separate groups, the null hypothesis (similarity; that all samples come from the same statistical population) was rejected for the overall dataset (p-value for Wilks’ lambda: 3.73∗10–6; p-value for Pillai’s trace: 3.45∗10–5), but, given the small sample sizes (3–11 per group), pairwise testing did not find significant differences between individual groups. According to Mahalanobis distances, the Bashkirian and Moscovian samples of Notalacerta and the two samples of Hylopus are well separated from one another, but also for other pairings the values are relatively high (Figure 10A). For the second analysis including Bashkirian Notalacerta, Moscovian Notalacerta, Gzhelian-Cisuralian Dromopus and Gzhelian-Cisuralian Varanopus as four separate groups, the overall test result was highly significant (p-value for Wilks’ lambda: 5.421∗10–8; p-value for Pillai’s trace: 1.774∗10–6) and differences for the pairings Dromopus/Varanopus and Dromopus/Moscovian Notalacerta were found to be significant. Low Mahalanobis distances for the pairings Varanopus/Moscovian Notalacerta and Dromopus/Bashkirian Notalacerta indicate that the respective trackway patterns are relatively similar (Figure 10A).
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FIGURE 10. Results of multivariate analyses and visualization of average trackway patterns for the different groups considered in these analyses. (A) Visualization of MANOVA pairwise test results for two test cases (4 groups, 6 trackway measures). The numbers represent squared Mahalanobis distances between samples. Bold arrows indicate higher distance values; p-values that signal significant differences between groups (<0.05 are after Bonferroni correction) are marked with an asterisk. (B) Biplot depicting the axes of highest discrimination according to an LDA of Hylopus and Notalacerta groups. (C) Biplot depicting the axes of highest discrimination according to an LDA including Notalacerta and Cisuralian samples of Dromopus and Varanopus. The symbols used in the diagrams are the same as in Figure 9. (D) Average trackway patterns for six groups of trackways and tree scheme depicting a hypothesis for the phylogenetic relationships of the supposed trackmakers in a simplified way. Notice that the illustrated tracks are not representative of the ichnotaxa morphology but are only a reference for the trackway pattern.




LDA Results

In accordance with the MANOVA results, the Hylopus and Notalacerta samples can be separated quite well through linear discriminant analysis based on the same set of six variables (Figure 10B; incorrectly classified trackways: 1/24, 4.2%). The single Moscovian trackway assigned to Hylopus (Specimen SGM/SA) and two Gzhelian Varanopus trackways were classified as belonging to the Moscovian Notalacerta group, whereas the Gzhelian Dromopus trackways fell into the range of Mississippian-early Bashkirian Hylopus (Table 4). When the LDA included only the two Notalacerta samples as predefined groups, both the Dromopus and Varanopus trackways from Gzhelian deposits were classified as Moscovian Notalacerta. A LDA including the two Notalacerta samples and the Cisuralian Dromopus and Varanopus samples as separate groups, found only one specimen (1/28, 3.57%) incorrectly classified, and one of the Gzhelian Varanopus specimens (NSM 99 GF 34b) fell in the range of Moscovian Notalacerta (Table 4, last column). The consideration of combined Gzhelian-Cisuralian Varanopus and Dromopus groups did not have much of an effect on the LDA result (2/32 specimens = 6.25% were wrongly classified: Figure 10C).


TABLE 4. Classification of Gzhelian Dromopus and Varanopus trackways in linear discriminant analyses with different reference groups.
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FUNCTIONAL AND PHYLOGENETIC IMPLICATIONS OF TRACKWAY PATTERN VARIATION


Hylopus hardingi

According to our analysis of their trackway patterns, the assignment of Mississippian and Pennsylvanian Hylopus tracks to a homogeneous producer group is not endorsed. Furthermore, the observation that some of the Mississippian Hylopus specimens have a more “amniote-like” trackway pattern than the younger (late Bashkirian) Hylopus trackways—with narrower gauges, higher pace angulations (>100°) and more closely grouped set pes and manus imprints (Figure 10D)—would be in agreement with the hypothesis that Hylopus tracks covered in this approach represent disparate locomotion styles, ecologies and/or degrees of terrestriality. Evidence supporting a more exact trackmaker assignment for different Hylopus samples may help us to define whether the observed variability in Hylopus trackways represents a morphological and/or ecological differentiation among closely related trackmakers or, as an alternative, entirely different episodes of terrestrialization close to the origin of amniotes, within more basal anamniote reptiliomorphs or even in more distantly related tetrapod groups.



Notalacerta missouriensis

The most notable signal found in our quantitative comparison of early reptilian tracks concerns the homogeneity of trackways assigned to Notalacerta: with their more inward-positioned manus imprints, outward-rotated pes imprints, low pace angulations and short strides, the Bashkirian Notalacerta trackways look much more “amphibian-like” than the younger Notalacerta trackways from the Moscovian McAlester Formation. Interestingly, the Bashkirian Notalacerta are also the earliest reptile tracks and co-occur with the most “amphibian-like” trackways of Hylopus, possibly testifying to similar palaeoecological adaptations of the reptile and anamniote reptiliomorph groups in the Early Pennsylvanian.

The four Gzhelian trackways assigned to Dromopus and Varanopus (specimens NSM 009 GF 012, YPM 519, NSM 997 GF 30.6, and NSM 99 GF 34) share trackway patterns that are similar to those of Moscovian Notalacerta (see Table 3 and Figure 10C). This similarity could either indicate a closer relationship of Moscovian Notalacerta producers with the trackmakers of Dromopus and Varanopus than with Bashkirian Notalacerta (Figure 10D) or a convergent emergence of similar trackway patterns within the trackmakers of Notalacerta and those of the later occurring Dromopus and Varanopus. Our data challenge the idea that the Carboniferous Notalacerta tracks necessarily represent one narrowly defined group of trackmakers within the protorothyridid reptiles (see also discussion in Marchetti et al., 2020a, who included also Hylonomus and Thuringothyris as possible producers). Given the similarity of the supposed parareptile track type Varanopus to Moscovian Notalacerta trackways in some parameters (imprint orientation angles, glenoacetabular length, distance between successive pes and manus imprints, Figures 9B,F–H), the hypothesis that Notalacerta tracks could include stem group members of the Reptilia seems reliable (see also hypothetical trackmaker tree in Figure 10D).



Dromopus lacertoides vs. Varanopus microdactylus

The distinctiveness of Gzhelian to Cisuralian Dromopus and Varanopus trackways, which is also reflected by the results of our variance analysis (Figure 10A), becomes particularly visible in two critical parameters: Varanopus trackways display notably higher pace lengths than Dromopus trackways. Also, with few exceptions, their pes and manus imprints are placed more distantly and rarely overlap. Notwithstanding their similar pace angulations ranges (Figure 9A), these differences arguably denote entirely different specialized postures and possibly different walking gaits and/or proportions of the Varanopus and Dromopus trackmakers. Despite their lower (normalized) stride lengths, the Dromopus tracks do not necessarily represent slower trackmakers, nor does the wide gauge in Varanopus tracks indicate a more “primitive,” sprawling posture. Their comparison with older Pennsylvanian reptile trackway patterns suggests that both track types represent derived reptilian locomotion styles.




ORIGIN AND EARLY EVOLUTION OF REPTILES IN THE TRACK AND SKELETAL RECORDS


Early Pennsylvanian: Earliest Reptiles

The comprehensive revision of the ichnotaxon Hylopus hardingi, including a discussion of similar material and a trackmaker attribution based on morphofunctional features, allows us to exclude an attribution to amniote producers. Hylopus hardingi is instead attributed to anamniote reptiliomorphs, and we assign material from the late Namurian-early Langsettian Grande Anse, Tynemouth Creek and Enrage formations of New Brunswick and the late Namurian Port Hood Formation of Nova Scotia to this ichnotaxon. These specimens were initially considered as possible evidence of the earliest reptile tracks (Keighley and Pickerill, 1998; Wood and Miller, 2007; Falcon-Lang et al., 2007, 2010), but later questioned by other studies (Keighley et al., 2008; Fillmore et al., 2012; Lucas, 2019; Marchetti et al., 2019a, 2020a).

Accordingly, the oldest reptile footprints are represented by the ichnotaxon Notalacerta missouriensis, and they can be attributed to basal reptiles, including Hylonomus and protorothyridids (Marchetti et al., 2020a). To note, both Notalacerta missouriensis and the earliest known reptile, Hylonomus lyelli, come from the same formation and locality (Joggins Formation, UNESCO World Heritage Site, Joggins Fossil Cliffs, Joggins, Nova Scotia, Canada). The Joggins Formation is dated through sporomorphs as early Langsettian/Westphalian A, Bashkirian (e.g., Calder et al., 2006; Utting et al., 2010). No other skeletal records of reptiles are known from the Bashkirian. Nevertheless, Notalacerta missouriensis has been found in several Bashkirian localities: the early Langsettian Pottsville Formation of Alabama, the late Langsettian Lee Formation of Kentucky and Lancaster Formation of New Brunswick and the Langsettian of the Lower Coal Measures of Indiana (e.g., Chesnut et al., 1994; Haubold et al., 1995; Marchetti et al., 2020a). A further record is known from the late Bashkirian-early Moscovian (Westphalian B-C) Galmous Formation of Morocco (Lagnaoui et al., 2014). Thus, the tetrapod footprint record of reptiles expands the paleobiogeographic distribution of this group simultaneously just after their oldest record, encompassing localities from Alabama to Nova Scotia and North Africa (Figure 11), and is locally abundant (e.g., Alabama: Haubold et al., 2005). Since late Namurian units of Nova Scotia and New Brunswick do not include Notalacerta, it can be hypothesized that there was a Langsettian origin and radiation of basal reptiles in these areas, or a different and slightly older (late Namurian?) paleobiogeographic origin and a subsequent Langsettian radiation also encompassing Canadian units. This latter hypothesis would be supported by the early Langsettian record of Notalacerta missouriensis from the Pottsville Formation of Alabama, which is roughly time-equivalent with the Joggins Formation of Nova Scotia. Quite significantly, in Alabama, Nova Scotia and North Africa, basal reptile tracks (Notalacerta missouriensis) co-occur with anamniote reptiliomorph tracks (Hylopus hardingi).


[image: Timeline and map showing reptiliomorph and reptile evolution during the Carboniferous period, specifically the Pennsylvanian epoch. Geological ages Bashkirian to Gzhelian align with fossil records of species like Hylopus, Amphisauropus, and Varanopus. The map on the right indicates fossil sites with numbered locations.]

FIGURE 11. Biostratigraphic ranges of anamniote reptiliomorphs and reptiles during the Carboniferous and paleobiogeography of reptiles during the Bashkirian. Skeletons in orange and ichnotaxa in green. Map from Alroy (2013), modified.




Late Pennsylvanian: Diversification of Reptiles

The oldest record of parareptiles is constituted by Carbonodraco lundi, recently described from the late Moscovian Mazon Creek Lagerstätte located in the Francis Creek Shale of Ohio (Mann et al., 2019). This taxon has been classified as an acleistorhinid parareptile. This group has been recently revised, and all the other known finds come the Cisuralian of the United States and Brazil (Cisneros et al., 2020). Unfortunately, appendicular skeletons of these taxa are presently largely incomplete, so a track-trackmaker correlation based on morphofunctional features is currently not feasible. The oldest record of parareptile footprints is constituted by the ichnotaxon Varanopus microdactylus, found in the Gzhelian Wescogame Formation of Grand Canyon, Arizona, United States and the Gzhelian-Asselian Cape John Formation of Nova Scotia, Canada (Van Allen et al., 2005; Marchetti et al., 2020d). The trackmakers of Varanopus microdactylus include bolosaurian parareptiles. The oldest record of bolosaurian parareptiles is Erpetonyx arsenaultorum, described from the Gzhelian Egmont Bay Formation of Prince Edward Island, Canada (Modesto et al., 2015). So, the tetrapod footprint record of parareptiles expands the paleobiogeographic distribution of the group during the Gzhelian, encompassing areas from present-day Arizona and Nova Scotia, whereas skeletons are only known from Prince Edward Island.

The oldest araeoscelid diapsid reptile is Petrolacosaurus kansensis from the Stanton Formation of Kansas, United States, of Kasimovian age (Reisz, 1981). The oldest varanopid is Archaeovenator hamiltonensis from the Calhoun Shale, Shawnee Group of Kansas, dated as early Gzhelian (Reisz and Dilkes, 2003). We attribute the ichnotaxon Dromopus lacertoides to araeoscelids and non-varanodontine varanopids. Moreover, the ichnotaxon attributed to varanodontine varanopids, Tambachichnium schmidti, is morphologically similar to Dromopus lacertoides, while the ichnotaxon attributed to non-varanopid “pelycosaurs,” Dimetropus leisnerianus, has a very different morphology from both. This is related to a markedly different pes and manus structure of the respective trackmaker groups, i.e., araeoscelids-varanopids and non-varanopid “pelycosaurs.” This result seems to be consistent with the recently proposed placement of varanopids within diapsid reptiles and outside synapsids (Ford and Benson, 2020), suggesting that pes and manus may include key characters for the phylogeny of these groups. The oldest footprint record of araeoscelids and non-varanodontine varanopids is Dromopus lacertoides from the Enville Member of the Salop Formation of England (Haubold and Sarjeant, 1973; Meade et al., 2016), dated as Kasimovian (Cleal, 2008). The other Carboniferous records of this ichnotaxon are Gzhelian, including occurrences from Kansas, Nova Scotia and Germany (Marsh, 1894; Van Allen et al., 2005; Voigt, 2012). Therefore, the oldest Dromopus lacertoides (Kasimovian of England) would be close to time equivalent with the appearance of the araeoscelid group (Kasimovian of Kansas). Moreover, the paleogeography of Dromopus lacertoides during the Gzhelian encompasses the United States, eastern Canada and central Europe, being much broader than the distribution of both varanopids and araeoscelids in the Gzhelian (United States), probably meaning that one or both of these groups radiated during the Gzhelian. The oldest varanodontine varanopid is Aerosaurus wellesi from the El Cobre Canyon Formation of New Mexico, late Gzhelian (e.g., Pellettier, 2014). We attribute this group of varanopids to the ichnotaxon Tambachichnium schmidti. Unfortunately, no Gzhelian records are known of these footprints, their stratigraphic distribution being limited to the Cisuralian-Guadalupian (e.g., Voigt and Lucas, 2018; Schneider et al., 2020; Lucas et al., 2021).
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A comprehensive description of the holotype skeleton is presented here for the first time of the lower Permian (Artinskian) reptile Eudibamus cursoris from the Bromacker locality of Germany since the brief description of the holotype in 2000. The holotype is essentially complete and is the only known bolosaurid represented by a well-preserved articulated skeleton. Included in the description here is a superbly preserved, partial, articulated second specimen of E. cursoris discovered at the same locality that includes a short portion of the vertebral column associated with the pelvis and right hindlimb. Descriptions of the holotype and new specimen add substantially to features of the skull and postcranium that not only confirm a bolosaurid assignment, but also add significantly to an already long list of structural features supporting an ability unique among Paleozoic vertebrates to reach relatively high bipedal and quadrupedal running speeds employing a parasagittal stride and digitigrade stance with the limbs held in a near vertical posture. Structural differences between the two specimens are restricted to the tarsi and are attributed to different ontogenetic stages of ossification, with the holotype representing a more juvenile individual, and the larger second specimen representing a more mature animal.
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INTRODUCTION
Bolosauridae was first formally proposed by Cope in 1878 to include the sole representative Bolosaurus striatus Cope, 1878, which was based on several poorly preserved skulls, jaw fragments, and a few postcranial fragments, all recovered from a single lower Permian locality in Texas. However, it was long afterward that these specimens were described in detail by Watson (1954), who suggested that B. striatus represented a highly specialized member of the diadectids based on its highly unique heterodont dentition of anterior procumbent incisiform-like teeth and greatly expanded posterior molariform-like cheek teeth with bulbous crowns. In addition to the dentition, other features of the skull have undoubtedly contributed to B. striatus being assigned or considered closely related to widely divergent taxa, including Cotylosauria (Case, 1911), ‘Pelycosauria’ (Watson, 1917), and captorhinomorphs (Carroll and Gaskill, 1971). Most likely the non-dental skull features of B. striatus that influenced this taxonomic confusion included: a temporal fenestra bordered dorsally by the jugal and squamosal and ventrally by the quadratojugal; a long, narrow, boomerang-shaped postorbital that borders the posterodorsal corner of the orbit; and a high broad-based coronoid eminence of the lower jaw. With the descriptions of the nearly complete articulated holotypic skeleton (MNG 8852) of Eudibamus cursoris Berman et al. (2000), from the lower Permian of Germany (Berman et al., 2000) and more recently superbly preserved skulls of the bolosaurid Belebey vegrandis Ivakhnemko, 1973, from the middle Permian of Russia (Reisz et al., 2007), the list of unique, bolosaurid skull features was expanded to also include: palate devoid of teeth; greatly reduced transverse flange of the pterygoid that lies in the same horizontal plane as the palate; and a medial ventrally expanded flange of the alveolar shelf of the dentary that nearly reaches the level of the ventral margin of the mandible and is extensively covered medially by a long anterior extension of the prearticular. A highly unique dentition has not only allowed unmistakable identification of isolated jaw elements as indeterminate bolosaurid, but also reference either previously described or new species.
Although bolosaurid occurrences are relatively rare, they have greatly expanded geographic and temporal histories. To date, three genera comprising seven species of Bolosauridae have been described: Bolosaurus striatus from the lower Permian of Texas (Watson, 1954) and New Mexico (Lucas et al., 2005); Eudibamus cursoris from the lower Permian of Germany (Berman et al., 2000); Bolosaurus grandis Reisz et al. (2002), from the lower Permian of Oklahoma (Reisz et al., 2002); Belebey vegrandis Ivakhnemko (1973), and Belebey maxima Ivakhnemko and Tverdochlebova (1987), from the middle Permian of Russia (Ivakhnemko, 1973; Ivakhnemko and Tverdochlebova, 1987; Reisz et al., 2007); Belebey chengi Müller et al., 2008, from the middle Permian of China (Müller et al., 2008) and Belebey augustodunensis Falconnet (2012), from the Permo-Pennsylvanian of France (Falconnet, 2012). Additionally, isolated bolosaurid-like teeth have been described from the upper Pennsylvanian of New Mexico (Harris et al., 2004).
Eudibamus cursoris is a member of a diverse tetrapod assemblage, which to date consists of twelve species, ranging from fully terrestrial to semi-aquatic (Berman et al., 2020). All were collected from the lower Permian Tambach Formation of the Bromacker locality, an area of small, abandoned, sandstone quarries scattered over an area of less than 0.5 km2 in the midregion of the Thuringian Forest, approximately 1.5 km north of the village of Tambach-Dietharz and 20 km south of the town of Gotha, central Germany. Outcrops of the Tambach Formation are restricted to an area of about 50 km2 that were deposited in a small, internally drained, upland basin termed the Tambach Basin with an original aerial extent of approximately 200–300 km2. All but one of the Bromacker species were collected from an extensively quarried site, the Bromacker quarry, centrally located in the Tambach Basin. Detailed stratigraphic, sedimentological, and paleogeographic data of the Bromacker locality and quarry are summarized by Eberth et al. (2000).
Presented here is the first comprehensive description of the essentially complete, articulated skeleton of the holotype of Eudibamus cursoris (Figure 1) since its brief original description (Berman et al., 2000). It is of special importance in being the only known bolosaurid specimen described to date that includes a well-preserved postcranial skeleton. Most significantly, its postcranial anatomy documents the earliest occurrence of a vertebrate capable of employing a cursorial quadrupedal or bipedal digitigrade locomotion with the limbs held in a vertical erect posture and swung pendulum-like in a parasagittal plane. Otherwise, it is not until 60 or more million years later with the appearance of the Late Triassic archosaurs that this type of cursorial gait is again attributable to any group of terrestrial tetrapods. Although several very plausible examples of Permian bipedal reptiles have been described (Carroll, 1973; Carroll and Thomson, 1982; Spindler et al., 2019), in none has this ability been coupled with evidence of both limbs occupying a vertical parasagittal plane and swung in a fore and aft pendulum-like style during locomotion.
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FIGURE 1. Eudibamus cursoris, holotype (MNG 8852). Essentially complete skeleton exposed mainly in dorsal view. (A) Photograph and (B) illustration (modified after Berman et al., 2000).


From the same Bromacker locality as the holotype a second well-preserved, partial articulated skeleton of Eudibamus cursoris (MNG 12895) was subsequently discovered. It consists of an estimated articulated string of eleven vertebrae extending approximately from the posteriormost four presacrals to the anteriormost three caudals, along with the pelvis and right hindlimb with pes (Figure 2) that adds significantly to the morphology of the holotype of E. cursoris.
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FIGURE 2. Eudibamus cursoris, referred specimen (MNG 12895). (A) Photograph and (B) illustration of entire articulated specimen in ventral view, consisting of partial vertebral column spanning from approximately posteriormost four presacral vertebrae to the anteriormost three caudal vertebrae, pelvis, and right hindlimb. (C) Photograph and (D) illustration of partial left ilium shown isolated in lateral view.


In the original description of Eudibamus cursoris it was recognized for the first time by Reisz that bolosaurids are not only parareptiles, but also the basalmost and oldest member of the Bolosauridae clade (Reisz et al., 2007; Müller et al., 2008). The phylogenetic analysis by Berman et al. (2000) that posits E. cursoris as the oldest known member of the Parareptilia has been challenged by two recent descriptions of Carboniferous genera. On the basis of a single, nearly complete articulated skeleton from the latest Carboniferous of Prince Edward Island, Canada, Modesto et al. (2015), described a new genus and species of parareptile, Erpetonyx arsenaultorum Modesto et al., 2015. In the phylogenetic analysis of Parareptilia presented by Modesto et al. (2015) E. arsenaultorum is recognized as the sister taxon and closest relative of Bolosauridae and together they comprise Bolosauria. Bolosauria was also retrieved in a more recent analysis of Parareptilia by Cisneros et al. (2021), and Eudibamus remained as the sister taxon to Belebey and Bolosaurus, as in Müller et al. (2008). Notably, their phylogenetic analysis included data for Belebey based on B. vegrandis only, and not the other two species. The second parareptile described from the Carboniferous, Carbonodraco lundi Mann et al., 2019, was diagnosed as a cleistorhinid parareptile, on the basis of two specimens consisting of disarticulated cranial elements from the middle Pennsylvanian Linton, Ohio (Mann et al., 2019), making it the oldest known member of Parareptilia currently known. The description presented here emphasizes those structures of Eudibamus cursoris that supports its specialized cursorial ability and envisioned as an agile herbivore (Hotton et al., 1997) that relied on a unique ability to employ bipedal and quadrupedal gaits presumably to speedily escape predators.



ABBREVIATIONS

The acronym MNG refers to the Museum der Natur, Gotha, Germany.

Key to abbreviations in figures: ac, acetabulum; an, angular; ar, articular; as, astragalus; atl, atlantal elements; ana, axial neural arch; c, centrale; ca, calcaneum; co, coracoid plate (co-ossified anterior and posterior coracoids); cd, coronoid; cl, clavicle; cth, cleithrum; d, dentary; eo, exoccipital; f, frontal; fe, femur; fi, fibula; h, humerus; i, intermedium; ic, interclavicle; il, ilium; is, ischium; j, jugal; l, lacrimal; lc, lateral centrale; m, maxilla; mf, mandibular foramen; mc, medial centrale; n, nasal; o, orbital rim; op, opisthotic; p, parietal; pal, palatine; pf, postfrontal; pi, pineal foramen; pm, premaxilla; pra, prearticular; prf, prefrontal; ps, parasphenoid; pt, pterygoid; pu, pubis; qj, quadratojugal; r, radius; ra, radiale; sa, surangular; sc, scapula; so, supraoccipital; sp, splenial; sq, squamosal; t, tabular; ti, tibia; u, ulna; ul, ulnare; I-V, digits; 1-5, distal carpals and tarsals; ∗, isolated tooth.



DESCRIPTION


Skull Roof

Description of the skull of Eudibamus cursoris is based on its dorsal, ventral, and lateral exposures in Figures 1, 3, 4. Despite almost all the skull bones being either disarticulated, partially overlapped by neighboring bones, or marginally incomplete, in most cases they can be described as they would have appeared in the articulated skull. Unfortunately, numerous critical structural uncertainties prevent a confident reconstruction of the skull roof. Although the skull is crushed severely dorsoventrally, and the skull roof is incompletely preserved, with a single exception all the paired standard roofing bones are represented by one or both exposed in external view. As in Belebey vegrandis (Reisz et al., 2007), E. cursoris does not appear to possess a supratemporal, which was incorrectly illustrated as present in B. striatus by Watson (1954) as interposed between the parietal and squamosal.
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FIGURE 3. Skull of Eudibamus cursoris, holotype (MNG 8852). (A,B) Photographs, (C,D) illustrations, and (E,F) labeled outline drawings of elements of dorsoventrally crushed skull in (A,C,E), dorsal and (B,D,F), ventral views. Dorsal views of skull (A,C,E) also include disarticulated elements of the braincase and atlas-axis complex, dorsal portion of laterally exposed left scapula and cleithrum, and right humerus. Ventral views of skull (B,D,F) also include disarticulated elements of the dorsal portions of laterally exposed left scapula and cleithrum and partially exposed ventral view of shoulder girdle. Abbreviations in this and following figures as listed in text.



[image: Fossil skull and its illustrations. A) Photograph of a fossilized skull, showing detailed texture and teeth. B) Detailed line drawing of the skull, highlighting specific features with stippling. C) Simplified line drawing with labeled parts like pm, m, and others, with arrows pointing to corresponding elements. A scale bar indicates one centimeter.]

FIGURE 4. Eudibamus cursoris, holotype (MNG 8852). Partial left lateral view of skull. (A) Photograph, (B) illustration, and (C) labeled outlines drawings of elements. *Indicates visible tooth of right premaxilla.


The premaxillae are complete and united along the midline. They are relatively small slender elements, consisting of the two recognized standard components, an anterior dorsal process and a ventral posteriorly directed tooth bearing process. Together they form a deeply concave anteroventral margin of the external naris. The dorsal processes are slightly inclined anterodorsally and distally barely reach the skull roof, where they presumably inserted between the anterior ends of the paired nasals. In ventral view of the skull the ventral processes curve posterolaterally from their midline contact, ending immediately posterior to the dentition without evidence of a distinct maxillary process. The premaxillae each possess three tightly spaced teeth with both series meeting at the midline without a gap. The teeth are narrowly cone-shaped, decrease serially in size slightly posteriorly from a maximum diameter of about 0.3 mm, and are oriented vertically, rather than being procumbent as in Bolosaurus striatus (Watson, 1954) and B. vegrandis (Reisz et al., 2007).

Both maxillae are exposed in the ventral exposure of the skull with the left also exposed in the lateral view of the skull. The disarticulated right maxilla is exposed laterally and missing only a small portion posterior to the dental series, whereas the left is complete and not only narrowly exposed ventrolaterally, but also fully exposed in the lateral view of the skull. In the latter view it is articulated with the lacrimal and jugal, but narrowly separated from contacting the distal end of the ventral process of the premaxilla due to marginally incomplete preservation. The maxilla is greatly elongated with its full length contributing to the ventral margin of the skull from the distal end of the ventral process of the premaxilla to the level of the posterior orbital margin. The anterior two-thirds of the maxilla form a narrow elongate rectangular process-like structure that contacts the ventral margin of the lacrimal. The shorter expanded posterior portion of the maxilla narrows as it curves posteroventrally in contact with the anteroventral margin of the jugal to end in a blunt point well below the level of the alveolar shelf. The posterior portion of the maxilla dorsally overlaps the lateral surface of the lacrimal except for an extremely thin suborbital exposure that posteriorly contacts an equally narrow but much shorter anterior suborbital process of the jugal. Thus, the maxilla is narrowly excluded from the orbit by a lacrimal-jugal contact. There is no evidence of an anterior premaxillary process of the maxilla, and the spacing of the teeth at the union of the premaxillary and maxillary dentitions is the same as elsewhere in the series.

The dentition of the right maxilla is well-exposed laterally, extends posteriorly to the midlength level of the orbit, and is complete with ten teeth. The teeth gradually increase serially in size posteriorly to the seventh tooth, with the first two teeth being slightly larger than those of the premaxilla and the last three teeth being markedly reduced to about the size of the third and fourth. Although exposures of the teeth are limited mainly to the lateral surfaces, they exhibit a rudimentary development of the distinctive molariform features of other bolosaurids, particularly the larger posterior teeth. The teeth are bulbous and expanded anteroposteriorly, and the crown is divided unequally into distinct anterior and posterior portions. The much larger anterior portion of the crown has the form of a heel-like structure with a very slightly shallow basin-like dorsal surface, whereas the much smaller posterior portion of the crown rises dorsally into a very small, pointed cusp. The posterior surface of the cusp is an extension of the rounded tooth base, whereas the anterior surface is sharply defined by a flattened or possibly a slightly vertically concave surface, giving the cusp a half dome-like appearance.

Only the left jugal is preserved, but it is complete and fully exposed in the dorsal view of the skull, where it borders the concave posteroventral orbital margin between contacts with the postorbital dorsally and the maxilla ventrally. The midlength portion of the jugal is broadly expanded posteroventrally with a slightly concave anteroventral margin. The narrow dorsal extension of the jugal is posteriorly inclined and inserts between ventrally diverging margins of the postorbital and squamosal. Presumably a short dorsal portion of the slightly concave posterior margin of the dorsal extension enclosed the anterior margin of the temporal fenestra.

Description of the lacrimal relies on the left bone exposed in the lateral view of the skull, which is complete except for a very small loss at its narrow anterior end that undoubtedly contributed to the posterior margin of the naris. A small triangular dorsal process of the lacrimal forming the anteroventral margin of the orbit roughly divides the lacrimal into subequal posterior and anterior portions. Anterior to the dorsal process the lacrimal has an elongate subrectangular outline that narrows slightly anteriorly. Its dorsal margin is believed to have been contacted by the incomplete disarticulated ventral margin of the prefrontal.

All that remains of the right nasal is a small remnant, but the left is fully exposed and appears complete, but undoubtedly has rotated anteroventrally about 90o from its contact with the anterior margin of the frontal. Correctly oriented it has roughly the outline of an anteroposteriorly elongated rectangle, but with an unusually short length equal to about 40% of the frontal length, suggesting an abbreviated snout. A deep V-shaped cleft in the posterior margin of the left nasal presumably received a complementary pointed anterior end of a more completely preserved frontal than those described here. The anterior third of the nasal is angled slightly anteroventrally from the midline, presumably to accommodate the dorsal process of the premaxilla. The vertically truncated anterior margin likely contributed to the posterodorsal margin of the external naris.

Both frontals are present but disarticulated along their midline contact, and only the left bone appears mostly complete. It is greatly elongate anteroposteriorly, perhaps equaling more than 50% of the midline length of the skull. The left frontal preserves a short poorly defined lateral orbital process that intervenes between the prefrontal and postfrontal, dividing the frontal into anterior and posterior processes, with the anterior process being about twice as long.

Only the left parietal can be accounted for, which due to dorsoventral crushing of the skull roof has resulted in it occupying a single plane, rather than originally being folded longitudinally into a dorsal skull table exposure and a ventral lateral cheek exposure. Although the anterior margin of the skull table portion is incomplete, the midline length of the parietal was obviously relatively short, particularly when compared to that of the frontal, which appears to be about three times as long. The midline margin of the parietal is interrupted by what appears to be the lateral half of a moderate-sized pineal foramen. Together the ventral lateral cheek exposure of the parietal and the squamosal form a very broad, vertically elongate rectangular plate that is slightly bowed laterally and directed strongly posteroventrally well beyond the level of the posterior margin of the skull table. The contact between the parietal and squamosal can be only tentatively placed. The anteroventral margin of the united pair is contacted by a posteroventral succession of the postfrontal, postorbital, and jugal bones, which border the posterior half of the concave orbital margin.

The squamosal extends ventrally to nearly the ventral margin of the skull roof, where it would have laterally overlapped the articular condyle of the quadrate. The anterior ventral margin of the squamosal is incised dorsally by a shallow step-wise emargination that bordered the posterodorsal corner of the temporal fenestra. A short distance ventral from the skull midline the dorsal half of the posterior margin of the united parietal-squamosal is narrowly recessed and inflected medially as an occipital flange that is overlapped by the tabular.

All that remains of the quadratojugals is a small, pointed remnant of the right bone projecting anteriorly from beneath the posteroventral corner of the ventral expansion of the squamosal. Presumably the complete quadratojugal would have extended anteriorly as a long narrow bar that ventrally bordered a narrowly elongated temporal fenestra and contacted the posterior margin of the jugal.

Both prefrontals are preserved, but exposed in contrasting views that confusingly appear to portray radically different morphologies. The laterally exposed left prefrontal appears to be essentially complete and preserved in proper orientation within the skull and relative to surrounding elements. Ventrally it consists of a narrow longitudinally elongated base with a horizontally straight ventral margin, which likely contacted the dorsal margin of the anterior half of the ventrally displaced lacrimal. Extending dorsally from the base is a dorsal blade that distally curves posterodorsally and apparently is disarticulated from the lateral margin of the anterior process of the frontal. The posterior margin of the prefrontal is deeply concave to form the anterior orbital margin. The right prefrontal also appears complete and, although narrowly disarticulated, occupies its near correct relationship with the frontal but with a ventrolateral rotation of about 90o that exposes it in internal view as T-shaped with a long thin ventral stem. The horizontal dorsal bar of the T is narrowly exposed dorsally and is divided by the stem into posterior and anterior processes of unequal lengths. The medial margin of the shorter narrower posterior process is narrowly separated from its contact with the lateral margin of the anterior process of the frontal, whereas the medial margin of the longer slightly wider anterior process undoubtedly contacted the lateral margin of the nasal. The ventral stem is believed to have extended along the anterior orbital margin in contact with the posterior margin of the lacrimal.

The postfrontals are complete but only the left is exposed fully and retains its marginal contacts. It has a long narrow boomerang shape that wraps around the concave posterodorsal margin of the orbit as it extends from the dorsal skull table to the lateral temporal area of the skull roof. Successive contacts along its non-orbital margin include the lateral margin of the posterior process of the frontal, a short midlength portion of the anterior margin of the parietal, and the greater dorsal portion of the anterior margin of postorbital.

Of the postorbital, the smallest of the skull roofing bones, only the left can be accounted for but appears complete. It has an outline of a broad-based triangle with the longer, vertical anterior base contributing to the postorbital margin, although greatly restricted due to the narrow ventral extension of the postfrontal contacting most of the dorsal portion of its anterior margin. The posteriorly converging margins of its triangular outline extend between contacts with the united parietal-squamosal dorsally and ventrally the jugal. The arrangement of the orbital bones suggests that the orbit had a longitudinally expanded oval outline.



Palate

Of the dermal palatal bones only the pterygoids are preserved (Figure 3), but neither is fully exposed or complete. The well-exposed left transverse flange exhibits several differences from the standard morphology of the majority of Paleozoic amniotes (Reisz et al., 2007). It is exceptionally small and subrectangular in outline with the longitudinal length being slightly greater than the transverse width. The flange is constricted anteroposteriorly by concave margins, and the deeper posterior concavity likely received the posterior end of the ectopterygoid as in Belebey vegrandis (Reisz et al., 2007). The ventral surface of the flange is flat, and occupies the same horizontal plane as that of the pterygoid proper, and, although devoid of teeth, there is a low narrow ridge bordering the lateral distal margin. Only the ventral margin of the palatal ramus of the left pterygoid is exposed, and, although possibly incomplete distally, its anterior projection is close to the midline, suggesting a very narrow interpterygoid vacuity. The flange-like quadrate process of the pterygoid extends posterolaterally to the level of the posterior margin of the parasphenoid. As preserved in the right process the medial surface is slightly concave with a narrowly thickened rounded ventral margin that extends the full length of the process. The disarticulated right prearticular obscures a ventral exposure of both basicranial articulations. A partially exposed basal process of the left pterygoid, however, indicates a posteromedially facing line of contact with the basipterygoid process of the braincase. Although tightly articulated, at least some mobility between the palate and braincase may have been possible.



Braincase

The only definitely identifiable element of the braincase is the parasphenoid, although disarticulated elements are tentatively identified as the supraoccipital, opisthotic, and exoccipitals (Figure 3). The parasphenoid, which presumably is indistinguishably fused dorsally with the basisphenoid, is complete, but the right prearticular obscures a wide area along its midline. Immediately posterior to the basipterygoid processes the parasphenoid expands bilaterally into a broad triangular plate with the lateral margins thickened into smooth ventral ridges of the cristae ventrolaterales. What may be the cultriform process is a poorly preserved thin anteriorly narrowing bone that extends far anteriorly from dorsally above the anterior broken margin of the prearticular. A short distance medial to the left parietal are two small disarticulated poorly preserved bones that have the U-shaped outline shape expected of the exoccipitals with their internal margins presumably forming the lateral margins of the foramen magnum. Adjacent to the exoccipitals is an isolated element with the outline and size expected of an opisthotic, believed to be the right. It consists of two rectangular portions joined at a right angle. The smaller of the two portions would have contributed to the braincase wall, whereas the longer portion, which expands slightly distally, would be the paroccipital process. A rectangular plate-like element that is relatively large compared to the surrounding elements and adjacent to the anteroposterior corner of the parietal is suggestive of the supraoccipital.



Mandible

The left mandible is complete and exposed in both the ventral and dorsal exposures of the skull (Figure 3). The entire length of the ventral surface of the mandible is preserved with all the elements tightly articulated. The few preserved bones of the right mandible are widely disarticulated, mostly fragmentary, and variously exposed. Fortunately, the ventrally exposed right dentary clearly indicates the unique bolosaurid feature of the Meckelian canal being bordered by narrowly separated medial and lateral flanges. Unfortunately, however, what are not visible are the flanges originating as ventral extensions of the medial and lateral margins of the alveolar shelf. Presumably, if fully exposed the flanges would extend well below the alveolar shelf, giving the entire structure an inverted U-shaped appearance in transverse section with the Meckelian canal opening ventrally (Reisz et al., 2002, 2007). All that is visible of the medial flange of the dentary is a narrow ventral margin that extends from a short distance posterior to the symphysis to about the midlength of the mandible. The anterior half of the flange margin exposure is bordered ventrally by a moderate dorsal expansion of the prearticular, suggesting that it may have extensively overlapped the medial surface of the medial flange of the dentary, a feature unique to bolosaurids (Reisz et al., 2002).

In the laterally exposed articulated left mandible an extremely thin posteriorly narrowing splint-like splenial contacts approximately the anterior half of the ventral margin of the dentary. Anteriorly it is marginally excluded from the symphysis, whereas posteriorly it contacts the anterior dorsal margin of the angular. Unique to bolosaurids and as described in Belebey vegrandis (Reisz et al., 2007) and inferred in Bolosaurus grandis (Reisz et al., 2002) the splenial ventrally floored the Meckelian canal. There is no observable evidence to confirm this feature in Eudibamus.

Exposure of the dentary dentition is limited to the posteriormost three positions dorsally exposed at the posterior end of the left dentary. The second tooth is greatly enlarged over the anterior tooth and presumably the posterior tooth is represented by an empty socket. Features of the crowns are too indistinct to describe accept to say that they are bulbous with a circular cross-sectional base.

The only extensive view of the surangular is a dorsolaterally exposed posterior portion of the left bone that includes the upper portion of the lateral wall of the adductor fossa with a slightly concave dorsal margin. Immediately posterior to the adductor fossa rim the surangular expands slightly into a concave articulation with the upper surface of the articular. Anteriorly its contact with the posterior margin of the dentary is obscured by the overlying left jugal. At the anterior border of the adductor fossa the dorsal margin of the surangular contacts the ventral margin of the dorsally directed coronoid process. Although a narrow border of its anterior margin is obscured by the left jugal, it otherwise appears to be free of contacts and to narrow dorsally to a pointed apex of a cone-shaped structure.

Exposures of the angular, prearticular, and articular are limited essentially to the ventral surface of the left mandible. Here the angular is greatly elongated anteriorly from the jaw joint to about 60% of the ventral midline length of the mandible before ending anteriorly in what appears to be an irregular broken margin. Presumably, if continued anteriorly it would have occupied an anteriorly narrowing space that reaches to within a very short distance of the jaw symphysis. As such, the angular would have been bordered laterally by the splenial and medially by the ventral medial flange of the dentary that medially borders the Meckelian canal. The posterior half of the angular is folded longitudinally with the dorsal half consisting of a wide vertical expansion that curves dorsally to form the ventral portion of the lateral wall of the adductor fossa (not exposed). As preserved the anterior half of the angular consists of a broad ventrally exposed expansion that extends between the ventral margins of the lateral and medial flanges of the dentary to floor the Meckalian canal. For most of its posterior length the angular medially contacts the ventral margin of the prearticular in nearly a straight margin except for two small openings. Posteriorly the two bones narrowly diverge to expose the ventral surface of the articular, and a short distance anteriorly there is narrow opening described in Belebey vegrandis by Reisz et al. (2007) as the mandibular foramen. The angular borders the laterally concave margin of the mandibular foramen, whereas the prearticular forms a straight medial margin.

The prearticular is greatly elongated and narrows as it extends anteriorly in a straight ventral medial margin from the jaw articulation to about three fourths the length of the mandible. The shorter dorsally exposed posterior portion forms the medial margin of the adductor fossa with a slightly concave dorsal margin. It ends posteriorly in a low dorsal process that thickens slightly posteriorly as it cups the convex medial surface of the articular. The dorsal surface of the articular is well-exposed and divided into longitudinally elongated lateral and medial oval condyles with the former being much larger and more strongly developed. The articular does not possess a retroarticular process.



Axial Skeleton

Description of the axial skeleton is based almost entirely on the well-preserved, essentially complete, and mostly articulated column of the holotype MNG 8852 (Figures 1, 3) that includes twenty-six presacrals, two sacrals, and fifty-five caudals. The referred specimen MNG 12895 (Figure 2) includes an estimated string of eleven vertebrae, although approximately three are obscured by the pelvis. Otherwise, the series is believed to include the posteriormost four presacrals or their remnants, followed likely by two sacrals, a gap that held about three caudals, and three additional caudals.

Nearly the entire precaudal vertebral series in the holotype is well- preserved and exposed dorsally except those of the cervical region, including elements of the atlas-axis complex (Figure 3). The atlas is represented by identical bilateral series of three extremely small, loosely associated elements directed anteriorly from adjacent to the anterior margin of the axial neural arch. They presumably represent a bipartite atlas, but cannot be individually identified. The axial neural arch has a longitudinally elongated rectangular outline in dorsal view, the length of which is nearly twice those of the postcervical dorsals. A low ridge-like neural spine extends the full length of the arch. The postaxial presacral neural arches are greatly expanded laterally and slightly swollen dorsally. The zygapophyses are widely spaced from the midline and appear to articulate in a horizontal plane. Small neural spines have a longitudinally elongate oval outline in dorsal view and are positioned close to the posterior margin of the neural arch. The postaxial presacral transverse processes are most prominently exposed in the cervical region, where they have a distally short rectangular outline and are directed anterolaterally from a level immediately posterior to the anterior zygapophyses. The neural arch of the first sacral is like that of the dorsals except for the transverse process being greatly expanded in width, slightly more so at its distal articulation with the ilium, and indistinguishably fused to the centrum. The neural arch of the second sacral is greatly reduced compared to the first, and the transverse processes, although not well exposed, are extremely narrow and project anterolaterally; it cannot be determined whether they independently contacted the ilium or provided support to that of the first sacral.

In the ventrally exposed partial column of the referred specimen MNG 12895 the ventral surfaces of the dorsal and caudal centra are strongly pinched bilaterally to produce a midline keel that is rounded in transverse section and widens slightly at either end to merge with the rounded articular lips of the centrum. Well-developed transverse processes of the caudals project far laterally and bifurcate into prominent processes presumably for the divided head of the rib. Remnants of intercentra are associated with the dorsal vertebrae.

The first six pairs of cervical ribs in the holotype are either lost or not exposed; otherwise the ribs extend without break to the twenty-second presacral vertebra. All are unusually short, extremely slender, and only modestly curved ventrally. The varying shapes of most of the rib heads are difficult to discern except for those of the cervical region, which are narrowly separated from the centrum and along with the shafts, have been rotated slightly posterodorsally. The heads clearly exhibit a triangular outline, and the capitulum and tuberculum areas are well defined along the fore and aft margins by thickened rounded margins separated by a shallow channel. The longer anterior process-like capitulum is directed ventromedially to contact presumably the ventral portion of the anterior margin of the centrum, whereas the tuberculum is a near continuation of the shaft that contacted the transverse process. The rib heads exhibit a gradual serial reduction in size posteriorly, whereas the rib shafts gradually increase serially in length posteriorly to about sixteenth vertebrae, followed by a marked decrease in length and slight decrease in width to the end of the series.

The holotype possesses two pairs of sacral ribs. The first sacral rib is broad and extends straight laterally to the anterior part of the iliac blade. The second rib is quite slender and extends anterolaterally to the iliac blade, and its position and orientation suggests that it made contact with the iliac blade immediately posterior to the first sacral rib. The first four vertebrae of the tail possess ribs that are narrowly separated from the transverse processes. The rib heads are short, flat, and triangular in dorsal outline and their possible division into capitular and tubercular processes cannot be discerned. The shafts on the right side are complete, subequal in length, and strongly curved posteriorly. A fragment of the fifth caudal rib is preserved on the right side.

The tail of the holotype is essentially complete and except for the possible loss or incompleteness of the last few vertebrae is exceptionally long with a calculated length equal to 64.3% of the full axial length (Berman et al., 2000) and, yet, it includes only the approximate standard number of about 55 or more vertebrae. Approximately the first eight caudal vertebrae are exposed dorsally and are identical to the dorsals except for being noticeably smaller and exhibiting a serial reduction in size posteriorly. Continuing posteriorly the caudal neural arches are serially reduced in size whereas in contrast the centra uniquely persist as relatively elongate structures of subequal lengths, although with a slight length reduction of the last six or more centra. The relative lengthening of the caudals accounts in great part for the extraordinary length of the tail in Eudibamus, although there is a slight length reduction of the last six or more caudal centra.

The neural arches of the caudals exhibit several, marked, structural changes from about the ninth to the thirtieth serial position: (1) they gradually become reduced in size to little or no evidence of their presence; (2) the neural spines are spike-like and project strongly posterodorsally; (3) the pre- and postzygapophyses become greatly narrowed in width and barely separated from one another along the midline with the articular facets steeply tilted ventromedially; and (4) despite the centra being nearly equal in length, the transverse dimensions of the neural arches become reduced. In the remainder of the tail the vertebrae consist of simple rod-shaped centrum elements with slightly concave dorsal and ventral surfaces.



Shoulder Girdle

The holotypic shoulder girdle is well represented by possessing all the standard bones, most of which are well exposed but narrowly disarticulated (Figures 1, 3, 5, 6). The scapulae are probably nearly complete but only partially exposed in the dorsal view of the skull. Exposure of the right blade is limited to its anterior edge, whereas the greater dorsal portion of the left is laterally exposed but ends ventrally in a broken margin. From a thin broadly convex anterior margin the blade thickens toward a straight posterodorsally inclined posterior margin. Closely associated with both scapular blades is a splint-like cleithrum, which tapers to a sharp point as it ascends the ventral half of the anterior margin of the blade.


[image: Panel A shows a fossilized bone in amber tones. Panel B is a detailed black and white illustration of the same bone from panel A, highlighting its structure. Panel C is a labeled line drawing of the bone with parts marked as "cl," "ic," "co," and "h" for clarity. The scale bar indicates one centimeter.]

FIGURE 5. Eudibamus cursoris, holotype (MNG 8852). (A) Photograph, (B) illustration, and (C) outlines of individual elements of shoulder girdle in ventral view.



[image: Fossil remains and corresponding diagrams of a limb from an ancient creature. Panel A shows a fossil embedded in rock. Panel B provides a detailed sketch with stippling to indicate texture. Panel C outlines the bones with labels such as cth, sc, h, r, and u, showing different views and parts of the limb. A scale bar indicates the size as 2 centimeters.]

FIGURE 6. Eudibamus cursoris, holotype (MNG 8852). (A) Photograph, (B) illustration, and (C) labeled outlines of elements of forelimb and shoulder girdle in dorsal view.


Exposures of the clavicles, interclavicle, and coracoid plates (co-ossified anterior and posterior coracoids) are limited to ventral exposure on the ventral surface of the skull. The clavicles are strap-like and divided into subequal lengths by an approximately 90o twist about their long axis. The twist produces the standard division into an anteromedially directed cranial portion and a posterolaterally directed caudal portion. The cranial portion expands slightly as it nearly reaches the midline and overlaps the anterior surface of the lateral wing of the interclavicle. The distal half of the clavicle is slightly bowed laterally to match its contact with the anterolateral margin of the dorsal surface of the scapulocoracoid complex. The lateral wings of the T-shaped interclavicle are extremely narrow, taper to a distal point, and curve slightly posteriorly in contact with the anterolateral marginal contour of the coracoid plate. A long narrow posterior stem approximates the length to the midline contact of the coracoid plates. It exhibits little change in width except for two minor swellings, one near either end of its extent.

The coracoid plates are hemi-circular in outline, flaring laterally from presumably a straight mutual midline contact dorsal to the interclavicle stem. A low poorly defined ridge transversely divides the ventral surface of the left coracoid plate into unequal portions, which may mark the line of fusion of the anterior and posterior coracoids.



Forelimb

To avoid confusion in describing the bones of the fore- and hindlimbs (defined here as including the manus and pes, respectively) the anatomical views used are based on a posture in which the limbs occupy a parasagittal plane that extends directly anterior from the girdles. Description of the forelimb relies almost entirely on the mostly articulated left limb (Figure 6), which is missing short midlength sections of the radius and ulna shafts, and entirely distal carpal 1, metacarpal I, and all but a few proximal phalanges of digits III-V. Preservation, however, is complete enough recognize its pronounced elongation with an estimated length equal to 82.7% of the trunk length (Berman et al., 2000). In contrast, the right forelimb is limited to the humerus, distal portions of the radius and ulna, and a few unidentifiable isolated bones. The humerus is not of the typical primitive tetrahedral structure common to late Paleozoic tetrapods in which greatly expanded proximal and distal heads occupy different planes and are joined by a short shaft, but instead has the unique appearance that is more typical of a late Paleozoic tetrapod femur. The left humerus has a greatly elongated slender morphology except for an expansive deltopectoral crest that projects medially from the proximal head and gradually narrows as it extends distally along shaft to nearly its midlength. Although most of the deltopectoral crest is obscured by an overlying scapular blade, in the ventral view of the shoulder girdle a narrow margin of the proximal end of the humerus is slightly disarticulated from the glenoid, exposing the combined terminal articular margins of the humerus and crest as being transversely continuous. The distal head of the humerus is divided into two well-developed closely adjacent condyles that increase in size distally to vertically elongated and slightly convex terminal facets in which presumably the medial condyle contacted the radius and the lateral condyle the ulna. The medial and lateral condyles represent a radical restructuring of the ectepicondyle and entepicondyle condyles of the typical Paleozoic tetrapod humerus, which also accounts for the absence of the ectepicondylar and entepicondylar foramina.

The mid-shaft sections of the left epipodials are missing, but the otherwise articulated nature of the forelimb allows confident interpretation of their lengths and structure. Both bones can be described as being straight, very slender, and closely spaced to one another with lengths approximately equal to 78% of the humerus length. The shafts exhibit gradual narrowing from the slightly expanded proximal and distal heads with vertical transversely flat terminal facets. The ulna lacks an olecranon process and semi-lunar or sigmoid notch, which presumably is related to its slender structure and end-to-end contact with the lateral condyle of the humerus.

Identifiable elements of the carpus include the radiale, intermedium, ulnare, medial and lateral centralia, and distal carpals 2–5 (distal carpal 1 is either lost or not yet ossified). The ulnare, the largest of the carpals, is flask-shaped, narrowing proximally from an expanded distally flat base that contacts distal carpals 4 and 5 to a narrow stem-like structure of uniform width that contacts the distal end of the ulna. Medially the ulnare contacts the lateral margins of the intermedium proximally and the lateral centrale distally, the combined lengths of which match that of the ulnare.

The remaining four proximal carpals are uniquely elongated longitudinally and articulated in end-to-end pairs of subequal widths, which contribute to the relative lengthening of the manus. Furthermore, the proximal carpals are unusual in being tightly compacted mediolaterally with their proximal and distal articular facets aligning in transverse vertical planes. The radiale and medial centrale extend between contacts with the radius proximally and the distal carpal 2 distally. Laterally the pair contacts the medial margins of the intermedium proximally and the lateral centrale distally of much greater widths and extend between contacts with the ulna proximally and distal carpals 3 and 4 distally.

An articulated series of four distal carpals is visible and believed to include 2–5 based on their contacts with the proximal carpals, although conceivably they could represent 1–4. Distal carpals 4 and 5, the largest of the series, are subrectangular in outline, whereas 2 and 3 are greatly reduced to small spheres. The mutual contact between 4 and 5 is fused proximally and regarded as an anomaly. Metacarpal I is absent, II is incomplete, and III-V are complete and well preserved. The digits of the manus are tightly compacted mediolaterally and greatly elongated with the longest fourth equaling about 28% of the trunk length (Berman et al., 2000). Metacarpals III-V are greatly elongated, particularly IV, which is about 20 and 50% longer than III and V, respectively. The proximal and distal heads are greatly expanded with vertical, essentially transversely flat terminal facets and narrow to very slender midlength shafts.



Pelvic Girdle

The holotypic pelvic girdle is very likely complete, but exposure is limited to dorsal views of the ilia (Figure 1). Fortunately, the pelvic girdle in the referred specimen MNG 12895 (Figure 2) is nearly complete with the lateral surfaces of the bilaterally paired pubes and ischia of the puboischiadic plates exposed ventrally, and a lateral exposure of the left ilium that lacks a large portion immediately anterior to the acetabulum. The pelvic bones are well-defined by narrowly open sutures, suggesting that even this individual was not fully mature. For clarity, each element of the pelvic girdle is described in the universally accepted perspective of occupying a vertical parasagittal plane, which here is laterally exposed. However, it is recognized that in life the puboischiadic plates extended dorsolaterally from their midline union with the ilium directed dorsally.

Several unique features distinguish the ilium from those of other Paleozoic tetrapods, foremost among which is the absence of a distinct dorsal blade. The ilia in the holotype are complete and occupy their correct relationship with the sacrum but appear to be barely disarticulated from the sacral transverse processes. However, in both the holotype and referred specimen MNG 12895 the typical broad dorsal iliac blade is absent and in its place elongated anterior and posterior processes of subequal lengths unite above the acetabulum in a narrow band with an uninterrupted horizontal dorsal margin. In the holotype the processes taper gradually and curve slightly laterally as they extend to a distal point. The anterior process of the laterally exposed left ilium in MNG 12895 is almost completely broken away, but the posterior process is complete and well preserved. Anteriorly the posterior process borders the posterior half of a complete acetabulum, whereas posteriorly it gradually narrows to a blunt point as it extends to the posteriormost level of the puboischiadic plate. Enough of the anterodorsal portion of the posterior process remains to indicate that the acetabulum was narrowly separated from the dorsal margin of the ilium, and, therefore, eliminating the presence of the short neck-like constriction of the ilium that characteristically separates the two structures in most Paleozoic tetrapods. An equally unique feature of the ilium is a deep circular cup-shaped acetabulum that is completely bordered by a thick extremely rugose rounded ridge and contained completely within the ilium immediately above its ventral contact with the puboischiadic plate; that is, neither the ischium nor the pubis contributed to the acetabulum. A nearly identical morphology was figured by Watson (1954) in an isolated left ilium of Bolosaurus striatus.

The paired pubes and ischia of the puboischiadic plates in MNG 12895 are essentially complete except for some marginal loss of the right pubis and are well-defined by narrowly open sutures. At a level shortly anterior to the midlength of the puboischiadic plates the vertical contact between the ischium and pubis ends dorsally in a wide shallow V-shaped sutural notch for the ventral margin of the ilium. The lateral surfaces of the pubes and ischia are flat except, as is typical in Paleozoic tetrapods, the portion of the ischium bordering the iliac notch being thickened into a smoothly rounded ridge that curves a short distance posteroventrally where it is continued as a much thinner slightly convex dorsal margin that extends the remaining length of the bone. The ventral margin of the ischium is broadly convex and contacts its bilateral counterpart for about half their anterior lengths. Posteriorly the ventral margin curves strongly upward away from the midline to a pointed union with the slightly convex posterior portion of the dorsal margin. Although the pubes are considerably shorter anteriorly than the ischia, in outline they are roughly similar to one another. There is no evidence of a pubic tubercle or an obturator foramen seen in some Paleozoic tetrapods.



Hindlimb

Considered together the holotype and referred specimen (MNG 12895) allow a thorough description of the hindlimb. In the holotype (Figure 7) an essentially complete articulated left hindlimb is exposed dorsally except for the femur being ventrally exposed. In contrast, in the right hindlimb the dorsally exposed femur and crus are narrowly disarticulated, and the few remaining elements of the pes are mostly disarticulated. The referred specimen MNG 12895 (Figure 2) includes an articulated ventrally exposed right hindlimb that lacks only the distal head of the femur. The two specimens differ strikingly in a few features in their tarsus. Whereas the forelimb has been characterized as relatively elongate for a late Paleozoic tetrapod at over 87% the length of the presacral column, the hindlimb is dramatic in this regard at nearly 135% its length.


[image: Fossil and diagrams of a dinosaur foot. Image A shows the fossilized foot in sediment. Images B and C are line drawings of the same foot, detailing bone structure. Labels indicate various bones, with a scale bar of 2 centimeters.]

FIGURE 7. Eudibamus cursoris, holotype (MNG 8852). (A) Photograph showing left hindlimb in dorsal view except for ventral view of femur. (B) Illustration and (C) outlines of labeled elements of femur, crus, and pes.


As with the humerus the femur of Eudibamus is much more gracile in build than those of late Paleozoic tetrapods. The well-preserved holotypic left femur is slender, nearly straight, and gradually expands proximally and distally from its midlength region, nearly doubling in width at its transversely flat terminal margins. Projecting medially from the proximal head of the femur is a prominent triangular internal trochanter that narrows medially to a sharply pointed angle. There is no obvious feature demarking the division between the two structures, and together they contribute to an uninterrupted narrow transverse terminal facet. The distal head of the femur curves slightly ventrally to terminate in a transversely oval, essentially flat facet that is shared disproportionably by contacts of the proximal heads of the epipodials, that of the tibia facet being much larger. Consistent with its gracile build, the distal head of the femur is atypical of late Paleozoic tetrapods in not being divided into dominant separate condyles that contacted the epipodials.

The epipodials in the holotype and referred specimen MNG 12895 are greatly elongated, extraordinarily slender, straight, subequal in length, and closely adjacent to one another. The crurofemoral length is slightly greater than half the total length of the limb. For most their midlength region the epipodials are circular in cross section but gradually expand slightly transversely as they extend to the proximal and distal heads. Whereas the terminal facet of the tibia for the astragalus is transversely oval, the distal end of the fibula is divided subequally into two distinct flat facets, one facing distomedially for the astragalus and the other facing distolaterally for the calcaneum.

The tarsi of the holotype and referred specimen MNG 12895 are not a perfect match. The referred specimen exhibits the standard Paleozoic tetrapod complement of tarsal bones that includes the astragalus, calcaneum, centrale, and distal tarsals 1–5. The holotype, on the other hand, differs most prominently from the referred specimen in the absence of the centrale and distal tarsal 5, and greatly reduced sizes of distal tarsals 1–3, all of which are features most reasonably attributable to an earlier ontogenetic stage of ossification than that of the referred specimen. In both specimens the astragalus conforms in general to the standard reversed L-shaped configuration of Paleozoic tetrapods except mainly for the internal angle being slightly greater than a right angle. Both limbs of the astragalus are roughly rectangular in outline, but they differ in the proximally directed limb being narrower and shorter than the medially directed limb. The proximal surface of the longitudinal limb slopes distolaterally in contact with the medial facet of the fibula. The tibia-astragalus contact is atypical among Paleozoic tetrapods in that the tibia contacts the proximal surface of the transverse limb rather than, as is standard, the distal terminal surface. Also, possibly unique, the facet for the tibia, as revealed in the ventral view of the referred specimen MNG 12895, is expanded ventrally by a narrow but prominent shelf-like structure.

In the referred specimen the medial half of the distal surface of the transverse limb of the astragalus contacts the proximal surface of the centrale in a distally convex suture, whereas the lateral half of the distal surface of the astragalus contacts a proximomedial facet of distal tarsal 4. In both the holotype and referred specimen the longitudinal length and transverse width dimensions of the calcaneum are subequal, although the width is maximized by a convex expansion of the lateral margin. As is standard in Paleozoic tetrapods the astragalus and calcaneum in both specimens contact one another in a longitudinally straight suture, which at about midlength in the ventrally exposed referred specimen exhibits evidence of a foramen for the perforating artery. A distomedially sloping proximal margin of the calcaneum contacts the lateral facet of the fibula. The distal margin of the calcaneum is divided into two distinct adjacent facets of subequal lengths, a distomedially facet for distal tarsal 4 and a transverse facet for distal tarsal 5. In the absence of distal tarsal 5 in the holotype the distal margin of the calcaneum is narrowly separated from contacting the proximal margin of metatarsal V. The centrale of the referred specimen is transversely elongate with a slightly convex distal margin that is contacted by distal tarsals 1–3, whereas laterally it contacts the medial margin of distal tarsal 4. Distal tarsals 1–3 are extremely small compared to 4 and 5 with narrow proximodistal elongate outlines; the slightly larger 3 contacts the greater ventral portion of the medial margin of 4. Distal tarsal 4, by far the largest of the series, is pentagonal in outline. The proximal margin is divided into two equal, distally diverging facets, one contacting the distolateral corner of the astragalus and the other the distomedial margin of the calcaneum. Distal tarsal 5 has roughly a square outline with a transverse proximal margin that contacts the distal margin of the calcaneum in a transverse suture and the medial margin contacts the greater ventral portion of the lateral margin of distal tarsal 4. The distal articular margins of the distal tarsals are slightly convex and restricted to their respective metatarsals.

The pes lengths of the holotype and referred specimen MNG 12895 are nearly equal and remarkable in their great lengths of about 43% that of the presacral column in the holotype and approximately 46% that of the second specimen based on comparison of vertebral lengths. As is typical in late Paleozoic tetrapods digits I–IV in both specimens greatly lengthen serially, but rather than V being typically substantially shorter than III, it is subequal in length. Most noticeable, however, in the serial lengthening of the digits there is a marked shift in the lengths from the typically short I and II to the extraordinarily long III–V. The elongation of digits III–V is due in great part to a unique disproportionate lengthening of their first phalanx. In the holotype the length of the first phalanx of digits III–V is equal to about 59, 83, and 96% of their respective metatarsal lengths, and in the referred specimen the values for the same proportions are 67, 61, and 83%. In the seven basal synapsid pedes illustrated by Romer and Price (1940, Figure 41) the same proportions yield greatly reduced values that rarely exceed 50% and then only by a slight percentage, otherwise the great majority of values range in the 30–40 percentiles. A similar pattern is seen in basal eureptilian captorhinid reptiles (Sumida, 1989; Holmes, 2003). As a result of reapportioning the lengths of digits III–V, in particular the unusual lengthening of V, they uniquely display a strong degree of bilateral symmetry.

The distal tarsals in MNG 12895, in strong contrast to those in the holotype, are strongly ossified with well-defined marginal contacts, including a distally convex contact with their respective metatarsals. Accounting for the missing ungual of digit I in the holotype, both specimens retain the primitive phalangeal count of 2-3-4-5-4. The unguals, best exposed in MNG 12895, are slightly longer than the penultimate phalanx, extremely narrow, and sharply pointed with little ventral curvature.




STRUCTURES SUPPORTING A PARASAGITTAL STRIDE AND DIGITIGRADE STANCE OF THE LIMBS


General

In the original description of Eudibamus cursoris (Berman et al., 2000) several structural and proportional skeletal features were described, almost all appendicular, that clearly indicate a unique ability to attain relatively high speeds during quadrupedal and bipedal locomotion. This was achieved by both limbs being greatly elongated and employing a parasagittal digitigrade stance and gait with the fore- and hindlimbs occupying near vertical postures and swung fore and aft in a pendulum-like arc. In Eudibamus this was affected in great part by three structural and proportional features that are widely and frequently encountered in its skeleton. Foremost is a pronounced lengthening of the limb bones. This served to increase stride length, and, therefore, running speed, as it is stride length and not stride frequency that running speeds are most greatly increased in vertebrates (e.g., Snyder, 1954, 1962; Irschick and Jayne, 1999). Secondly, maximum extension between terminal articulations of elongate limb bones during rapid locomotion was made structurally possible by hinge-type joints in which flat opposing facets meet in a transverse plane perpendicular to the long axis of the limb. This would have constrained limb orientation to a near vertical parasagittal plane regardless of the degree of flexion or extension of the joint. Lastly, the vertical posture of the limbs and mediolateral compactness of the longitudinally elongated bones about the long axis of the limb permitted a slender structure, which reduced the weight of the limbs without sacrificing their structural support of the trunk. In addition to the above structural and proportional adaptations, others are recognized and described below under their respective major skeletal subdivisions.



Axial Skeleton


(1)The uniquely short slender trunk ribs reflect a narrow trunk that would have allowed the limbs to be brought closer to the body midline, providing not only greater support of the trunk, but also increased the ease and efficiency of the fore and aft swing of the extended limbs during rapid quadrupedal or bipedal locomotion.

(2)The uniquely long tail (about 64.3% of the entire axial length, Berman et al., 2000) would have had the effect of greatly increasing its relative weight. Presumably this would have affected a significant caudal displacement of the body center of mass posteriorly beyond the pelvis to the anterior region of the tail, a condition that has been suggested as a feature of the earliest reptilian bipeds (Clemente, 2014). The result would be an increased length of the moment arm of the tail, the distance between the body center of mass and the femur-hip joint and an increase in the rotational torque at the hip joint, which would aid in lifting the front of the body into a bipedal stance and maintaining it during bipedal locomotion (Clemente and Wu, 2018).





Pelvis


(1)The thick rounded, rugose ridge bordering the circular margin of the acetabulum presumably served to prevent dislocation of the femur head, particularly critical during parasagittal bipedal gait with the hindlimb held in a nearly vertical stance.

(2)The deep circular cup-like acetabulum is uniquely contained completely within the ilium immediately above its ventral contact with the puboischiadic plate. This is very likely in response to the hindlimbs having shifted from a sprawling to a vertical posture positioned directly beneath the trunk. In a sprawling posture the force of the femur is directed mainly medially, impacting the three pelvic bones radiating from the acetabulum, and thus provided minimal support of the trunk. However, with the hindlimbs held in a vertical posture beneath the trunk and close to the midline, the need for much greater support of the body mass is provided structurally that is otherwise lacking in a sprawling posture.





Forelimb


(1)The forelimb is relatively greatly elongated and slender with a fully extended length equal to 82.7% of the trunk length (Berman et al., 2000).

(2)The humerus is unusually slender with almost no expansions of the proximal and distal heads in marked contrast to the primitive tetrahedral structure common to late Paleozoic tetrapods in which the heads are enormously expanded.

(3)The distal head of the humerus is divided into two, well-developed, tightly adjacent, and longitudinally elongated condyles of subequal size that distally contacted the epipodials in a resultant hinge joint, thus restricting the limb bones of the elbow to a vertical parasagittal plane regardless of their degree of flexion or extension.

(4)The slender structure of the humerus presumably accounts for the absence of both the ectepicondylar and entepicondylar foramina.

(5)The epipodials are straight, very slender with only slight expansions of the proximal and distal heads, closely spaced parallel to one another about the longitudinal axis of the limb, and subequal in length.

(6)The absence of an olecranon process and semi-lunar or sigmoid notch of the ulna is presumably related to its slender structure and terminal margin contact with the lateral condyle of the humerus.

(7)Several features of the proximal carpals uniquely distinguish the carpus among Paleozoic tetrapods. They are tightly compacted mediolaterally about the long axis of the limb, and with the exception of the ulnare, the four other proximal carpals have outline shapes of elongated rectangles of subequal widths and lengths that articulate longitudinally in end-to-end pairs. The ulnare is greatly elongated, matching the length of the paired proximal carpals, and collectively the proximal carpals contribute to a uniquely lengthened manus.

(8)The proximal and distal proximal terminal articular facets of the carpals for the epipodials and distal carpals, respectively, are of the hinge type and align transversely, allowing maximum flexion and extension of the manus restricted to a vertical parasagittal plane.

(9)The digits are tightly compacted mediolaterally with the length of the fourth being greatly elongated to equal about 28% of the trunk length (Berman et al., 2000).





Hindlimb


(1)In both the holotype and referred specimen the hindlimb is extraordinarily elongated with an estimated length in the former equal to 134.7% of the trunk length (Berman et al., 2000). Additionally, although the forelimb may be characterized as elongated relative to those of other late Paleozoic tetrapods, it is relatively shorter than the hind limb, a feature characteristic of other bipedal reptiles (Snyder, 1954, 1962).

(2)In both specimens the bones of the knee and ankle articulate longitudinally in simple hinge joints. In a digitigrade stance this confines the limb to a narrow vertical parasagittal plane regardless of the degree of flexion or extension at the joints. Furthermore, the fully extended hindlimb provided maximum limb length and, therefore, also stride length and running speed. It is assumed that as high running speeds were reached a concomitant lengthening stride of the long hindlimbs could only be accommodated without interfering with the much shorter strides of the forelimbs was by assuming a somewhat more erect posture and flexion of the elbow and wrist joints.

(3)The digits in both specimens are tightly compacted mediolaterally about the long axis of the limb for maximum support of the tarsus. Digits I and II are greatly reduced in length, especially relative to digits III–V, which prevented them from contacting the ground during extended digitigrade locomotion. Conversely, digits III–V are atypical in being greatly elongated and conforming strongly to a bilaterally symmetrical pattern. The lengthening of the digits is due in large part to a unique substantial lengthening of the first phalanx in digits III–V relative to the respective metatarsal length of each. Digits III–V therefore, presumably provided the entire vertical support of the hindlimbs during bipedal digitigrade locomotion. A more erect limb posture is correlated with an increase in effective mechanical advantage, and an elongation in metapodial limb segments to a digitigrade posture (Reilly et al., 2007). The hypothesized increase in stride length proposed here for Eudibamus agrees with models for correlations of stride length and speed increase as documented by work on extant reptiles (e.g., Snyder, 1954, 1962; Irschick and Jayne, 1999).

(4)In both specimens the tibia atypically contacts the proximal margin of the horizontal limb of the astragalus rather than the distal terminal margin, as is more standard in other late Paleozoic amniotes. In ventral view of the referred specimen the contact is expanded ventrally by a narrow but pronounced lip-like extension, which would have enhanced the bipedal digitigrade stance and locomotion in two ways: enhanced the support of the contact between the crus and tarsus and, therefore, also the vertical posture of the limb. The tibia is drawn close to the fibula, resulting in a compactness of the epipodials about the long axis of the limb that permitted a relatively long slender crus without sacrificing the vertical structural support of the trunk it provided.

(5)A complete circular, cup-like acetabulum is clearly contained completely within the ilium immediately above its ventral sutural margin with the puboischiadic plate. This is likely in response to the hindlimbs having shifted from a horizontally sprawling posture to a vertical posture positioned beneath the trunk. In a sprawling posture the force of the hindlimb is directed medially and is far less effective in supporting the weight of the trunk than if contained in a vertical parasagittal plane position beneath the trunk.






CONCLUSION

Eudibamus cursoris is truly a unique reptile for its times. Not only is it among the few oldest known bipedal reptiles, it is also the oldest known late Paleozoic reptile capable of achieving relatively high running speeds during quadrupedal and bipedal locomotion. This was accomplished by uniquely employing a parasagittal stride and digitigrade posture with the limbs positioned in a near vertical stance beneath the trunk and swung fore and aft in a pendulum-like style. This mode of locomotion is further supported by numerous structural features of both the fore and hind limbs. However, the possession of the unique locomotor adaptations by E. cursoris as early as the lower Permian raises the very plausible narrative that undiscovered terrestrial reptiles of approximately the same age also may not have been restricted to a sprawling quadrupedal locomotion style in their early history.

This skeletal description of the holotype skeleton of the lower Permian (Artinskian) bolosaurid parareptile Eudibamus cursoris from the Bromacker locality of Germany is augmented by, a well preserved, partial, articulated second more mature specimen that consists of a short portion of the vertebral column associated with the pelvis and right hindlimb with pes. This comprehensive description and interpretation of the anatomy of Eudibamus not only confirms a bolosaurid assignment, but also reinforces the previous interpretation that this small agile herbivore had the unique ability among Paleozoic vertebrates to reach relatively high bipedal and quadrupedal running speeds employing a parasagittal stride and digitigrade stance with the limbs held in a near vertical posture and swung fore and aft pendulum style (Figure 8). This is a surprising combination of features and locomotory abilities, and in strong contrast to the relatively slow, short limbed, massive herbivores of the Paleozoic. Interestingly, the anatomy of the older parareptiles Erpetonyx, considered to be the sister taxon to bolosaurids like Eudibamus, exhibits neither the dental nor the skeletal characteristics of the latter. This raises the possibility that the adaptation of bolosaurids to a herbivorous feeding strategy occurred in concert with their surprising adaptations to rapid bipedal and quadrupedal locomotion. We therefore interpret this as a mechanism that evolved not for food capture but for escape from the numerous predators that were common in the early Permian terrestrial vertebrate communities.


[image: Illustration of a vividly colored, small reptilian creature with a long tail. Its body features a mix of turquoise, yellow, and black patterns. A scale showing "2 cm" provides size context.]

FIGURE 8. Whole-body restoration of Eudibamus cursoris running bipedally based on the holotype (MNG 8852). Illustration by Sandra Budd.
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Relationships between the complexity of the cranial sutures and the inferred ecology of dicynodont synapsids are explored. Simple complexity indices based on degree of sutural interdigitation were calculated for 70 anomodont species and indicate that the naso-frontal sutures of Cistecephalidae, a clade inferred to be dedicated fossors based on aspects of postcranial morphology, are substantially more complex than those of other dicynodonts. The elevated complexity of the naso-frontal suture in this clade is interpreted as being related to compressive forces sustained during burrowing, paralleling the condition in some other fossorial vertebrate groups (e.g., amphisbaenians). The most highly interdigitated sutures in the cistecephalid skull are those oriented transversely to its long axis, which would experience the greatest longitudinal stresses from contact with the substrate. Although it is uncertain to what degree cistecephalid burrowing was based on scratch vs. head-lift digging, it is argued that the head played an important role during locomotion in this group. Increased sutural complexity, rather than cranial fusion, as an adaptation to resisting compressive forces during burrowing may be related to indeterminate growth in dicynodonts.
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INTRODUCTION
Anomodonts were the most ecologically diverse group of herbivorous synapsids in the Permo-Triassic, spanning an impressive size range (mature skull length from 4 to ∼100 cm) and occupying a breadth of niches, including small arboreal forms, mid-sized rooters, and massive, graviportal browsers (Cruickshank, 1978; King, 1990; Surkov and Benton, 2008; Fröbisch and Reisz, 2009). The majority of anomodont species richness and specimen abundance is held in its subclade Dicynodontia, a group characterized by a usually edentulous premaxillary beak and the presence of caniniform processes (usually housing tusks) on the maxilla (King, 1988). The earliest known dicynodonts appear in the fossil record in the mid-Permian (Rubidge and Day, 2020) and soon become the most abundant vertebrates in terrestrial ecosystems (Day et al., 2018). Although dicynodonts survived the end-Permian mass extinction and ranged through to the Late Triassic, their diversity was decimated, with their post-extinction radiation limited to a single clade of large-bodied taxa (Kammerer et al., 2013; Sulej and Niedźwiedzki, 2019).
Many unusual and specialized taxa can be found amongst the expansive Permian diversity of dicynodonts, including the deep-jawed endothiodontids with their secondarily expanded tooth row, massive-skulled geikiids with their exaggerated nasal bosses, and the enigmatic, short-skulled Lanthanostegus, which may have had stereoscopic vision (Latimer et al., 1995; Modesto et al., 2002; Maisch and Gebauer, 2005). The most highly specialized Permian dicynodonts, however, belong to the family Cistecephalidae. The type genus Cistecephalus was one of the first dicynodonts to be described from the fossil-rich late Permian strata of the South African Karoo Basin (Owen, 1876), and is usually one of the most abundant taxa at sites where it is found (making it a useful index fossil; Smith, 2020). With large, forward-facing orbits, a short, narrow snout, and an extremely broad interorbital region giving the skull a distinctly “boxy” appearance (hence the genus name, meaning “box head”), Cistecephalus has one of the most distinctive crania among dicynodonts. The oddity of its skull morphology inspired many decades of debate as to the ecology of this taxon, with proposals including fully or semi-aquatic (e.g., Broom, 1948; Brink, 1950), fossorial, and even scansorial/arboreal (e.g., Keyser, 1973). Cluver (1978) was the first to reconstruct the complete skeleton of Cistecephalus, recognizing a suite of derived features (e.g., robust humerus with massively expanded condyles, elongate olecranon process of the ulna, broadened manus, mobile pes) indicating that this genus was highly adapted to a fossorial lifestyle, similar to modern moles. Comparable adaptations had earlier been recognized in the closely related genera Kawingasaurus (Cox, 1972) and Cistecephaloides (Cluver, 1974), and the “cistecephalids as diggers” hypothesis is now generally accepted among paleontologists (see, e.g., Angielczyk and Kammerer, 2018).
Resolution of the question of cistecephalid ecology at a broad level has thankfully not meant the cessation of research on functional specializations in the group, and recent studies have augmented the morphological evidence for cistecephalid fossoriality with data from long bone microstructure (Nasterlack et al., 2012) and CT-assisted reconstructions of endocranial anatomy (Laaß, 2014; Laaß and Kaestner, 2017). Furthermore, discoveries of new cistecephalid taxa in Gondwanan basins outside of the Main Karoo have begun to provide data on the assembly of their highly specialized morphology, based on species showing a mosaic of the derived features seen in Cistecephalus and Kawingasaurus and the more generalized characters common to emydopoid dicynodonts (e.g., Lungmus et al., 2015; Kammerer et al., 2016; Angielczyk et al., 2019).
Here, I provide novel insights into cistecephalid cranial function using data from a previously understudied facet of their anatomy: cranial sutures. Study of dicynodont sutures and description of their variation has a lengthy history (Owen, 1876), and descriptions of the internal structure and complexity of dicynodont sutures go back to the earliest serial sections made of dicynodont skulls (Sollas and Sollas, 1914, 1916; Olson, 1944). Early studies such as these were largely limited to basic descriptive anatomy, albeit with occasional, brief comments on functional implications (e.g., Agnew, 1958). More recently, however, some workers have begun to examine dicynodont sutural structure in an explicitly functional context. In their study on the paleobiology of the iconic Early Triassic “disaster taxon” Lystrosaurus, King and Cluver (1990) noted a “zone of weakness” at the premaxillary-nasal contact, which they interpreted as a “shock-absorber” during biting/rooting. In a series of papers, Jasinoski et al. (2009, 2010a,b, 2014) re-examined the function of the premaxillary-nasal suture in Lystrosaurus in extensive detail, as part of broader studies of cranial function and sutural anatomy in that taxon and the Permian cryptodont Oudenodon. They concluded that the straight scarf suture between the premaxilla and nasal in Lystrosaurus primarily served to decrease stress and strain during biting, but may also have dampened forces incurred through rooting/grubbing behavior. Using finite element analysis (FEA), Jasinoski et al. (2010a) also reconstructed areas and orientations of dominant strain on the skulls of Lystrosaurus and Oudenodon during biting, relating these to observed sutural morphologies in these areas.
The growth and morphology of cranial sutures are related to a combination of genetic and epigenetic factors (Kopher and Mao, 2003; Slater et al., 2008). Cranial sutures are complex, plastic structures, often remaining patent late into ontogeny (Lenton et al., 2005; Marilao et al., 2020) and capable of alteration related to forces experienced by the skull. Sutures are capable of greater absorption of energy than solid bone (Jaslow, 1990), and different sutural configurations confer varying benefits/tradeoffs as regard minimizing the effects of stress and strain (Herring and Ochareon, 2005; Jasinoski et al., 2010c). One common sutural morphology in tetrapods is interdigitation, in which the edges between adjacent bones bear alternating processes forming complex interconnections. Foundational work on the mechanical properties of interdigitated sutures by Herring (1972; see also Herring, 1974, 2008; Herring and Mucci, 1991; Herring and Teng, 2000) and Jaslow (1990; see also Jaslow and Biewener, 1995; Jaslow and Lanier, 2001) has demonstrated that this morphology confers increased resistance to compressive strain. As a notable example of how this relates to behavior, Jaslow (1989) showed that sutural interdigitation is sexually dimorphic in wild sheep, with greater complexity present in males that sustain extreme compressive forces during agonistic head-butting (although quasi-static loading from the weight of the horns may also play a role; Herring, 2008).
Although dicynodont functional morphology is relatively well-studied (at least compared to that of coeval Permo-Triassic tetrapods), particularly as concerns feeding (e.g., Cox, 1959, 1998; Crompton and Hotton, 1967; Cluver, 1970; King, 1981; Renaut, 2001; Maisch, 2003; Angielczyk, 2004; Surkov and Benton, 2008; Cox and Angielczyk, 2015; Angielczyk et al., 2018), only a few studies have seriously explored the role of sutural morphology in this system (Jasinoski et al., 2009, 2010a,b). Furthermore, these studies have been limited to two particularly abundant genera (Lystrosaurus and Oudenodon) for which destructive sampling (sectioning) of cranial elements was possible; dicynodont sutural variation has yet to be analyzed in a broadly comparative systematic framework. Here, I present such a study, focusing on the naso-frontal suture. This suture was chosen for several reasons: (1). It is usually well-exposed on the skull, even in incompletely prepared specimens (allowing for an extensive sample size); (2). It is exposed largely in a single orientation (dorsal view of the skull) permitting quantitative study based on specimen photographs in orthogonal views; (3). It divides the snout from the rest of the skull roof, giving it potential importance in uniting distinct morphofunctional regions of the cranium; and (4). In the course of collecting data on dicynodont anatomy for previous studies (e.g., Kammerer et al., 2011), I anecdotally noted remarkable variation in the shape and complexity of this suture worth analyzing. Cistecephalids are particularly notable in this regard, usually showing highly interdigitated naso-frontal sutures. Complex sutures in Cistecephalus have been recognized for some time (e.g., Keyser, 1973), but whether they actually vary significantly from those of other dicynodonts and the functional implications of such variation have not yet been examined.



MATERIALS AND METHODS

414 specimens representing 70 anomodont species were analyzed, including representatives from all major subclades. Four of the five currently recognized cistecephalid species were sampled; unfortunately, no specimens of the Indian taxon Sauroscaptor tharavati (Kammerer et al., 2016) preserve clear sutures in the snout region, so that species was excluded. Sampling density varied between taxa based on their abundance in collections and typical preservation regime; 21 of the sampled taxa are singletons (either because the taxon is only known from the holotype, or only a single specimen preserved measurable sutures). The largest sample is of the South African dicynodont Oudenodon bainii (with 55 specimens); other taxa with extensive sampling are also among the highest-abundance dicynodonts from the Karoo Basin (Diictodon feliceps, 45 specimens; Cistecephalus microrhinus, 36; Aulacephalodon bainii, 25; Lystrosaurus murrayi, 23; Pristerodon mackayi, 21; Tropidostoma dubium, 18; Dicynodon lacerticeps, 17).

Specimens from the following institutions were studied: AM, Albany Museum, Makhanda, South Africa; AMNH, American Museum of Natural History, New York, United States; BP, Evolutionary Studies Institute, University of the Witwatersrand, Johannesburg, South Africa; BSPG, Bayerische Staatssammlung für Paläontologie und Geologie, Munich, Germany; CGS, Council for Geosciences, Pretoria, South Africa; CM, Carnegie Museum of Natural History, Pittsburgh, United States; FMNH, Field Museum of Natural History, Chicago, United States; GPIT, Paläontologische Sammlung der Universität Tübingen, Tübingen, Germany; GSN, Geological Survey of Namibia, Windhoek, Namibia; IVPP, Institute of Vertebrate Paleontology and Paleoanthropology, Beijing, China; KPM, Vyatka Paleontological Museum, Kirov, Russia; LL, Manchester Museum, Manchester, United Kingdom; MB, Museum für Naturkunde, Berlin, Germany; MGB, Museu Guido Borgamanero, Mata, Brazil; MMK, McGregor Museum, Kimberley, South Africa; NHCC, Natural Heritage Conservation Commission, Lusaka, Zambia; NHMUK, The Natural History Museum, London, United Kingdom; NHMW, Naturhistorisches Museum Wien, Vienna, Austria; NMC/NMQR, National Museum, Bloemfontein, South Africa; PIN, Paleontological Institute of the Russian Academy of Sciences, Moscow, Russia; RC, Rubidge Collection, Wellwood Farm, Graaff-Reinet, South Africa; RGM, Naturalis, Leiden, The Netherlands; SAM, Iziko: The South African Museum, Cape Town, South Africa; TM, Ditsong: The National Museum of Natural History, Pretoria, South Africa; UCMP, University of California Museum of Paleontology, Berkeley, United States; UFRGS, Universidade Federal do Rio Grande do Sul, Porto Alegre, Brazil; UMZC, University Museum of Zoology, Cambridge, United Kingdom; UNIPAMPA, Universidade Federal do Pampa, São Gabriel, Brazil; UNLaR, Universidad Nacional de La Rioja, La Rioja, Argentina; USNM, National Museum of Natural History, Washington, D.C., United States.

Digital photographs (taken by the author) of skulls in dorsal view were imported into ImageJ 1.41o, with measurements calibrated using scale bars in the original photos. A simple interdigitation index (Rafferty and Herring, 1999) for the naso-frontal suture was calculated as the ratio of two measurements (Figure 1): (1). the shortest length between the origin of the naso-frontal suture at the cranial midline and the terminus of this suture at its contact with the prefrontal suture (measured using the “Straight Lines” tool), and (2). the complete path length between these points (measured using the “Freehand Lines” tool). Whenever possible, both the left and right naso-frontal sutures were measured on each skull, with the mean of these taken as the data point for the specimen. A total of 385 specimens had sutures that could be measured on both sides. Due to specimen incompleteness, 16 specimens could only be measured for the left and 13 specimens only for the right naso-frontal suture. Data for all specimens is available as Supplementary Data 1.
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FIGURE 1. Illustration of the measurement protocol used in calculating the sutural complexity index. Straight black line (1) indicates least path length from the origin (o) to the terminus (t) of the left naso-frontal suture in dorsal view. Red line (2) shows total path length of the suture between these points. Sutural complexity index represents 1÷2. Scale bar represents 1 cm.


Analyses were performed in RStudio (RStudio Team, 2020). Clustering was performed on a data set of species-level means using Jenks natural breaks classification via the “setjenksBreaks” function in the R package BAMMtools (Rabosky et al., 2014), with optimal cluster number determined to be three using the elbow method. Natural breaks visualization was performed using the “plotJenks” function in the R package GmAMisc (Alberti, 2021).



RESULTS

A chart of mean naso-frontal interdigitation indices for all sampled taxa is shown in Figure 2. The lowest values (near 1.00, indicating sutures that are effectively straight) are those of non-dicynodont anomodonts (with the exception of Ulemica, which had a relatively high interdigitation index of 2.09). The four cistecephalids occupy the right-hand edge of the chart and exhibit what are by far the highest interdigitation values (> 3.50). These taxa all exhibit intensely interdigitated naso-frontal sutures (Figures 3A,B,D,E). The highest value outside of Cistecephalidae is Diictodon feliceps, in which the naso-frontal suture is usually also interdigitated (Figure 3G), but to a markedly lesser degree. Diictodon specimens also often exhibit an anterior process of the frontals, but this is a comparably minor addition to the path length of the suture. Dicynodontoids, which usually lack notable interdigitation of the naso-frontal suture, often also bear anterior frontal processes (e.g., Figure 3I), but their sutural complexity indices are generally low (Figure 2).
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FIGURE 2. Mean interdigitation index of the naso-frontal suture plotted for sampled anomodont species. Cistecephalids highlighted in black. Dotted lines indicate Jenks natural breaks separating the data into optimized clusters. Taxa: 1. Patranomodon nyaphulii. 2. Otsheria netzvetajevi. 3. Lystrosaurus youngi. 4. Myosaurus gracilis. 5. Rhadiodromus mariae. 6. Katumbia parringtoni. 7. “Kannemeyeria” latirostris. 8. Elph borealis. 9. Shansiodon wangi. 10. Kitchinganomodon crassus. 11. Lystrosaurus declivis. 12. Idelesaurus tataricus. 13. Lystrosaurus hedini. 14. Delectosaurus arefjevi. 15. Dicynodontoides nowacki. 16. Interpresosaurus blomi. 17. Brachyprosopus broomi. 18. Endothiodon tolani. 19. Jimusaria sinkianensis. 20. Endothiodon bathystoma. 21. Lystrosaurus maccaigi. 22. Lystrosaurus murrayi. 23. Kannemeyeria simocephalus. 24. Abajudon kaayai. 25. Tetragonias njalilus. 26. Aulacephalodon bainii. 27. Geikia locusticeps. 28. Odontocyclops whaitsi. 29. Stahleckeria potens. 30. Dinanomodon gilli. 31. Daptocephalus leoniceps. 32. Syops vanhoepeni. 33. Euptychognathus bathyrhynchus. 34. Dolichuranus primaevus. 35. Compsodon helmoedi. 36. Dicynodon lacerticeps. 37. Vivaxosaurus trautscholdi. 38. Thliptosaurus imperforatus. 39. Rastodon procurvidens. 40. Rhachiocephalus magnus. 41. Delectosaurus berezhanensis. 42. Peramodon amalitzkii. 43. Pelanomodon moschops. 44. Dinodontosaurus tener. 45. Daqingshanodon limbus. 46. Lystrosaurus curvatus. 47. Dinodontosaurus brevirostris. 48. Jachaleria candelariensis. 49. Bulbasaurus phylloxyron. 50. Oudenodon bainii. 51. Dicynodontoides recurvidens. 52. Oudenodon luangwanensis. 53. Prosictodon dubei. 54. Emydops arctatus. 55. Emydorhinus sciuroides. 56. Ulemica efremovi. 57. Australobarbarus kotelnitschi. 58. Pristerodon mackayi. 59. Eosimops newtoni. 60. Tropidostoma dubium. 61. Eodicynodon oosthuizeni. 62. Digalodon rubidgei. 63. Keyseria benjamini. 64. Basilodon woodwardi. 65. Robertia broomiana. 66. Diictodon feliceps. 67. Cistecephaloides boonstrai. 68. Kawingasaurus fossilis. 69. Cistecephalus microrhinus. 70. Kembawacela kitchingi.
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FIGURE 3. Comparison of naso-frontal sutures (highlighted in red) in select dicynodonts. (A) Cistecephalus microrhinus (BP/1/33). (B) Cistecephalus microrhinus (CGS R30). (C) Cistecephalus microrhinus, aberrant specimen (CGS RMS410). (D) Kembawacela kitchingi (NHCC LB14). (E) Cistecephaloides boonstrai (SAM-PK-6243). (F) Myosaurus gracilis (BP/1/4262). (G) Diictodon feliceps (SAM-PK-K7730). (H) Delectosaurus arefjevi (PIN 4644/1). (I) Dinanomodon gilli (SAM-PK-K10618). Specimens in (A–E) are cistecephalids (inferred to be fossorial). (F) is a member of the sister-clade to Cistecephalidae (Myosauridae), whose ecology is uncertain. (G) is a known burrower (skeletons found in burrow casts), but lacks specializations indicating that it was primarily fossorial in ecology. (H) and (I) are large, presumed fully surface-dwelling taxa. Scale bars represent 1 cm.


Application of the Jenks natural breaks algorithm to the data demonstrates that cistecephalids form a discrete data class separated from other known anomodonts by their elevated naso-frontal sutural complexity. The three means classes separated by Jenks natural breaks consist of: (1). a large (n = 51) group of anomodont species with minimal naso-frontal interdigitation (1.01–1.83); (2). a smaller (n = 15) group of primarily small-bodied dicynodont species with moderate naso-frontal interdigitation (1.95–2.95); and (3). a group consisting solely of the cistecephalid species in the data (n = 4), with high naso-frontal interdigitation (3.65–4.65). Class 2 (those with moderate interdigitation) includes one taxon known to have lived in burrows, Diictodon feliceps (a taxon whose fossils have been found preserved inside burrow casts; Smith, 1987; Smith et al., 2021). Class 1 (low interdigitation) also contains one taxon (Lystrosaurus curvatus) that has been found preserved in a burrow cast (Botha-Brink, 2017). Enforcing additional (suboptimal) breaks results in the partition of classes 1 and 2, but in all cases cistecephalids remain a separate and discrete class (see Supplementary Data 2).

Potential sexual dimorphism has been noted in the literature for Cistecephalus microrhinus (Nasterlack et al., 2012), based on the presence/absence of supraorbital ridges in specimens greater than 5 cm in skull length. Possible sexual variability in sutural morphology is difficult to evaluate for this taxon, however. Only seven C. microrhinus specimens in the data set showed definite, well-developed supraorbital ridges (BP/1/496, CGS R154, NMQR 1671, SAM-PK-K11187, UCMP 42802, UMZC T403, and USNM 22942). In many of the larger (> 5 cm) specimens without ridges, though, breakage or erosion of the skull roof makes their biological (rather than taphonomic) absence uncertain, so the ridge-less specimens do not form a useful comparative sample. With this said, it is worth noting that the ridge-bearing specimens all fall within the range of variation present in the ridge-less sample (naso-frontal interdigitation indices for specimens with supraorbital ridges: 2.78–5.66; total range of variation for C. microrhinus: 1.88–6.62; although see Discussion for caveats on the low-complexity outliers). Thus, while at present there is no indication that the presence of ridges is associated with differences in sutural morphology, a larger sample of undamaged, well-prepared Cistecephalus crania is needed to test this in greater detail.



DISCUSSION


General Sutural Complexity of the Cistecephalid Skull

The quantitative analysis herein focused on the naso-frontal suture, both for its functional significance and its relative ease of measurement. Although it was not possible to analyze the sutural complexity of all cranial sutures across the same phylogenetic breadth, some qualitative observations on cistecephalid sutures in general are warranted. As observed by Jasinoski et al. (2010a) for Lystrosaurus and Oudenodon, a variety of sutural types are present in the skull of Cistecephalus, including scarf sutures between the maxilla, jugal, and squamosal and butt-ended sutures between the parietals. However, a greater number of sutures in Cistecephalus appear interdigitated than in other dicynodonts, and interdigitated sutures in Cistecephalus appear to generally be more complex than those of other dicynodonts.

To illustrate this, Figure 4 shows comparisons between ventral sutures of the cranium in Cistecephalus microrhinus and Dicynodon lacerticeps. The Cistecephalus specimen (BSPG 1932-I-502) is somewhat overprepared, showing sutural morphology below the actual bone surface, but comparisons with intact Cistecephalus specimens and comparably overprepared specimens of other dicynodont groups indicate that the general trends on display here hold (Kammerer, pers. obs.; the greater complexity of the Cistecephalus sutures below the surface indicate that the interdigitation indices calculated based on surface structure are likely an underestimate, and future work analyzing this complexity in 3D using CT-data would be fruitful). Particularly notable are the longitudinally oriented interdigitations along sutures running transverse to the long axis of the skull (e.g., the maxillary-palatine, palatine-pterygoid, pterygoid-parabasisphenoid, and parabasisphenoid-basioccipital sutures), which are clearly more elongate and complex than the comparable sutures in Dicynodon.
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FIGURE 4. Comparisons of sutural complexity on the ventral surface of the skull in two dicynodonts. (A,B) Photograph and interpretive drawing of Cistecephalus microrhinus (BSPG 1932-I-502). (C,D) Photograph and interpretive drawing of Dicynodon lacerticeps (SAM-PK-K7011). Boxes to the right show magnified views of select sutural boundaries from the interpretive drawings, with Cistecephalus sutures shown in the left column and Dicynodon sutures in the right. ec, ectopterygoid; ju, jugal; mx, maxilla; pbs, parabasisphenoid; pl, palatine; pmx, premaxilla; pt, pterygoid. Gray regions in interpretive drawings indicate matrix. Scale bars represent 1 cm.




Functional Implications of Naso-Frontal Suture Morphology in Burrowing Dicynodonts

Previous work in dicynodonts (Jasinoski et al., 2010a) associated sutural interdigitation (e.g., the premaxillary-nasal suture of Oudenodon) with compressive strain incurred while biting. While bite forces doubtless played some role in shaping cistecephalid sutures, there is reason to suspect that additional influences are at play here. Cox (1998, p. 372) studied jaw mechanics across a wide variety of dicynodont taxa, concluding that the feeding system of cistecephalids was “almost identical” to that of other small emydopoids such as Emydops and Myosaurus. If strain incurred during feeding is the dominant factor underlying sutural complexity in cistecephalids, we would expect the interdigitation indices of Emydops and Myosaurus to be comparable to them. Myosaurus in particular, as the taxon usually recovered as most closely related to cistecephalids among emydopoids (e.g., Kammerer et al., 2016; Angielczyk et al., 2019), should show similar sutural morphology, yet it has one of the lowest interdigitation indices in Dicynodontia (Figures 2, 3F). The marginally more powerful bites of cistecephalids (inferred based on larger areas of insertion for jaw musculature; Cox, 1998) are unlikely to account for this difference (particularly as clades with substantially greater areas of attachment for jaw musculature, such as cryptodonts and dicynodontoids, also have markedly lower interdigitation indices). Instead, it is likely that this morphology is tied to external forces, related to the highly specialized lifestyle of cistecephalids.

Extreme sutural interdigitation as an adaptation to a fossorial lifestyle was first recognized by Gans (1960, 1974, 1978) in his studies of amphisbaenian reptiles. The majority of amphisbaenians are legless and burrow by compressing sediment using powerful movements of the head (Gans, 1973; Navas et al., 2004; Kazi and Hipsley, 2018). Amphisbaenian skulls are generally divided into two major morphofunctional components, an anterior (pre-orbital) “spade” and a posterior (post-orbital) “handle” region, divided dorsally at the deeply interdigitated fronto-parietal suture (Gans and Montero, 2008). The complex interdigitations at this junction help to reduce the intense compressive stresses incurred by the snout during burrowing (Gans, 1960). Although less extreme, complexly interdigitated sutures of the skull roof are also present in the elongate Permo-Carboniferous recumbirostran Brachydectes, which has also been interpreted as a head-first burrower (Bolt and Wassersug, 1975; Pardo and Anderson, 2016). However, this specialization is not present in all vermiform burrowing tetrapods, with little interdigitation of the dorsal cranial sutures present in caecilians (Kleinteich et al., 2012), blind snakes (Rieppel et al., 2009), or legless skinks (Rieppel, 1981). In non-vermiform dedicated fossors such as moles, the skull is often extensively fused such that the sutures have been obliterated during ontogeny (Goswami and Prochel, 2007).

Mammalian fossors are generally divided into three categories: “scratch diggers” (e.g., true moles), “chisel-tooth diggers” (e.g., most mole rats), and “head-lift diggers” (e.g., marsupial and golden moles), based on their primary mode of substrate alteration (Hildebrand, 1985). However, there can be extensive overlap between these categories: tuco-tucos (Ctenomys) use both scratch and chisel-tooth digging in constructing burrows (Echeverría et al., 2017), and all head-lift diggers also use scratch or chisel-tooth digging to aid in moving sediment while burrowing (Borghi et al., 2002). Head-lift diggers use the head as a wedge, incurring compressive forces from contact with the sediment, and often have the surface of the head covered in thickened, hairless integumentary pads inferred to alleviate stresses from this activity (Wake, 1993). Convergence in overall skull shape between the major categories of fossorial mammals has been used to infer digging behavior in extinct rodents (Samuels and Van Valkenburgh, 2009), but has not been applied to the vastly different non-mammalian configuration of the cistecephalid skull. Based on gross morphology (Angielczyk et al., 2019) and analyses of manual element proportions (Kümmell and Frey, 2012), cistecephalids have been reconstructed as scratch-diggers, primarily using their expanded, flattened manus and unguals to move sediment. However, numerous authors (e.g., Cox, 1972; Cluver, 1974; Nasterlack et al., 2012) have also noted the distinctly “wedge-shaped” appearance of the cistecephalid snout, suggesting that the skull also played some role in burrowing.

If the skull of cistecephalids was in any way used as a wedge during burrowing, even if not to the degree of extant head-lift diggers, it would incur compressive strain. Intense interdigitation of the sutures in this clade is here suggested to represent a plastic response from the bones to such forces, with this sutural structure increasingly conferring resistance through the animal’s life (Jaslow, 1990). Given that the animal would have been locomoting head-first through sediment, it makes sense that it is mostly the transverse sutures which show extreme interdigitation, as they are most subject to longitudinally oriented compression of the skull. It should be noted, however, that recent fossorial mammals mostly lack interdigitated sutures and instead alleviate this issue through a combination of calvarial fusion, skull pneumatization, and (in the case of head-lift diggers) soft-tissue integumentary shields. Given that the cistecephalid body morph is more similar, overall, to that of extant mammalian fossors (all of which are, to varying degrees, convergent on the postcranial anatomy originated by cistecephalids) than reptilian fossors (in which a trend toward vermiform locomotion dominates), why then did they not also converge in their cranial specializations? The difference may lie in growth patterns.

Mammals are generally characterized by determinate growth, in which the animal ceases skeletal growth upon reaching maturity (Mumby et al., 2015). By contrast, many ectothermic vertebrates exhibit indeterminate growth, in which growth continues after sexual maturity, sometimes for the duration of the animal’s lifespan (Armstrong et al., 2017). As is the case for many aspects of their paleobiology, non-mammalian synapsid growth appears to show a mixture of traits seen in extant ectothermic and endothermic tetrapods. Osteohistological studies suggest that early synapsids (“pelycosaurs”) had an indeterminate growth strategy (Sánchez-Villagra, 2010), whereas later, more mammal-like synapsids (e.g., mammaliamorph cynodonts) had determinate growth (Chinsamy and Hurum, 2006). Non-cynodont therapsids such as dicynodonts generally show rapid early growth slowing markedly into maturity (Botha-Brink and Angielczyk, 2010), but can be considered indeterminate overall (Ray et al., 2009). Although fused elements can still grow (as an example within the study clade, several braincase/occipital elements in dicynodonts are usually fused into a single periotic bone early in development, which nevertheless increases in absolute size during ontogeny; Kammerer et al., 2015), the growth potential of elements with closed sutures is reduced (Delashaw et al., 1989), so it is possible that indeterminate growth in this clade conflicted with the trend toward broad fusion across the cranium seen in fossorial mammals.

The two dicynodont taxa (Diictodon feliceps and Lystrosaurus curvatus) known to have occupied burrows based on fossil evidence (Smith, 1987; Botha-Brink, 2017) have naso-frontal interdigitation indices markedly lower than those of cistecephalids. Based on Jenks natural breaks classification, Diictodon falls into class 2 (moderately interdigitated) for mean complexity, while L. curvatus is a member of class 1 (minimally interdigitated) (Figure 2). This variation can probably be attributed to differences in lifestyle between these taxa and cistecephalids. The combination of general postcranial anatomical (Cluver, 1978), osteohistological (Nasterlack et al., 2012), endocranial (Laaß, 2014), and cranial sutural data (this paper) are all consistent with a dedicated fossorial lifestyle for cistecephalids (i.e., their locomotion was for the most part occurring in the subterranean realm). By contrast, the known burrows of Diictodon and Lystrosaurus appear to represent dens (also potentially brood chambers in the case of Diictodon; Smith et al., 2021). If this is the case, these animals would have been foraging primarily at the surface and using the burrow as a refuge.

Burrows of Diictodon are highly stereotyped (a helical tunnel emerging into an expanded terminal living chamber; Smith, 1987) and indicate that they were dug from the surface, without substantial subterranean elaboration or extension following their initial construction. The one robustly identified Lystrosaurus burrow cast consists of a simple, expanded terminal chamber (Botha-Brink, 2017). Another possible Lystrosaurus burrow (containing definite Lystrosaurus skeletal remains, although these have alternatively been interpreted as prey left by a carnivorous burrow-maker; Modesto and Botha-Brink, 2010) consists of a similar terminal chamber connected to the surface by a straight, low-angle ramp. Such burrows may have remained stable and been occupied for long periods, and these taxa may have spent only a small portion of their time actively digging. Of the two, Diictodon is more frequently found in burrows and does exhibit some (albeit minor compared to cistecephalids) postcranial adaptations for scratch-digging (Ray and Chinsamy, 2003). Notably, this taxon also has the highest naso-frontal interdigitation index outside of Cistecephalidae, suggesting that it was also experiencing compressive stresses on the skull, even if not as consistently and/or intensely as cistecephalids. Other dicynodonts in class 2 mostly consist of small-bodied taxa similar to Diictodon in general morphology (including other pylaecephalids, Emydops, and Pristerodon), and their elevated interdigitation indices (relative to class 1 anomodonts) could be evidence for some burrowing behavior in these taxa as well. Although it is important not to over-attribute variation in complex structures such as sutures to a single source (considering that feeding behaviors and even potentially agonistic behaviors can also be important influences on suture shape), the higher complexity of the class 2 dicynodonts relative to otherwise similar taxa in class 1 (e.g., Compsodon, Elph, Myosaurus) does beg explanation, and burrowing (if only for den construction) should be considered as a possibility.



Paleobiological Significance of an Aberrant Cistecephalus Skull

One unusual specimen of Cistecephalus (CGS RMS410; Figure 3C) represents a notable outlier in the data. With an interdigitation index of only 1.88, it lies well outside the main range of variation (3.31–6.62) for this taxon. A second outlier (BP/1/496; interdigitation index = 0.278) is also below this range, but in this specimen the naso-frontal suture was traced in black ink following its initial preparation, which may not have captured the true complexity of the underlying structure. The suture in CGS RMS410, by contrast, is unmarked, well-preserved, and well-exposed on the skull, such that no latter-day alterations can be invoked to explain its low complexity. Although not quantified, it should be noted that the other exposed sutures on the skull also show minimal interdigitation (contrasting with that seen in, e.g., BSPG 1932-I-502). Nasterlack et al. (2012) referred CGS RMS410 to the species Cistecephalus microrhinus, and this referral is upheld here. Other than in its sutural morphology, this specimen accords perfectly with other C. microrhinus specimens of comparable size; in gross morphology it is nearly indistinguishable from a specimen such as BP/1/33 (Figure 3A). As such, taxonomic distinction is unlikely to explain the low amount of interdigitation in this individual. Finally, while this specimen is relatively large (basal skull length 6.70 cm), it is not at the maximum size for C. microrhinus, so its condition cannot be attributed to occupying an extreme in the growth history of the taxon.

In the absence of clear taphonomic, taxonomic, or ontogenetic explanations for the low sutural complexity of CGS RMS410, some speculation as to possible life history factors is warranted. Although fossorial behavior in cistecephalids is well-supported based on morphological evidence, nothing is known about other aspects of the life history and behavior in this clade. One particularly notable gap in our knowledge concerns the structure of cistecephalid burrows and the potential for cistecephalid sociality; there are no published examples of a cistecephalid specimen within a burrow cast. The best fossil record of dicynodont burrows is that of Diictodon, which demonstrate that this taxon produced Daimonelix-style helical burrows with an elongate terminal chamber that could house up to two adult individuals (Smith, 1987; Ray and Chinsamy, 2003). It is unknown whether Cistecephalus had a comparable, lesser, or greater degree of sociality; although highly abundant in the strata where they occur (Smith, 2020), Cistecephalus fossils are usually disarticulated (with only the skulls typically recovered), making life association of this material highly uncertain. Modern burrowing mammals run the gamut from completely solitary (e.g., the mole, Talpa) to maintaining large, multigenerational colonies with complex social structure (e.g., prairie dogs, Cynomys) to eusocial (e.g., the naked mole rat, Heterocephalus) (Jarvis, 1981; Loy et al., 1994; Johnson and Collinge, 2004). Cistecephalids could conceivably have occupied any part of this spectrum.

If the intense interdigitation of cistecephalid sutures developed as a result of compressive forces exerted on the skull, as argued here, this suggests that CGS RMS410 was, for some reason, not experiencing those forces during its life. The locality producing this specimen (the farm Vogelfontein, near Fraserburg in the Northern Cape Province) yields other C. microrhinus specimens (e.g., CGS RMS413) showing the typical naso-frontal morphology for the species, suggesting that local differences in substrate (i.e., looser, sandier soil) are not the cause. At present, we can only speculate, but several possibilities are worth considering. Could this individual have occupied an existing burrow (as known to have been done by some other Permo-Triassic tetrapods; Fernandez et al., 2013) and been foraging primarily at the surface? Many extant rodents use burrows primarily as protection/den sites and do most of their foraging on the surface (Heffner et al., 1994), although this would seem to conflict with the extensive postcranial specializations of cistecephalids for fossorial life. Alternatively, could it be that this individual was somehow incapacitated and cared for by a conspecific? There is no skeletal evidence of pathology in CGS RMS410, although this is not proof that the animal was operating at normal capacity. A final possibility to consider would be eusocial cistecephalids, with CGS RMS410 representing a member of a non-working (and thus, non-digging) caste. However, this is unlikely, given the large sample known for this species and the absence of any other comparably low-complexity individuals in the record. For now, this is a mystery, and demonstrates how much there is left to learn about the paleobiology of even the best-studied and most abundant early synapsids. In the case of cistecephalids, many of the specimens in museums were collected with limited taphonomic context, prior to field-recognition of burrow casts, so it is hoped that renewed fieldwork at classic localities (Smith, 2020) will improve our understanding of how these remarkable animals actually lived.
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Terrestrial ecosystems during the Pennsylvanian (late Carboniferous) and Cisuralian (early Permian) are usually described in the literature as being dominated by synapsids, the mammal-line amniotes. The pelycosaurs (a paraphyletic grouping of synapsid families) have been considered more speciose, abundant, and ecologically diverse than contemporary reptile-line amniotes. However, this dominance has never been subjected to quantitative testing accounting for sampling bias. Moreover, in recent years the amniote phylogeny has undergone numerous revisions, with suggestions that varanopids and recumbirostran microsaurs fall within reptiles, and that diadectomorphs may be pelycosaurian-grade synapsids. An examination of local species richness (alpha diversity) of synapsids and reptiles during the Pennsylvanian and Cisuralian at different spatial scales shows that these taxonomic revisions have substantial impacts on relative diversity patterns of synapsids and reptiles. Synapsids are only found to be consistently more diverse through the early Permian when using the “traditional” taxonomy. The recent taxonomic updates produce diversity estimates where reptile diversity is consistent with, or in some cases higher than that of synapsids. Moreover, biases in preservation may affect patterns. Where preservation favors smaller vertebrates, e.g., Richards Spur, South Grandfield, reptiles overwhelmingly dominate. If smaller vertebrates are expected to make up the bulk of amniote diversity, as they do in the present day, such lagerstätten may be more representative of true diversity patterns. Therefore, the dominance of pelycosaurs during this interval should be reconsidered, and this interval may be considered the First Age of Reptiles.
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INTRODUCTION
Amniotes, the vertebrates with the amniotic egg that gives their reproduction complete independence from water, first appear in the fossil record about 315 million years ago (Carroll, 1964) and rapidly diversified into a great diversity of species and ecologies (Sahney et al., 2010; Dunne et al., 2018) that is seen in the present day. This earliest record at Joggins contains representatives of both lineages from the basal divergence of amniotes into Synapsida (mammal-line amniotes) and Reptilia, or Sauropsida (the lineage which produced reptiles and birds; hereafter referred to as Reptilia or reptiles) (Carroll, 1964; Reisz, 1972; Müller and Reisz, 2006), and estimates of divergence times based on molecular data and tip dating analyses indicate the split occurred between 315 and 330 million years ago (e.g., Crottini et al., 2012; Dos Reis et al., 2015; Laurin et al., 2018; Marjanović, 2019; Ford and Benson, 2020), with a median estimate of 318 derived from the TimeTree database1.
The earliest diversification of amniotes during the Pennsylvanian (late Carboniferous) and Cisuralian (early Permian) are characterized by faunas that are generally considered synapsed-dominated. During this interval, a paraphyletic grouping of basally diverging synapsed families known as pelycosaurs (non-therapsid synapsids) have been described in the published literature since 1940 as dominating in terms of abundance, species richness and morphological diversity (e.g., Romer and Price, 1940; Kemp, 2006; Sahney et al., 2010; Benton, 2012; Brocklehurst et al., 2013; Brocklehurst and Fröbisch, 2018a; Mann and Reisz, 2020) with reptiles being considered the less diverse lineage until the radiation of archosauromorphs in the Mesozoic (Bakker, 1977; Benton et al., 2004; Ezcurra and Butler, 2018). By the end of the Carboniferous, synapsids are suggested to have outnumbered reptiles approximately two to one, in terms of both raw taxonomic counts and lineage counts from timescaled phylogenies (Reisz, 2003; Modesto et al., 2015).
The idea of pelycosaur dominance during the Pennsylvanian and Cisuralian is so prevalent in the literature, to the extent that this interval in earth’s history has sometimes been referred to in the popular literature as “The First Age of Mammals” (e.g., Panciroli, 2021), that it is easy to forget that there has been very little assessment of this pattern. There have been no quantitative examinations of the global amniote record from this time comparing the diversities of reptiles and synapsids while accounting for sampling and preservation bias. It has been recently suggested that this pattern may be a due to biases in either preservation or collection: larger synapsids may be either easier to find or preserve than smaller, more fragmentary reptiles (Modesto et al., 2015). The reptiles named from the Carboniferous are smaller, but more complete than the synapsids, potentially indicating only the most complete reptiles are collected or described, whereas larger synapsed material may be considered informative even when more fragmentary (Modesto et al., 2015). An alternative suggestion was, however, provided in this same study: that the signal was genuine and reflected the earlier adoption of herbivory in synapsids and their radiation into this new niche (Modesto et al., 2015). Mann and Reisz (2020) alternatively suggested that elongation of neural spines, a trait limited to synapsids until the Mesozoic, may have contributed to the success of synapsids relative to reptiles, whether as a thermoregulatory device giving a metabolic advantage or as a mode of intraspecific recognition aiding reproductive success.
The question of synapsed dominance during the Pennsylvanian and Cisuralian is complicated by the recent revisions to early amniote phylogeny, calling into question which clades should be assigned to each of the two lineages. What might be called the “conventional wisdom” of basal amniote divergences had, before 2017, remained relatively stable since the 1990s (Laurin and Reisz, 1995; Laurin and Reisz, 1997), stabilizing on the relationships established in early studies incorporating cladistic principles and parsimony analyses (Benton, 1985; Gauthier et al., 1988). Early phylogenetic studies cemented the basal dichotomy between synapsids and reptiles and the assignment of individual clades to one or the other of these two lineages remained consistent until the mid-2010s (Figure 1A). There has been debate surrounding the relationships within the two lineages (e.g., Müller and Reisz, 2006; Benson, 2012; Brocklehurst et al., 2016; Laurin and Piñeiro, 2017; MacDougall et al., 2018) and individual species have sometimes been moved between synapsids and reptiles (e.g., Reisz and Modesto, 2007; Reisz et al., 2010; Ford and Benson, 2019; Mann et al., 2020), but on the whole the clade, Synapsida or Reptilia, to which the Pennsylvanian and Cisuralian lineages have been assigned has been consistent. It should be noted that, in the interval between the early studies of the 1980s and 1990s and more recent analyses described below, there have very few analyses incorporating broad sampling of both synapsids and reptiles; large-scale analyses have tested relationships within synapsids, diapsids or parareptiles, with inclusion of clades within those groups assumed along the lines established in the early studies. In recent years, however, there have been several more inclusive analyses that have led to several revisions to this “conventional wisdom.”
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FIGURE 1. Summaries of four hypotheses of early amniote relationships. (A) Pre-2017 relationships (based on Müller and Reisz, 2006; MacDougall and Reisz, 2014; Brocklehurst and Fröbisch, 2018a; Brocklehurst et al., 2018a); (B) Varanopids within reptiles (based on Ford and Benson, 2020); (C) Recumbirostrans and lysorophians within reptiles (based on Pardo et al., 2017); (D) Diadectomorphs within synapsids (based on Klembara et al., 2020).


The analysis of Pardo et al. (2017) suggested several novel relationships within early tetrapods, including rendering the lepospondyl amphibians polyphyletic. This analysis found Recumbirostra and Lysorophia, two lineages normally included within lepospondyls (Ruta et al., 2003; Ruta and Coates, 2007; Marjanović and Laurin, 2019; Klembara et al., 2020), to belong to Reptilia (Figure 1C). The assignment of recumbirostrans to reptiles is not without precedent; early studies of microsaurs (the group to which recumbirostrans are usually assigned) debated whether they should be considered amphibians or reptiles (Romer, 1950; Vaughn, 1962; Gregory, 1965), but Pardo et al. (2017) represents the first quantitative cladistic analysis supporting such a relationship.

Ford and Benson (2019), in a re-examination of the early reptile Orovenator, found that adding this taxon to an existing character/taxon matrix (Reisz et al., 2010) had the effect of moving the entire family Varanopidae, normally assigned to the synapsids (Romer and Price, 1940; Reisz et al., 2010) into the reptiles. This new position for Varanopidae received further support when using a new character/taxon matrix with a broader sampling of early synapsids and reptiles (Ford and Benson, 2020; Figure 1B). The unconventional position of varanopids outside of synapsids had already been hinted at in an analysis by MacDougall et al. (2018) but received little attention. Their analysis was focused on parareptiles, but included several putative synapsed outgroups to test the impact of characters relating to temporal fenestration. The two varanopid taxa included did not form a clade with the other synapsids, but instead formed a polytomy at the base of Reptilia. This novel position for varanopids has been suggested to indicate greater diversity of reptiles in the early Permian than was previously recognized (Ford and Benson, 2020).

A final point of contention is the position of Diadectomorpha. Unlike the clades discussed in the previous paragraphs, their position does not represent a recent overturning of established relationships, but rather a persistent point of contention over the last 20 years. Diadectomorphs have usually been considered to be the sister to the amniotes (Panchen and Smithson, 1988; Laurin and Reisz, 1997, 1999; Pardo et al., 2017), and are often used as specified outgroups in analyses of amniotes (e.g., Müller and Reisz, 2006; Benson, 2012). However, there have been intermittent phylogenetic analyses that have recovered them within the synapsids (Berman, 2000, 2013; Marjanović and Laurin, 2019; Klembara et al., 2020; Figure 1D). Berman (2013), in particular, provided an extensive list of characteristics uniting diadectomorphs with synapsids, although their cladistic analysis relied on many tips coded above the genus level (Synapsida itself was coded as a single tip taxon).

These new relationships, if borne out by future study, have the potential to overturn many of our assumptions on early amniote evolution. In this study, we show how incorporating the novel positions suggested for varanopids, recumbirostrans and lysorophians into analyses of early amniote diversity (species richness) produces estimates of reptile diversity more consistent with those of synapsids, challenging the assumption that synapsids dominated during the Pennsylvanian and Cisuralian. Moreover, consideration of the preservation biases and the effect of lagerstätten suggest that any apparent dominance of synapsids during this time may well be artifactual.



MATERIALS AND METHODS


Dataset

A dataset was formulated containing occurrences within each formation of amniotes, diadectomorphs, microsaurs and lysorophians, occurring between their origin in the Carboniferous and the end of the Cisuralian. The data was derived primarily from the Paleobiology Database (PBDB;2) and supplemented from the published literature and observations from museum collections. The PBDB data was downloaded in July 2020, and so taxa published after this were not added to the dataset.



Analysis of Diversity Through Time

The interval of time under study was divided into time bins, using the Formation Binning approach (Dean et al., 2020). This approach uses the top and bottom ages of formations to assess the most suitable position for the interval boundaries, rather than using bins from the international commission of stratigraphy that are largely based on marine faunal turnover. This method was implemented in R v3.6.1 (R Core Team, 2017) using the functions provided by Dean et al. (2020).

Due to recent studies suggesting that global estimates of diversity are more representative of spatial patterns in sampling than genuine patterns of species richness (Close et al., 2020a, b), this study will focus on more local (alpha) diversity patterns. Within each time bin, the formations were grouped into bioregions. These are areas of endemicity, defined by the taxa present in each, and so their boundaries better represent barriers to dispersal instead of arbitrarily defined boundaries based on geography, geology or sampling e.g., continents, basins, localities (Brocklehurst and Fröbisch, 2018b). The bioregions were defined with the approach of Brocklehurst and Fröbisch (2018b), where formations within each time bin are grouped using two cluster analyses, one based on taxonomic distances, and one based on geographic distances. Clusters shared between the two analyses represent bioregions. This approach allows diversity to be assessed at different spatial scales, defined by the geographic cluster node height, since patterns of diversity will vary at different scales (Palmer and White, 1994; Rosenweig, 1995; Whittaker et al., 2001; Field et al., 2009; Keil et al., 2012; Brocklehurst and Fröbisch, 2018b; Brocklehurst et al., 2018b).

In this study, taxonomic distances between formation were calculated using the modified Forbes metric (Alroy, 2015), computed in R using the script provided in Brocklehurst et al. (2018a). Geographic distances were based on palaeocoordinates derived from the PBDB and calculated using functions in the R package letsR (Vilela and Villalobos, 2015). Diversity within each time bin was analyzed at two spatial scales: a local scale (formations within 100 km of each other united into their bioregions) and a regional scale (formations within 1,000 km of each other united into their bioregions). In the former, the boundaries between bioregions will be more reflective of local environmental/habitat variability, while in the latter geophysical boundaries will be of greater importance.

Within each bioregion, diversity was assessed using shareholder quorum subsampling (SQS) (Alroy, 2010; Chao and Jost, 2012). This approach accounts for sampling heterogeneity by subsampling occurrences to fixed levels of coverage, rather than sample size as in rarefaction approaches. The analysis was carried out in R using functions from the package iNEXT (Hsieh et al., 2016). A coverage quorum of 0.9 was applied, following research suggesting diversity estimates below this coverage become imprecise (Brocklehurst et al., 2018a; Close et al., 2018).

As far as possible, taxa were defined to the species level, but attempts were made to include occurrences that could not be assigned to that taxonomic resolution. If an occurrence was assigned to a higher taxon, and no occurrences of species within that higher taxon are known from that bioregion, then the higher taxon was considered a unique species within that bioregion.

The above procedures were carried out on eight different taxonomic schemes (Table 1), representing different combinations of taxonomic assignments of the disputed clades (varanopids, diadectomorphs, recumbirostrans and lysorophians. Note that while the dataset contains a broader sampling of microsaurs, only recumbirostrans and lysorophians are tested within reptiles; others are included in the dataset to aid future analysis in case of further revisions to microsaurs (see “Discussion”). Within each bioregion, all taxa were assigned to either Reptilia or Synapsida based on the taxonomic scheme in use, and the species richness of each within the bioregion was calculated.


TABLE 1. The eight taxonomic schemes used when calculating reptile and synapsed diversity, indicating to which clade the disputed lineages are assigned.
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Analysis of Diversity in Richards Spur and South Grandfield

Richards Spur is an Artinskian aged (Woodhead et al., 2010) locality in Oklahoma representing the most diverse tetrapod-bearing locality currently known from the early Permian, with more than 30 taxa currently described (MacDougall et al., 2016). The site represents a cave deposit, with clay and mudstone filling fissures in limestone (Sullivan et al., 2000). Being a cave deposit, unlike many of the lower Permian formations in North America, the mode of preservation is more favorable toward smaller taxa (Muñoz-Durán and Van Valkenburgh, 2006; Jass and George, 2010; Brown et al., 2019). Richards Spur was therefore analyzed separately, to provide a comparison of the diversity of reptiles and synapsids at small sizes.

Diversity of reptiles and synapsids within Richards Spur was again calculated using SQS. However, as a single locality is being analyzed, specimens were subsampled rather than occurrences. Abundance data was drawn from the PBDB and the published literature (Supplementary Data 3). Diversity was calculated at a range of coverage quora, at intervals of 0.05 between 0.4 and 0.95, to examine the impact of varying sampling intensity. Also, due to concerns surrounding the performance of SQS when abundance distributions are highly uneven (Close et al., 2018; Alroy, 2020; see “Discussion”), a second method more robust to these issues was used to test the results: Squares (Alroy, 2018).

Richards Spur contains numerous varanopid species, but only four recumbirostrans and some fragmentary unnamed diadectid specimens (Reisz and Sutherland, 2001). It was therefore decided not to be worth calculating diversity with all eight taxonomic schemes, but to test only a “best case for synapsids” (the varanopids and diadectid specimens included within synapsids and recumbirostrans not included), and a “best case for reptiles (both varanopids and recumbirostrans included within reptiles).

South Grandfield is another well-sampled Cisuralian locality (Kungurian age) containing a diverse array of tetrapods, including good preservation of several small taxa (Daly, 1973). Although the small number of species and large number of singletons (at least when recumbirostrans are not included) makes this locality unsuitable for examination via the species accumulation curves using SQS, squares was used to examine the diversity of reptiles and synapsids within the two taxonomic schemes, again using abundance data drawn from the PBDB and literature (Supplementary Data 4).




RESULTS


Diversity Through Time

While altering the taxonomic scheme employed varies the relative diversities of synapsids and reptiles, the overall trends of species richness remain consistent (Figures 2, 3). The earliest interval where sampling is sufficient to assess diversity of both reptiles and synapsids is the Moscovian (Pennsylvanian). Median synapsed diversity is stable through the latter stages of the Carboniferous, before rising gradually to a late Artinskian peak, visible when examining diversity at local scales (at regional scales the late Artinskian does not have the spatial extent of sampling to examine diversity in this time bin). Median reptile diversity also remains relatively stable in the Pennsylvanian, before rising to an early Artinskian peak, visible at both local and regional scales. During the late Kungurian, synapsed diversity at both local and regional scales falls sharply. At local scales reptile diversity remains stable, but a decline is observed in their regional diversity.
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FIGURE 2. Diversity estimates at the local scale. Points represent diversity within each bioregion (Blue = reptiles; Red = synapsids). Curve is median diversity within each time bin. (A) Taxonomic scheme 1; (B) Taxonomic scheme 2; (C) Taxonomic scheme 3; (D) Taxonomic scheme 4; (E) Taxonomic scheme 5; (F) Taxonomic scheme 6; (G) Taxonomic scheme 7; (H) Taxonomic scheme 8.



[image: Eight-panel chart comparing species richness between Synapsida and Reptilia across different time periods from the Carboniferous to Permian. Panels illustrate scenarios such as "Best case for synapsids," "Pre-2017 taxonomy," and "Best case for reptiles." Changes in species richness over time are shown using red and blue graphs. The x-axis marks geological periods, while the y-axis indicates species richness.]

FIGURE 3. Diversity estimates at the regional scale. Points represent diversity within each bioregion (Blue = reptiles; Red = synapsids). Curve is median diversity within each time bin. (A) Taxonomic scheme 1; (B) Taxonomic scheme 2; (C) Taxonomic scheme 3; (D) Taxonomic scheme 4; (E) Taxonomic scheme 5; (F) Taxonomic scheme 6; (G) Taxonomic scheme 7; (H) Taxonomic scheme 8.


When using taxonomic schemes 1 (“best case for synapsids”) and 2 (pre-2017 taxonomy), synapsids are found to be more diverse than reptiles throughout much of Pennsylvanian and Cisuralian, with higher median diversity at both local and regional scales (Figures 2A,B, 3A,B). There are only two time bins where median reptile diversity exceeds that of synapsids when using taxonomic schemes 1 and 2: the early Artinskian and, at local but not regional scales, the latest Kungurian. As more of the recent taxonomic revisions are incorporated, however, median reptile diversity is pushed closer to that of synapsids (Figures 2C–G, 3C–G). In taxonomic schemes 7 (all recent taxonomic changes applied) and 8 (“best case for reptiles”), median diversities of reptiles and synapsids are consistent throughout the Pennsylvanian and Cisuralian (Figures 2G,H, 3G,H). In fact, at local scales during the latest Kungurian, reptile diversity substantially exceeds that of synapsids when using these taxonomic schemes (Figures 2G,H).



Diversity Within Richards Spur and South Grandfield

When using the taxonomic scheme most favorable to synapsids, at low levels of coverage synapsed diversity at Richards Spur substantially exceeds that of reptiles (Figure 4A). However, at higher levels of coverage (above 0.75), reptile diversity is found to be higher (Figure 4A). When using the taxonomic scheme most favorable to reptiles, reptile diversity in Richards Spur is found to exceed that of synapsids at all levels of coverage (Figure 4B). In both taxonomic schemes, analysis using squares produced higher diversity of reptiles than synapsids at Richards Spur. When using the best case for synapsids, synapsed diversity calculated with squares is 8, reptile diversity 17.84. When using the best case for reptiles, synapsed diversity calculated with squares is 3, reptile diversity 26.31. At South Grandfield, analysis using squares also produced higher diversity of reptiles than synapsids regardless of the taxonomic scheme. When using the worst case for reptiles, reptile diversity calculated using squares is 6.39; when using the best case for reptiles it is 10.61. Synapsid diversity using both schemes is 2.71.
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FIGURE 4. Diversity of reptiles and synapsids within Richards Spur. Thick lines represent diversity estimate of reptiles (blue) and synapsids (red) when subsampling to a particular coverage. (A) Taxonomic scheme 1; (B) Taxonomic scheme 8.





DISCUSSION


Global Diversity Patterns of Synapsids and Reptiles

The recent revisions of amniote phylogeny will doubtless be subject to further debate and modification, and there may well be other clades whose position will come under scrutiny. It is therefore not worth discussing at this point in time which of the global curves of diversity through time is most likely to represent the true signal. It is more useful to examine general patterns across the different datasets, which will indicate what we are still able to say with confidence, and what work is most important in the future.

First, the relative diversity patterns during the latest Carboniferous and earliest Cisuralian are most strongly affected by the assignment of the varanopids to either synapsids or reptiles. The Asselian stage documents a substantial increase in varanopid diversity in North America, particularly west of the Hueco seaway. This shallow inland seaway separated the formations in Texas and Oklahoma from those in New Mexico, Colorado, Arizona, and Utah (Lucas et al., 2011), and there are noticeable differences in the faunas on either side (Brocklehurst and Fröbisch, 2018b; Brocklehurst et al., 2018b). The Cutler Group of New Mexico has a considerable diversity of varanopids, including Ruthiromia (Eberth and Brinkman, 1983), two species of Aerosaurus (Romer, 1937; Langston and Reisz, 1981), and potentially Nitosaurus [(Romer, 1937), although this taxon’s affinity and validity is uncertain (Reisz, 1986)]. There is also an indeterminate varanopid in the Placerville localities of Colorado (Lewis and Vaughn, 1965; Brocklehurst et al., 2016). Their assignment to reptiles pushes median reptile diversity during the Gzhelian and Asselian close to that of synapsids and alters the timing and rapidity of the reptile radiation (although note Maddin et al. (2020) discuss how ontogenetic changes in varanopids may lead to taxonomic oversplitting). When varanopids are assigned to Synapsida, reptile diversity remains low in the initial stages of the Cisurialian, and the rise to their Artinskian peak is rapid (Figures 2A,B,D,F, 3A,B,D,F). When they are assigned to Reptilia, reptile diversity rises gradually through the early stages if the Cisuralian (Figures 2C,E,G,H, 3C,E,G,H).

The global diversity estimates also provide an interesting perspective on the latest Cisuralian amniote diversity. The late Kungurian and early Roadian were intervals of substantial change in tetrapod faunas, with a decline in the pelycosaurs and amphibians that had thrived during the early Permian, and a radiation of therapsid synapsids and procolophonian parareptiles (Kemp, 2006; Benson and Upchurch, 2013; Brocklehurst et al., 2013, 2017). Substantial ecological shifts also occurred, with the establishment of herbivore-dominated ecosystems and increasingly complex food webs with more trophic levels (Olson, 1966), as well as increases in faunal provinciality (Brocklehurst and Fröbisch, 2018b). This transition has been suggested to have been accompanied by a mass extinction, dubbed Olson’s Extinction (Sahney and Benton, 2008). Substantial debate does surround this event, it having been argued to be an artifact of spatial patterns of sampling (Benson and Upchurch, 2013), incorrect dating of formations (Lucas, 2017, 2018), and inappropriate time-binning methods (Lucas, 2017). However, thorough study of these issues still supports the extinction as a genuine event (Brocklehurst et al., 2017; Brocklehurst, 2018, 2020).

All diversity curves presented here indicate a substantial decrease in synapsed diversity during the latest Kungurian (Figures 2, 3). However, the pattern in reptiles is more complex and the signal varies depending on the spatial scale examined. At the local scale, reptile diversity remains stable between the middle and late Kungurian (Figure 2), whereas at regional scales there is a decrease (Figure 3). This pattern would indicate a more cosmopolitan reptile fauna developing during the late Kungurian relative to that of synapsids. When amniote-bearing localities are combined into larger bioregions, the number of synapsed species in each region increases, indicating different faunas are being combined. This is not the case in reptiles, potentially indicating a broader range of environmental tolerances; different local-scale bioregions have similar taxa present. A similar conclusion has been drawn from event-based biogeography analysis (Brocklehurst et al., 2018b).

While ichnotaxa are not considered in this analysis, the tetrapod footprint record provides support for decreasing diversity of synapsids during the Kungurian, and their being superseded in abundance by the reptiles. The Kungurian stage is roughly contemporary with the Erpetopus ichno-biochron (Voigt and Lucas, 2018). This biochron is characterized by a diverse array of trackways usually assigned to reptilian taxa, in particular Erpetopus, Varanopus and Hyloidichnus, while the Dimetropus tracks abundant in lower stratigraphic levels and usually associated with pelycosaurian grade-synapsids are considerably rarer (Haubold and Lucas, 2003; Voigt and Lucas, 2018; Marchetti et al., 2019). The footprint record provides a less spatially restricted sample that the body-fossil record, providing data on this reptilian diversification in North America, Europe and North Africa, in which reptile tracks make up between 50 and 100% of ichnoassociations (Marchetti et al., 2019).

Apparent reptile diversity during Olson’s Extinction is particularly influenced by the exclusion or inclusion of recumbirostrans and lysorophians. At local scales it is this which determines whether late Kungurian reptile diversity is similar to that of synapsids or substantially higher. At regional scales it determines whether reptile diversity is substantially lower than that of synapsids or is more similar. These two lineages are among the most diverse and abundant taxa in the Clear Fork group and to a lesser extent the Hennessey Formation, the set of formations that most clearly documents Olson’s extinction (see Supplementary Data 1). In fact, all lineages previously assigned to microsaurs show an increase in abundance and richness at this time, underscoring the necessity for further taxonomic revision of this group. Phylogenetic analysis and anatomical revisions of taxa are increasingly indicating that “Microsauria” is a polyphyletic assemblage of taxa, with many showing similarities in morphology with amniotes (e.g., Szostakiwskyj et al., 2015; Pardo et al., 2017; Mann et al., 2019, 2020; Marjanović and Laurin, 2019). A recent example is Asaphestera from Joggins (Bashkirian age) previously assigned to tuditanid microsaurs, but recently found to be a chimera of which part was reassigned to Synapsida, making it the earliest known member of that lineage (Mann et al., 2020).

While there will doubtless be further debate regarding the taxonomy of amniotes, and which lineages should be assigned to reptiles or synapsids, what is apparent from these analyses is that many of the recent taxonomic revisions are pushing the diversity of reptiles closer to that of synapsids during the Pennsylvanian and Cisuralian. Even adding diadectomorphs to synapsed diversity does not substantially increase the median diversity in most time bins. When using a taxonomy incorporating all recent revisions, including the addition of diadectomorphs to synapsids, there is little difference in median diversity of reptiles and synapsids throughout the Pennsylvanian and Cisuralian (Figures 2G, 3G). If these recent revisions are further supported by future research, the apparent dominance of pelycosaurs during the Cisuralian may have to be reconsidered.



Richards Spur, South Grandfield, and the Importance of Lagerstätten

The majority of the data on Cisuralian tetrapods comes from North America, in particular the Texas Red Beds (Romer and Price, 1940; Kemp, 2006; Benson and Upchurch, 2013; Brocklehurst et al., 2013). These formations are heavily biased in their mode of preservation toward larger taxa (Behrensmeyer, 1988), a bias that will favor the preservation of synapsids over reptiles. While synapsids reached large sizes early in their evolution, with multiple lineages independently evolving sizes of greater than 40 kg during the Carboniferous (Reisz and Fröbisch, 2014; Brocklehurst and Brink, 2017; Brocklehurst and Fröbisch, 2018a), reptiles did not reach such sizes until the latest Cisuralian with the evolution of Moradisaurinae (Brocklehurst, 2016).

The mode of preservation in the cave deposits at Richards Spur provides a unique taphonomic window into the small vertebrates present during the Cisuralian (MacDougall et al., 2016). Richards Spur contains a considerably more diverse reptile fauna than elsewhere in the Cisuralian and is partially responsible for the early Artinskian peak in reptile diversity observed in the global analysis. There is an unparalleled diversity and abundance of captorhinids (deBraga et al., 2019), with the genus Captorhinus being represented by hundreds of specimens (Richards, 2016). There is also a substantial parareptile diversity (MacDougall et al., 2016), including lineages not found elsewhere until the middle Permian (MacDougall and Reisz, 2014).

Richards Spur’s unusual combination of taxa and different relative abundances of species compared to contemporary localities has been explained by it being an upland locality, while most early Permian formations represent lowland fluival/lacustrine environments (Sullivan et al., 2000). However, there are two key issues that make Richards Spur an extremely important data point. First, lagerstätten (areas of exceptional preservation) frequently preserve assemblages of taxa atypical of non-lagerstätten formations (Walker et al., 2020). This is likely due to the unique modes of preservation in such localities, that often selectively preserve small delicate taxa that are usually easily destroyed by taphonomic processes, but in the environments that characterize many lagerstätten are easier to bury rapidly than larger taxa (Brocklehurst et al., 2012; Dean et al., 2016; Brown et al., 2019). Selective preservation of smaller taxa is characteristic of cave deposits (Muñoz-Durán and Van Valkenburgh, 2006; Jass and George, 2010; Brown et al., 2019) like Richards Spur.

The second point that must be remembered is that, in modern ecosystems, most species are small. The greater species richness of small animals is observed across a wide range of taxa, both vertebrate and invertebrate (e.g., May, 1978; Brown and Nicoletto, 1991; McClain, 2004), and is underpinned by theoretical considerations (Hutchinson and MacArthur, 1959), so there is no reason to expect that different patterns were prevalent in Paleozoic ecosystems. Therefore, the differences observed between the faunas preserved in lagerstätten and those in other formations should not be interpreted as the lagerstätten being aberrant. Instead, formations that selectively preserve smaller taxa should be considered more representative of the true diversity patterns in an ecosystem.

Thus, Richards Spur, instead of representing an aberrant fauna, could represent a crucial insight into the organisms that would be expected to make up the majority of the early Permian fauna, but are less well-sampled in the majority of available localities due to the size-based preservation biases. South Grandfield (Hennessey Formation, Kungurian in age), which represents a lowland fluvial system (Daly, 1973) is another locality that contains unusually good preservation quality of small taxa, and so is also useful in this context.

Analyses of reptile and synapsed diversity within Richards Spur support reptiles as being more diverse, whether using a taxonomic scheme favorable to reptiles or synapsids. It is true that, when using the scheme favorable to synapsids, synapsed diversity is found to be higher when subsampling to lower coverage levels (Figure 4A), but this is likely an artifact of a bias affecting the SQS method. SQS is heavily influenced by the shape of the relative abundance distribution (Close et al., 2018; Alroy, 2020): when it is uneven, with a small number of hyper-abundant taxa easily sampled, and most others being rare, it is easier to reach low coverage quora after sampling a small number of taxa. The extreme abundance of Captorhinus aguti at Richards Spur is likely confounding the estimates of reptile diversity in this way. When subsampling to higher coverage levels that produce more robust results (Brocklehurst et al., 2018a; Close et al., 2018) and when using the Squares method that is more resilient to this bias (Alroy, 2018, 2020), reptiles are found to be more diverse at Richards Spur no matter which taxonomic scheme is employed (Figure 4).

South Grandfield, which represents a lowland fluvial system but also shows unusual preservation quality of small taxa, preserves a similar fauna to that of Richards Spur: a great abundance of captorhinid reptiles, with large synapsids forming a relatively minor component of the fauna (Daly, 1973). Reptile diversity within South Grandfield is here found to be higher than that of synapsids whether or not the numerous recumbirostran species known from the locality are included within Reptilia.

Pennsylvanian Largestätte, also with preservation modes favoring of small taxa, could also be argued to show a greater emphasis on reptile diversity, although most of these contain better sampling of non-amniote tetrapods and did not contain the coverage of both synapsids and reptiles necessary to perform the species-accumulation analyses applied to Richards Spur. The Linton and Nýřany tetrapod assemblages of Ohio and Czechia, respectively (both of Moscovian age) contain only a single synapsed (Archaeothyris) but multiple reptiles and numerous microsaurs (Carroll and Baird, 1972; Reisz, 1975; Hook and Baird, 1986, 1988). The Garnett Quarry (of Kasimovian age) contains a greater observed species richness of synapsids, but by far the most abundant taxon is the diapsid Petrolacosaurus (Peabody, 1952; Wehrbein, 2017).

While this study focusses on the Pennsylvanian and Cisuralian, the interval previously thought dominated by pelycosaurian-grade synapsids, it is worth discussing the middle and late Permian (Guadalupian and Changhsingian) in the context of this lagerstätten effect. Reptile and synapsed diversity estimates have been compared during these intervals within the most productive tetrapod-bearing basin of that time: the Karoo of South Africa. Synapsids (then mostly represented by the therapsids rather than pelycosaurs) were found to be consistently more diverse than the reptiles (Fröbisch, 2013). However, this basin, and many other contemporary tetrapod-bearing basins, again show preservation heavily selective toward larger, more robust specimens (Kammerer, 2016), perhaps again biasing diversity estimates in favor of synapsids. A formation which provides a better record of small-bodied amniotes is Mezen in Russia, of early Guadalupian age (Golubev, 2015). Mezen’s depositional environment is thought to have been repeated, low-current shallow flooding events, which overtook small amniotes but allowed larger taxa to escape (Efremov, 1940). This fauna, where small taxa have been preferentially preserved, is again overwhelmingly dominated by reptiles. More than 70% of specimens from Mezen are parareptiles (see Supplementary Text and Data in Brocklehurst et al., 2017), while therapsid synapsids are rare (Lozovsky, 2005; Brocklehurst et al., 2017). There are also abundant varanopids at Mezen (Reisz and Berman, 2001; Anderson and Reisz, 2004), previously considered pelycosaurian-grade synapsids, but now potentially assigned to reptiles (Ford and Benson, 2019, 2020). While it must be noted that Mezen is geographically separated from other contemporary Russian localities, potentially providing an alternative explanation for the unusual fauna (Ivakhnenko, 2001), it is also possible that Mezen has allowed the preservation of the abundant small-bodied taxa that were prevalent elsewhere but less easily preserved (see Supplementary Text in Brocklehurst et al., 2017). In Mezen further corroboration is found of the signal found in Richards Spur: the selective preservation of smaller taxa, which we expect to make up the bulk of diversity, produces a reptile-dominated fauna.




CONCLUSION

The assumption that pelycosaurian-grade synapsids dominated terrestrial ecosystems in terms of their species richness has become extremely prevalent in the published literature, making it easy to forget that there has never been a robust analysis of the relative diversity patterns of the two amniote clades. While a global analysis of reptile and synapsed diversity during the Pennsylvanian and Cisuralian does support pelycosaur dominance when using a “traditional” taxonomy, recent revisions in the amniote phylogeny push reptile diversity closer to that of synapsids. In fact, if, as argued above, the selective preservation of smaller taxa in lagerstätten are more representative of true diversity patterns, then the patterns observed in the majority of formations may be misleading. Areas of exceptional preservation such as the Richards Spur fauna are better representative of true diversity patterns. In this context, reptiles should be considered to dominate early Permian ecosystems regardless of one’s opinion on amniote phylogeny. The Carboniferous and Early Permian, therefore, should not be considered a pelycosaur-dominate fauna, and the “Age of Reptiles,” rather than commencing in the Mesozoic as popular science suggests (e.g., Colbert, 1965; Delgado, 1993; Witton, 2017), may actually have begun with this clade’s earliest diversification.
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The braincase anatomy of the Pennsylvanian diadectomorph Limnoscelis dynatis is described in detail, based upon high-resolution X-ray microcomputed tomography. Both supraoccipitals and most of the prootics and opisthotics are preserved. The known portions of the left prootic, opisthotic, and supraoccipital enclose complete sections of the endosseous labyrinth, including the anterior, posterior, and lateral semicircular canals, the vestibule, the cochlear recess, and the canal for the endolymphatic duct. The fossa subarcuata is visible anteromedial to the anterior semicircular canal. The presumed endolymphatic fossae occur in the dorsal wall of the posteromedial portion of the supraoccipital. Both the fossa subarcuata and the fossa endolymphatica lie in the cerebellar portion of the cranial cavity. In order to investigate the phylogenetic position of L. dynatis we used a recently published data matrix, including characters of the braincase, and subjected it to maximum parsimony analyses under a variety of character weighting schemes and to a Bayesian analysis. Limnoscelis dynatis emerges as sister taxon to L. paludis, and both species form the sister group to remaining diadectomorphs. Synapsids and diadectomorphs are resolved as sister clades in ∼90% of all the most parsimonious trees from the unweighted analysis, in the single trees from both the reweighted and the implied weights analyses, as well in the Bayesian tree.
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INTRODUCTION
The origin and diversification of amniotes are at the center of considerable resurgent interest motivated by novel phylogenetic hypotheses (e.g., Ford and Benson, 2019, 2020), new evidence from reproductive paleoecology (e.g., Maddin et al., 2020) and key findings in comparative anatomy, developmental biology, and paleontology (e.g., Kuratani et al., 2011; Schoch and Sues, 2019). Crown-group amniotes are estimated to have originated some 320 million years ago (Jones et al., 2018; Klembara et al., 2020a, b, and references therein; see also estimates in www.timetree.org). They are diagnosed by several anatomical and, in the case of extant taxa, physiological traits, notably those pertaining to reproduction.
For over a century one particular clade of early tetrapods, the diadectomorphs, has played a pivotal role in debates about amniote ancestry. Diadectomorphs are known from the Kasimovian-Gzhelian of Euramerica and the Wuchiapingian of China (see Liu and Bever, 2015). Traditionally placed as the immediate sister taxon to crown-group amniotes, they have occasionally been allied to synapsids (e.g., Case, 1907, 1914), a hypothesis of relationship that has received formal cladistic support (see Berman, 2000, 2013; Klembara et al., 2020b). Our knowledge of diadectomorph anatomy has recently been enriched by a wealth of new neuroanatomical data. Thus, Klembara et al. (2020a, b) provided a detailed description of the braincase and inner ear of the diadectomorphs Diadectes absitus and Orobates pabsti using high-resolution X-ray microcomputed tomography. The well-developed inner ear of both species displays a similar overall morphology to that of several extant and extinct amniotes, e.g., in the possession of a distinct and pyramid-like cochlear recess. Unlike extant amniotes, in which the cochlear recess occurs ventral to the vestibule, the recess in D. absitus and O. pabsti lies posterior to the vestibule, a condition also observed in the stem-group amniote Seymouria baylorensis (Klembara et al., 2020b). This anatomical construction is in striking contrast to that of extant amphibians, in which the cochlear recess is not developed, and the sensory hair cells associated with hearing are situated in the posterior portion of the vestibule (lagenar macula). These observations led Klembara et al. (2020b) to conclude that the inner ears of D. absitus and O. pabsti display a combination of plesiomorphic (e.g., position of the cochlear recess) and apomorphic features (e.g., presence and morphology of the recess and its size relative to the vestibule), some of which appear to be morphologically transitional between those of amniotes and non-amniote tetrapods.
Diadectomorphs are mostly known from adult specimens (e.g., Olson, 1947; Berman et al., 1992, 1998, 2010; Berman, 2013; Klembara et al., 2020a). In these instances, the bones enclosing the endosseous labyrinth—supraoccipital, prootic and opisthotic—fuse in varying degrees, so that detailed neuroanatomical observations are difficult (Klembara et al., 2020a). Immature specimens are rare (e.g., Diadectes sanmiguelensis Lewis and Vaughn, 1965 and smallest specimens of Orobates pabsti Berman et al., 2004). In addition, only two subadult specimens have been investigated thus far using advanced CT-scanning and image analysis techniques, namely Diadectes absitus specimen MNG 8747 and Orobates pabsti specimen MNG 10181, both with skull lengths of about 12.5 cm (Klembara et al., 2020a, b).
In this paper we significantly add to the existing knowledge of the neurocranial and inner ear anatomy of diadectomorphs by providing a detailed description of a partial braincase belonging to the Late Pennsylvanian Limnoscelis dynatis Berman and Sumida, 1990. The specimen in question is of considerable importance because its left supraoccipital, prootic and opisthotic are almost fully articulated and enclose a nearly complete endosseous labyrinth. The aims of this paper are to describe the endocranial bones and endosseous labyrinth of L. dynatis, to reconstruct its inner ear using virtual 3D models of its constituent bones and to carry out a cladistic analysis of amniote-like tetrapods based upon a revised version of the data matrix in Klembara et al. (2020b), whose anatomical terminology we follow.
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MATERIALS AND METHODS


Age, Locality, and General Remarks on Preservation

The incomplete braincase of specimen CM 47653 (Figures 1–13), described by Berman and Sumida (1990) as part of the holotype of Limnoscelis dynatis, originates from the late Pennsylvanian black shales of the Sangre de Cristo Formation in central Colorado, United States. The posterior portion of the braincase encloses the endosseous labyrinth of the inner ear. As shown in Figure 1, the braincase consists of the lateral halves of the bipartite supraoccipital, most of the posterior half of the left prootic, the right prootic lacking its anterior portion, and the incomplete halves of the opisthotics. The left supraoccipital, prootic and opisthotic are preserved in anatomical articulation, whereas their right counterparts are disarticulated. The external surfaces of the three elements consist of a thin layer of dense compact bone. In contrast, their internal surfaces consist mostly of cancellous bone (Figures 2A,B, 3–5, 10, 11). The supraoccipitals are nearly complete with the right slightly overlapping the left. Berman and Sumida (1990) considered the two supraoccipitals to be portions of an unpaired, anteroposteriorly broken bone. Following additional preparation and restudy of the specimen, Berman (2000) realized that the supraoccipital is paired. Our investigations confirm Berman’s interpretation. The medial margin of the left supraoccipital is strongly disrupted due to incomplete preservation, whereas the medial margin of the right supraoccipital is well-preserved along a short and smooth posterior portion of its course. This surface consists of compact bone, and its texture resembles that of the other three braincase elements (Figures 2C,D). This observation allows us to conclude that in this specimen the supraoccipitals are represented by paired independent ossifications. Therefore, we infer that this specimen may represent a juvenile. Only an incomplete section of the posterior region of the left prootic is preserved. The right prootic is more complete than its left antimere. It contacts the medial portion of the ventral surface of the supraoccipital and the lateral portion of the opisthotic (Figures 1, 3). Its internal surface can only be accessed in the scans. Both the paroccipital process and posteromedial portion of the left opisthotic are missing. The better preserved right opisthotic shows most of the paroccipital process and the entire posteromedial portion of its corpus, the latter including the otic through (Berman and Sumida, 1990; Figures 1A,B). Due to dorsoventral compression the posteromedial portion of the right opisthotic shows an exaggerated posterior inclination. In life, this portion would be nearly vertically orientated (Fracasso, 1987; Berman et al., 2010; see also below). The internal structures of the right opisthotic are damaged, and it is therefore impossible to segment the portion of the endosseous labyrinth enclosed within it. In contrast, the endosseous labyrinth appears well preserved within the left supraoccipital, prootic, and opisthotic. The broken and ventrally displaced ventral portion of the left opisthotic can be recognized on the slightly disrupted rounded surface that forms the dorsolateral wall of the vestibule (Figure 2A). This allowed us to reconstruct the portion of the vestibule that is adjacent to the wall (Figure 2B). We were also able to segment the cavities of the endosseous labyrinth and to assemble a virtual 3D model of the latter.


[image: Annotated images showing different views of a fossilized bone structure, highlighting key anatomical features such as the opisthotic, prootic, paroccipital process, otic trough, dorsolateral crest, dorsolateral fenestra, and exoccipital articulation. Parts are colored in red, blue, and yellow. Scale bar indicates 10 millimeters. Labels indicate orientation and specific features for examination.]

FIGURE 1. Limnoscelis dynatis, CM 47653. Partial braincase in dorsal (A), ventral (B), dorsolateral (C) and posterior (D) views.



[image: Four images displaying segmented and labeled views of a bone structure.   (A) Shows the supraoccipital region, with a scale bar indicating 3 millimeters. (B) Highlights different regions, including the opisthotic, lateral semicircular canal, prootic, and vestibule, using distinct colors. (C) Displays compact, smooth bone regions labeled as left prootic, left supraoccipital, right supraoccipital, and right prootic. (D) An enlarged view of a bone section showing texture details, with a smooth margin, and a scale bar labeled 6 millimeters.]

FIGURE 2. Limnoscelis dynatis, CM 47653. (A,B) Transverse CT section through the posterior portion of the lateral semicircular canal. (C) Transverse CT section through the braincase at about mid-length of the right supraoccipital (D).



[image: CT scans of a skull showing detailed anatomical features in two views. Figure A shows the dorsal wall of the cranial cavity, ridge, and cavity for the optic lobe. Figures B and C highlight the supraoccipital, fossa subarcuata, fossa endolymphatica, canal for endolymphatic duct, and various cranial structures. Labeled measurements are provided for scale.]

FIGURE 3. Limnoscelis dynatis, CM 47653. (A) Supraoccipitals in ventral view. (B,C) Articulated left supraoccipital, prootic and opisthotic in ventromedial view.



[image: CT scan images showing anatomical features of a vertebrate's inner ear. Panels A, B, and C highlight sections with labels for anterior, lateral, and posterior semicircular canals, ventral crest, endolymphatic duct, and fossae. Panel D presents a 3D reconstruction of the endolymphatic duct and surrounding structures, featuring directional arrows. Scale bars indicate magnification.]

FIGURE 4. Limnoscelis dynatis, CM 47653. (A–C) Transverse CT sections through the supraoccipital in anterior to posterior sequence. (D) Left supraoccipital in ventral view.



[image: CT scans of the inner ear and surrounding bones. Panel A highlights the prootic, opistotic, and supraoccipital regions. Panel B shows colored structures including the lateral and anterior semicircular canals, cochlear recess, and vestibule with labels. Scale bar indicates 7 millimeters.]

FIGURE 5. Limnoscelis dynatis, CM 47653. (A,B) Longitudinal CT sections through the anterior and posterior semicircular canals.



[image: Digital renderings of a bone structure are shown from different angles labeled A to E. Annotations identify features like exoccipital articulations, paroccipital process, vagus foramen, external and internal walls of the fenestra vestibuli, cochlear recess, and sections of the semicircular canal. Measurements indicate size scales of four and ten millimeters. Some areas are highlighted in blue and red to differentiate specific anatomical features.]

FIGURE 6. Limnoscelis dynatis, CM 47653. (A–D) Right opisthotic in dorsal and slightly anterior view (A,B) and ventral and slightly anterior view (C,D). (E) Right semitransparent supraoccipital and opisthotic in ventral view.



[image: Anatomical diagrams highlighting parts of a fish skull. Image A shows a lateral view with labeled structures: lateral semicircular canal, opisthotic, and cochlear recess. Image B illustrates the posterior semicircular canal and vestibule. Image C presents an enlarged view with color-coded parts labeled: prootic, lateral semicircular canal, opisthotic, supraoccipital, and posterior semicircular canal, with scale bars indicating dimensions.]

FIGURE 7. Limnoscelis dynatis, CM 47653. (A,B) Transverse CT sections through the cochlear recess (A) and at the level of the root portions of the lateral and posterior semicircular canals (B). (C) Longitudinal CT section through the junction of the opisthotic and supraoccipital portions of the posterior semicircular canals.



[image: Composite image showing labeled anatomical structures of a skull. Image A highlights dorsolateral and parotic crests. Image B shows lateral semicircular canal in green. Image C captures features like dorsolateral crest, supraoccipital, lateral and anterior semicircular canals, and prootic. Image D focuses on opisthotic, supraoccipital, prootic, internal walls of the vestibule, and lateral semicircular canal. Image E identifies vestibule, posterior semicircular canal, and right prootic. Each part includes scale measurements for reference.]

FIGURE 8. Limnoscelis dynatis, CM 47653. (A,B) Left prootic in posterolateral view; (B) semitransparent. (C) Transverse CT section through the left prootic-left supraoccipital in the place of the junction of anterior and lateral semicircular canals. (D,E) Transverse CT sections through the walls of vestibule (D) and reconstructed vestibule (E) at the level of the medial opening of the lateral semicircular canal.



[image: Anatomical illustration of a blue fossil segmented into panels A, B, and C. Panel A highlights labeled features such as the parotic crest, dorsolateral crest, fossa, grooves, and lateral semicircular canal. Panel B shows the facial nerve, ganglion, and branches in green and yellow, including the hyomandibular ramus. Panel C features the medial wall of the fenestra vestibuli and lateral semicircular canal. Scale bar indicates a size of 6.5 millimeters. Arrows indicate dorsal and posterior directions.]

FIGURE 9. Limnoscelis dynatis, CM 47653. Right prootic in lateral and slight posterior (A,B) and ventral (C) views. (B) Semitransparent prootic showing the course of nerves and lateral semicircular canal.



[image: 3D renderings of a fossil showing various anatomical features. Image A displays the anterior and posterior crests, excavation, ridge, otic tube, and medial wall of the fenestra vestibuli in blue. Image B shows a side view highlighting the colorful internal structures, including the otic tube. Image C features a detailed view with labels for the facial nerve, anterior wall of the vestibule, otic tube, lateral semicircular canal, and posterior crest, using vibrant colors to distinguish different sections. A scale bar denotes 6.5 millimeters.]

FIGURE 10. Limnoscelis dynatis, CM 47653. (A–C) Right prootic in medial (A), posterior (B), and dorsomedial (C) views.



[image: Cross-sectional anatomical diagrams consisting of four panels (A-D). Panel A shows a 3D reconstruction of a structure with colored regions, labeled for orientation. Panels B-D display detailed cross-sections, with labels for the wall of the anterior and posterior portions of the vestibule, otic tube, facial nerve (N.VII), and lateral semicircular canal. Each section is annotated with measurements, emphasizing structural details.]

FIGURE 11. Limnoscelis dynatis, CM 47653. Longitudinal CT sections through the right prootic in medial view (A) from ventral to dorsal (B–D) levels.



[image: 3D renderings of anatomical structures. Panel A displays labeled sections of a skull with the supraoccipital, prootic, and opisthotic noted, along with the anterior semicircular canal. Panel B shows parts of the inner ear, including the vestibule, cochlear recess, and semicircular canals, alongside the canal for endolymphatic duct and fossa endolymphatica. Scale bars indicate size reference.]

FIGURE 12. Limnoscelis dynatis, CM 47653. (A) Left semitransparent prootic, opisthotic and both supraoccipitals to see the position of inner ear structures. (B) Virtual 3D model of the inner ear in dorsal view.



[image: Six labeled 3D models of the inner ear are shown from different angles. Each model highlights canals and structures such as the anterior, posterior, and lateral semicircular canals, cochlear recess, vestibule, and crus commune. The models use bright colors for each part, and a scale bar indicates size reference with 5 millimeters.]

FIGURE 13. Limnoscelis dynatis, CM 47653. Virtual 3D model of inner ear in anterior (A), posterior (B), left lateral (C), right lateral (D), ventral (E) and posterodorsal (F) views.




Microcomputed Tomography Imaging

To obtain high-resolution microCT scans, we used the Nanotom 180 X-ray microtomography system (GE Phoenix), fitting the X-ray tube with a tungsten target in micro-focusing mode M0. For outgoing X-ray radiation, beam filtering was attained with a 0.2 mm thick Cu plate. The accelerating voltage was set to 160 kV with beam current of 90 μA. The detector timing was 750 ms. No pixel binning was used, and the voxel size was 27 μm. Through the duration of the scanned object’s rotation, 1,800 two-dimensional X-ray projections were recorded. For 3D volume reconstruction, we used the datos| x CT software (GE Phoenix). The 3D volume data sets were filtered, rendered, and segmented in VGStudio MAX 2.1 (Volume Graphics). For the volume data rendering (2D projection of 3D volume data), we applied the isosurface and volume rendering algorithms. For the segmentation of volume data, the region growing method was largely employed, along with the opening/closing and the erosion/dilation image processing techniques. The final smoothing of the 3D model surfaces of segmented objects was achieved with the open-source program MeshLab v2020.7.



Phylogenetic Analysis

We investigated the interrelationships of Limnoscelis dynatis by coding relevant information from its cranial and postcranial skeleton into the data matrix used by Klembara et al. (2020b). Cranial and postcranial characters were scored in light of Berman and Sumida’s (1990) work, whereas neurocranial characters were scored in light of the new data provided here. The matrix consisted of 55 taxa and 294 characters (278 parsimony-informative). We added two cranial and four postcranial characters to the character list in Klembara et al. (2020b; new characters are appended to the end of the list). The list of taxa was left unaltered except for the inclusion of L. dynatis. The data matrix was processed under maximum parsimony and Bayesian inference. The data matrix in PAUP-ready Nexus format and the list of characters are in Supplementary Material (Data Sheets 1 and 2).

For the parsimony analyses, we applied three character weighting criteria: (1) equally weighted characters; (2) characters reweighted by the maximum value of their rescaled consistency index obtained from the equally weighted analysis; and (3) implied weights with a constant of concavity value of 6 (Goloboff, 1993). All parsimony analyses were carried out in PAUP∗ (Swofford, 1998; v. 4.0a build 169). Searches for the most parsimonious trees were conducted using heuristic methods, applying the tree bisection-reconnection branch-swapping algorithm with 10,000 random stepwise taxon addition sequences, and holding one tree in memory at each replicate. Subsequently, we applied 10 rounds of the same algorithm to trees stored in memory from the initial search, but enforcing the multiple trees saving option. Node support was evaluated by applying bootstrap (Felsenstein, 1985) and jackknife (Farris et al., 1996) resampling methods, using 10,000 random character resampling replicates under the fast stepwise addition option. In order to establish whether the data matrix includes phylogenetic information, we compared the ensemble consistency index value of the trees obtained from the unweighted parsimony analysis with theoretical threshold values, that are expected for matrices of comparable taxon numbers, following protocols in Sanderson and Donoghue (1989) and Klassen et al. (1991).

For the Bayesian analysis, we employed MrBayes (Ronquist and Huelsenbeck, 2003; v. 3.2.6) under the standard model for morphological data and gamma-distributed rate changes across characters. We ran four chains for 2⋅107 generations, discarding 25% of the obtained samples. The results were summarized as a 50% majority-rule consensus of resulting posterior probability tree topologies with appended credibility values. Convergence was evaluated with the Gelman and Rubin’s (1992) Potential Scale Reduction Factor.




RESULTS


Braincase and Endosseous Labyrinth

As the constituent elements of the partial braincase of CM 47653 were described in detail by Berman and Sumida (1990), our contribution focuses solely on the new anatomical features obtained through high resolution X-ray microcomputed tomography, particularly those of the endosseous labyrinth and inner ear (see Supplementary Material Data Sheet 3).

Together, the two supraoccipitals form a plate-like element that is longer than wide and with the lateral margins orientated slightly dorsolaterally (Figure 1). A narrow triangular embayment occurs between the posteromedian margins of the supraoccipitals, with its apex pointing almost directly anteriorly. The surfaces of these margins are smooth (Figure 3A), and thus similar in texture to the short section of the medial margin of the right supraoccipital (Figures 2C,D). On either side of the embayment the occipital surface of the supraoccipital is occupied by a roughly semielliptical shallow area characterized by a distinct rugose surface (Figure 1D). This area is delimited by a shallow groove surrounded by a distinct wall. Further laterally, this area continues smoothly into a similarly shaped area visible on the occipital surface of the opisthotic (Figure 1D). The two areas form the articulation surface for the exoccipital (see below).

The dominant feature on the ventral surface of each supraoccipital half is a ventral crest, the posterior section of which medially separates the cranial cavity from the lateral cavity of the inner ear (Figure 3). The posterior sections of the two supraoccipital ventral crests run anterolaterally to posteromedially. At about the mid-length of the supraoccipital, each ventral crest changes its course, such that its anterior section runs anteromedially. In the anterior portions of the supraoccipitals the two crests approach one another, but preservation makes it difficult to ascertain whether they met mid-sagittally. The anterior sections of the two crests mark the posteromedial boundaries of large, paired, sub-elliptical excavations situated anterolaterally. These excavations are bordered posteriorly by a tall, robust ridge that extends nearly transversely and is characterized by a slight, anteriorly concave curvature. The smooth surface of the two anterolateral excavations presumably housed the optic lobe (or tectum opticum) in life. The large median excavation delimited by the posterior sections of the two ventral crests accommodated the cerebellum (Figure 3).

A distinct shallow excavation is visible on the ventral surface of the supraoccipital. It occurs posteromedial to the point where the anterior and posterior sections of each of the two ventral ridges converge, and anteromedial to the anterior semicircular canal. This excavation is likely to correspond to the fossa subarcuata (Figures 3B,C, 4A,D; see Klembara et al., 2020b), an excavation that houses a small process of the dura mater as well as the cerebellar flocculus (auricule) in both extant and extinct amniotes (see below).

The sections of both the anterior and posterior semicircular canals are well preserved in both supraoccipitals (Figures 4, 5). The medial section of the anterior semicircular canal opens on the ventrolateral surface of the ventral crest, and its course can be followed within the prootic (Figures 4B,D, 8C). The medial section of the posterior semicircular canal opens on the ventral portion of the posterolateral edge of the supraoccipital and continues into the opisthotic (Figures 3C, 7C). The crus commune opens on the ventral wall of the ventral crest (Figure 5). A short, medially directed canal for the endolymphatic duct (Figures 3C, 4B,D) is visible close to the ventral crest. A hemi-spherical excavation occupies the posteroventral wall of both halves of the supraoccipital, which lie medial to the ventral crest and immediately lateral to the midsagittal plane. This excavation may correspond to the fossa endolymphatica, which accommodated the endolymphatic sac in life (Figures 3B,C, 4C,D). The right fossa is only partially preserved due to damage caused by compression against the underlying left supraoccipital. The preserved portion of the canal for the endolymphatic duct occurs anterolateral to it (Figures 3B,C, 4D).

The left paroccipital process is missing, but a large portion of the right process can be seen on the right opisthotic (Figures 1, 6). The sculptured dorsal wall of the opisthotic forms a shallow depression. Two facets for the exoccipital articulation are present on the posterior surface of the posteromedial portion of the right opisthotic (Figures 6A,B). Between the two facets is a groove, which Berman and Sumida (1990) interpreted as a jugular groove (Figures 6A,B). A concavity on the internal surface of the posteromedial portion of the right opisthotic, which would be orientated ventrolaterally in life, represents the otic trough (Berman and Sumida, 1990; Figures 6C–E). Its distal part forms the posterior margin of the fenestra vestibuli (Berman and Sumida, 1990; Figure 6). The trough widens gradually anterodorsally toward the posterior wall of the vestibule (Figures 6C–E). Anterolateral to the trough the opisthotic displays a robust, arch-like, mediolaterally orientated ridge that participates in the formation of the posterodorsal margin of the otic capsule (Figures 6C–E). A similar ridge in direct continuation with the opisthotic ridge is present on the posterior portion of the prootic (Figure 10A). The junction of the dorsal portions of these ridges is visible on the left side of the braincase.

Enclosed within the posteromedial portion of the left opisthotic is a complete cochlear recess. In its posteriormost portion the recess is round, whereas further anteriorly it deepens gradually in a dorsoventral direction (Figure 7A) before merging smoothly into the vestibule (Figures 5, 7B). The posterior sections of the lateral and posterior semicircular canals project from the dorsal part of the posteriormost portion of the vestibule (Figure 7B), with the root section of the former being about four times as long as the root section of the latter (Figures 12, 13D,F). After a short tract the lateral semicircular canal first widens anteroposteriorly and then narrows again as it approaches the prootic (Figures 5, 13D). The lateral section of the lateral semicircular canal is enclosed by the opisthotic (Figures 5, 7C), but most of its course is encased within the prootic (Figures 8B, 12). The posterior semicircular canal runs anteromedially through the opisthotic and continues anteriorly within the supraoccipital (Figures 7B,C). The absence of swollen regions in the prootic and opisthotic suggests that ampullae are absent (but see also discussion in Klembara et al., 2020b).

Most of the posterior region of the left prootic is preserved, although its posteriormost and ventralmost portions are missing (Figures 1, 3B,C, 8A,B). The preserved portion has a robust construction. It is mediolaterally broad and contains most of the anteroposterior tract of the lateral semicircular canal (Figures 8B, 12A). Posteromedially it is sutured with the opisthotic (Figures 1A,C, 3B,C, 5, 7C, 8D,E). A thin, sharp crest, the crista dorsolateralis, extends slightly dorsally and distinctly laterally from the dorsal wall of this part of the prootic (Figures 1A,C, 8A–C). The prootic has a smooth lateral wall that extends laterally into a parotic crest, the latter indicating the course of the lateral semicircular canal (Figures 8A,B). The latter canal is mostly enclosed within bone in the posterior portion of the anteroposterior extension of the prootic. More anteriorly the medial part of the lateral semicircular canal is partially exposed and communicates with the vestibule (Figures 4B,C, 8D,E). Immediately ventromedial to the canal the excavated medial surface of the prootic delimits the smooth lateral wall of the vestibule (Figures 8D,E).

The right prootic is well preserved, although the anterior portion is missing (Figures 1B, 9–11), and the sharp, dorsalmost portion of its dorsolateral crest is broken (Figure 9A). The smooth lateral wall of the right prootic is occupied by an anteroposteriorly elongate fossa in the anteroventral part of the bone (Figure 9A). According to Berman and Sumida (1990, figure 4B), this fossa is associated with the facial nerve. A narrow groove running anteriorly from the anterior portion of the fossa opens on the anterior margin of the preserved part of the prootic (Figure 9A). A canal running mediodorsally from the dorsal portion of the fossa opens on the medial wall of the prootic (Figures 9B, 10A,C). Lastly, a narrow canal enclosed in bone runs posteroventrally from the posterior portion of the fossa and opens on the ventrolateral wall of the prootic as a short groove (Figure 9A). In life, the facial nerve probably entered the medial wall of the prootic (Figure 10C) and continued ventrolaterally within the bone (Figure 9B). The fossa may have housed the ganglion of the facial nerve (Figure 9B). From this point the palatal ramus of this nerve would run anteriorly along the narrow groove on the lateral wall of the prootic, whereas the hyomandibular ramus would run posteroventrally along a canal within the prootic (Figures 9, 10A,C).

The posterior end of the right prootic shows a distinct crest (Figures 9A,B, 10). The internal surface of the prootic is mostly cancellous, but the walls of the inner ear structures are mostly smooth (Figures 10A,C). The canal for the entrance of the facial nerve is anterior to the anterior section of the lateral semicircular canal (Figures 10A,B). The prootic is tallest in its well-preserved posterior portion. Its anteriorly excavated posteromedial wall is delimited by a sharp medial ridge running dorsoventrally (Figure 10). Based upon the condition of its left counterpart, it is concluded that the ridge, although partially damaged, abutted against a corresponding ridge present on the opisthotic, thereby sealing off the otic cavity posteriorly. A distinct lateral excavation occupies the posteroventral portion of the prootic, thus forming the internal wall of the fenestra vestibuli (Berman and Sumida, 1990; Figures 9, 10). In life the posteromedial portion of the opisthotic would be orientated ventrolaterally, thus forming the posterior wall of the fenestra vestibuli (Figure 6), which faces ventrally and slightly posteriorly. A deep smooth groove emerging from the internal margin of the fenestra vestibuli runs anterodorsally along the medial wall of the prootic (Figures 10A,B, 11). The groove is likely to correspond to the otic tube, and its course can be traced between the anterior and posterior portions of the vestibule (Figures 10A,C, 11). Ventrally, the groove is broad and delimited by distinct, tall margins (Figures 10A,C). Further anterodorsally, the groove becomes gradually shallower, and its dorsal end opens into the middle portion of the vestibule (Figures 10A,C, 11). The well-preserved, circular anterior portion of the vestibule (Figures 10A,C, 11A,B) has a smooth surface and distinct margins.

An anteroposteriorly elongate space delimited by the posterolateral margin of the supraoccipital, the posterodorsal margin of the prootic and the abbreviated anterodorsal margin of the opisthotic corresponds to a dorsolateral fenestra (Figures 1A,C).



Inner Ear

Figure 12A shows the position of the virtual 3D model of the inner ear within the braincase. The inner ear consists of the vestibule, the three semicircular canals, cochlear recess, and canal for the endolymphatic duct (Figures 12, 13). There is no evidence of ampullae (see above). The anteroposteriorly elongate vestibule is larger and deeper in its posterior portion than in its anterior portion. The dorsal wall of the posterior portion has a slightly convex surface. In contrast, the anterior wall of the vestibule is distinctly concave. Posteriorly, the vestibule merges indistinctly into the cochlear recess (Figures 12, 13B–F). The approximate boundary between the two structures is believed to coincide with the region where the posterior extremities of the posterior and the lateral semicircular canals enter the vestibule (Figures 7B, 12, 13B).

The arcuate anterior semicircular canal occurs within the supraoccipital and prootic (Figures 5, 12, 13). Its medial section within the supraoccipital is widest where it contacts the crus commune. From this point the canal narrows gradually anteroposteriorly to a point situated approximately at its mid-length. Beyond this point the canal first widens and then narrows again before entering the prootic (Figure 8C). The lateral portion of the anterior semicircular canal exhibits a ventrolateral orientation and merges abruptly into the much thicker lateral semicircular canal (Figures 12, 13A–D). The absence of ampullae and the abrupt transition from a thin anterior canal to a thick lateral canal presumably marks the border between the anterior and lateral semicircular canals (Figures 12, 13A,C–F).

The lateral semicircular canal is accommodated within the prootic and opisthotic, and its morphology differs remarkably in these two bones (Figures 12, 13D,F). The prootic section of the lateral semicircular canal is the most robust of all sections in all three semicircular canals and is only slightly curved anteriorly. At about the middle one-third of its course, the medial wall of the canal opens into the otic cavity immediately above the vestibule (Figures 8D,E). Further anteriorly this wall communicates with the vestibule (Figures 4C, 13F). The posteriormost part of the prootic section of the lateral semicircular canal thins gradually and continues into the opisthotic. Within the opisthotic, the canal is narrower and turns abruptly medially (Figure 13D). After a short course, it widens rapidly and becomes dorsoventrally flat (Figures 12, 13). At the point where it passes medially into the vestibule, the canal is anteroposteriorly elongate (Figures 12, 13F). Despite changes in thickness, the entire course of this canal appears to be arcuate (Figures 12, 13).

The posterior semicircular canal is similarly arcuate. Its course can be traced within the supraoccipital and the opisthotic (Figures 7C, 12, 13B,F). The anterior section of this canal is widest at its junction with the crus commune (Figures 12, 13F). From this point, the canal becomes gradually narrower before merging into a similarly narrow section within the opisthotic (Figures 7C, 12). The posterior extremity of this section enters the vestibule at the same level as the lateral canal (Figures 7B, 12, 13B,F).

While the anterior and posterior semicircular canals open in part on the cancellous ventral surface of the supraoccipital (Figures 3C, 4D), their crus commune opens into the vestibule somewhat ventrally (Figure 13), The narrow canal for the endolymphatic duct extends from the posterior wall of the vestibule, immediately anteroventral to the crus commune, and passes into the cranial cavity (Figures 3B,C, 4B,D, 12, 13A,B,E,F). The apex of the conical cochlear recess points posteriorly (Figures 7A, 12, 13B–F). The recess widens smoothly anteriorly before merging into the vestibule. At this level it becomes mediolaterally narrow and also attains its greatest depth (Figures 7A,B, 13B–D).



Phylogenetic Results

We present the results from the unweighted parsimony analysis in the form of strict and Adams consensus topologies (Figures 14A,B). The strict consensus reveals loss of resolution across several clades. Eighty-nine per cent of the 165 most parsimonious trees (length = 1285 steps; ensemble consistency index C.I. = 0.2727 without uninformative characters; ensemble retention index R.I. = 0.5814) place diadectomorphs and synapsids as sister taxa. In all trees, the two species of Limnoscelis, as sister taxa, join a clade of remaining diadectomorphs, which are collapsed in a polytomy. Very few nodes receive high bootstrap and jackknife support and for most, the support is low to moderate, with the majority of nodes in the amniote crown-group collapsed in the bootstrap and jackknife consensus topologies. As noted by Klembara et al. (2020b), although no taxa could be safely deleted (sensu Wilkinson, 1996) from the data matrix, the removal of some, especially among anthracosaurs, yields many fewer trees and a more resolved strict consensus topology than the unweighted analysis based upon the full taxon set. For example, when Eobaphetes kansensis is deleted, PAUP∗ produces 12 shortest trees (not illustrated here). In these, a fully resolved clade of diadectomorphs emerges as the sister group to synapsids.


[image: Four cladograms labeled A, B, C, and D show evolutionary relationships among various prehistoric species. Each diagram displays branching patterns with species names listed at the ends, illustrating different evolutionary pathways and relationships.]

FIGURE 14. Results of parsimony analyses. (A,B) Strict and Adams consensus, respectively, of 165 most parsimonious trees from the analysis with unweighted characters. (C) Single tree from the analysis with characters reweighted by the maximum value of their rescaled consistency index from the unweighted analysis. (D) Single tree from the analysis with implied weights.


Both the reweighted and the implied weights analysis (Figures 14C,D) yield a single tree supporting a diadectomorph-synapsid clade. The reweighted analysis tree has a length of 225,29973 steps with C.I. = 0.4778 without uninformative characters and R.I. = 0.777. The implied weights tree has a length of 1295 steps (Goloboff fit = −201.77756) with C.I. = 0.2705 without uninformative characters and R.I. = 0.5769. In these analyses, the branching pattern of diadectomorphs, synapsids and diapsids is identical, and both retrieve Westlothiana and Solenodonsaurus as immediate sister taxa to [diapsids + (synapsids + diadectomorphs)]. However, some differences exist in the branching arrangement of stem-group amniotes less crownward than Solenodonsaurus. In both, seymouriamorphs form a clade, with Utegenia and Seymouria as successive sister taxa to remaining species in that clade. In the reweighed analysis, Karpinskiosaurus and (Leptoropha + Microphon) are successive sister taxa to a group that includes (Ariekanerpeton + Discosauriscus) and (Makowskia + Spinarerpeton). In the implied weights analysis (Leptoropha + Microphon) joins (Ariekanerpeton + Discosauriscus) and this clade joins (Karpinskiosaurus + (Makowskia + Spinarerpeton)). In the reweighted analysis, Caerorhachis is the sister taxon to anthracosaurs, with Calligenethlon nested within the latter. In the implied weights analysis Caerorhachis is nested within anthracosaurs while Calligenethlon forms the immediate sister taxon to Solenodonsaurus plus more derived groups. Lastly, Chroniosaurus is either allied to anthracosaurs (reweighted analysis) or placed as the immediate sister taxon to Gephyrostegus plus more derived groups (implied weights analysis).

The Bayesian analysis attained satisfactory convergence, with the average Potential Scale Reduction Factor for the branch length parameter equal to 1. The Bayesian topology (Figure 15A) reveals some differences from that presented in Klembara et al. (2020b). Thus, the colosteid Greererpeton emerges as a stem-group tetrapod instead of forming the sister taxon to temnospondyls (Balanerpeton plus Dendrerpeton), while Caerorhachis appears as the most plesiomorphic stem-group amniote plesion instead of forming the immediate outgroup to colosteids plus temnospondyls. Crownward of Caerorhachis is a trichotomy including: (1) a clade of Silvanerpeton plus Eldeceeon; (2) a clade of eoherpetontids (Eoherpeton) plus embolomeres (Proterogyrinus to Carbonoherpeton); (3) a diverse array of groups arranged in crownward sequence as follows: chroniosuchians (Chroniosaurus); paraphyletic gephyrostegids (Gephyrostegus; Bruktererpeton); monophyletic seymouriamorphs (slightly less resolved than in Klembara et al., 2020b); Solenodonsaurus; Westlothiana; diapsids (Paleothyris to Captorhinus); synapsids (Eothyris to Varanops); diadectomorphs. Within diadectomorphs, the two species of Limnoscelis join a clade formed by Tseajaia, Orobates and Desmatodon-Diadectes-Diasparactus. In the discussion below, we offer a brief commentary on the results of our phylogenetic analyses, with emphasis on the sister group relationship between diadectomorphs and synapsids.


[image: Phylogenetic trees labeled A and B show evolutionary relationships among various species, including "Whatcheeria deltae," "Pedereps finneyae," and "Ossinodus pueri." Both trees display branching patterns with confidence values on several nodes, indicating the strength of support for those evolutionary connections.]

FIGURE 15. (A) Results of Bayesian analysis; clade credibility tree with posterior probability (credibility) values for node support appended to branches. (B) Strict consensus of 78 most parsimonious trees from analysiswith unweighted characters after deletion of inner ear characters.





DISCUSSION


Comparisons With Limnoscelis paludis

The other known species of Limnoscelis, L. paludis, was revised by Berman (2000) and Berman et al. (1992, 2010). The skull length of L. paludis specimen YPM 81 (Berman et al., 2010) is about 30 cm, whereas the estimated skull length of L. dynatis is about half of that value. In L. paludis the supraoccipital, prootic, and opisthotic are fused, and this condition is also seen in other large adult diadectomorphs (Berman, 2000; review in Klembara et al., 2020a). As we have shown, the prootic, opisthotic, and supraocciptal in L. dynatis are not fused. For this reason the braincase in specimen CM 47653 of L. dynatis may actually belong to either a juvenile or a subadult, a conclusion that appears corroborated by the size of its preserved skull bones matching that of juvenile or subadult D. absitus (skull length about 12.5 cm; Berman et al., 1998; Klembara et al., 2020b).

In his reconstruction of the Limnoscelis paludis braincase, Fracasso (1987) described and reconstructed a synotic tectum as occurring immediately anterior to the supraoccipital. Berman et al. (2010) rejected the presence of this element in both Limnoscelis species. Our CT scan data confirm Berman et al.’s interpretation (2010) for L. dynatis. Romer (1946) and Fracasso (1987) portrayed the supraoccipital of L. paludis as having distinct pointed processes directed laterally and overlapped by conical tabulars (Fracasso, 1987, Figure 2). Such processes are absent in L. dynatis (Berman and Sumida, 1990).

In Limnoscelis paludis the fused prootic and opisthotic were termed an otic element by Fracasso (1987). In the ventral wall of the posterior half of the otic element, which corresponds to the prootic of L. dynatis as described here, Fracasso (1987, Figure 3) identified a deep groove for the vena capitis lateralis and the hyoid ramus of the facial nerve, as well as a distinct parotic crest immediately dorsal to this groove. In L. dynatis the parotic crest is well developed, but there is no distinct, dorsally covered groove for the vena capitis lateralis and hyoid ramus of the facial nerve. Instead, the canal for the facial nerve is present in the anterior portion of the prootic that extends dorsomedially to ventrolaterally. The canal bifurcates in the ventral portion of the prootic, giving rise to an anteriorly directed canal. The latter presumably accommodated the palatal ramus of the facial nerve and a posteroventral canal for the hyomandibular branch of the facial nerve in life (Figure 9). In this configuration L. dynatis closely resembles subadult Diadectes absitus (see below). Thus, there appears to be conflicting evidence of the position of the hyomandibular canal in L. paludis, such as was presented by Fracasso (1987), and that in L. dynatis reconstructed here. In light of this, we believe that a novel revision of the braincase of L. paludis is required.

Fracasso (1987, Figure 3) described a notch on the anterodorsal portion of the prootic section of his otic element and interpreted it as the exit canal of the trigeminal nerve. A similar smooth-surfaced notch occupies the dorsal margin of the right prootic in Limnoscelis dynatis, and this was also interpreted by Berman and Sumida (1990, Figure 4B) as a notch for the trigeminal nerve. The “notch” corresponds in position to a dorsolateral crest on the left prootic. On its right-hand side the crest appears broken and, as a result, the “notch” can be merely attributed to imperfect preservation (Figures 1A,C, 9A). The dorsolateral crest forms the dorsolateral wall of the dorsolateral fenestra. We hypothesize that the trigeminal nerve exit was located much more anteriorly than previously described, presumably along the dorsal margin of the prootic (not preserved). Here, the exit of the trigeminal nerve would lie anterior to the exit of the facial nerve and also anterior to the supraoccipital. A similar configuration is present in the subadult Diadectes absitus (Klembara et al., 2020a) and adult L. paludis (Fracasso, 1987, Figures 3, 5).



Comparisons With Similarly Sized Diadectids and Seymouria

Specimen CM 47653 of Limnoscelis dynatis (Berman and Sumida, 1990) is similar in size to the MNG 8747, a subadult specimen of Diadectes absitus described by Berman et al. (1998; see also Klembara et al., 2020a, b). In both specimens the neural endocranial bones are not co-ossified, in contrast to the situation observed in the adults of L. paludis (Fracasso, 1987; Berman et al., 2010) and certain species of Diadectes (for review see Klembara et al., 2020a, b). The skull length of the adult L. dynatis is unknown, but the skull length of the adult L. paludis is about 30 cm (Berman et al., 2010). The skull length of the subadult D. absitus is about 12.5 cm, whereas that of the adult specimens of that species is about 14 cm. The supraoccipital of the subadult D. absitus is unpaired, unlike that of L. dynatis (see also Berman and Sumida, 1990). These observations lend strong support to our interpretation of specimen CM 47653 of L. dynatis as belonging to an even earlier ontogenetic stage than specimen MNG 8747 of D. absitus. We posit, therefore, that the fusion of the supraoccipital halves in L. dynatis must have occurred in comparatively larger skulls than that of D. absitus.

Bazzana et al. (2020) described an endochondral ossification situated ventral to the postparietals in Seymouria, and interpreted it as the tectum synoticum, but they did not homologize this element with the supraoccipital of crown-group amniotes, despite the topological similarities between the tectum synoticum and the supraoccipital proper. Thus, ontogenetic studies of amniotes demonstrate that the supraoccipital arises from a single ossification center in the tectum synoticum immediately posterior to the parietal (De Beer, 1937; d’A Bellairs and Kamal, 1981). In several birds and mammals the supraoccipital arises from two or more ossification centers in the tectum synoticum (De Beer, 1937). In Seymouria the tectum synoticum is located ventral to the postparietals (Bazzana et al., 2020, figure 9). We note that in early crown amniotes the anterior portion of the supraoccipital is covered dorsally by the postparietals and tabulars (Romer, 1976; Romer and Parsons, 1977). In reptiles the postparietal is mostly absent and, as a result, the tectum synoticum is visible in dorsal view. Klembara (2001, figures 2A–C) identified a rudiment of the postparietal, plus the tectum synoticum posterior plus tectum posterius, in late prehatching stages of Alligator mississippiensis. The rudiment in question is visible posterior and ventral to the posteriormost margin of the parietal and dorsal to the anteriormost portion of the tectum synoticum posterior plus tectum posterius. Both tecta ossify later in ontogeny to form the supraoccipital. It is likely that the tectum synoticum of Seymouria represents an ossified element in the early evolutionary stages of supraoccipital formation. If this is correct, then the tectum synoticum in Seymouria should not be identified as the supraoccipital proper, as it is relatively small and is situated below the postparietals only. In contrast, in Diadectes absitus and numerous crown amniotes the supraoccipital also underlies the tabulars (Berman et al., 1998; Klembara et al., 2020a). The tectum synoticum of Seymouria does not bear the fundamental structures of the supraoccipital that are seen in crown amniotes, such as the medial portions of the anterior and posterior semicircular canals distal to the crus. Perhaps more significantly, smaller specimens of Seymouria show a median suture on the tectum synoticum, a feature that is consistent with a paired origin of the supraoccipital in that genus (Bazzana et al., 2020). This is also the case in Limnoscelis dynatis (Berman and Sumida, 1990; see also above).

As for the endocranial elements, the structure described in Limnoscelis dynatis as the fossa endolymphatica is absent in Diadectes absitus (Klembara et al., 2020a). Among early tetrapods, similar fossae have been recorded only in the stem amniote Seymouria and interpreted as the endolymphatic fossae (Bazzana et al., 2020). In Seymouria these fossae occur on the ventral wall of the tectum synoticum, which underlies the postparietals. In contrast, in L. dynatis the endolymphatic fossae occur on the ventral wall of the posterior portion of the supraoccipitals, and thus further posteriorly relative to the postparietals. The postparietals are not preserved in L. dynatis, but their position may be estimated based upon comparisons with their homologues in L. paludis (Fracasso, 1987; Berman et al., 2010). In L. paludis the unpaired postparietal covers the anterodorsal surface of the supraoccipital. Dempster (1935) described similar fossae in a similar position in the temnospondyl amphibian Eryops megacephalus. We note that a supraoccipital is absent in Eryops and that the small fossae are present in the prootic of this taxon, at the posterior level of the anterior semicircular canal and slightly anterior to the crus commune. In modern amphibians the size and position of the endolymphatic sac vary in different taxa and the sac occurs at variable distances from the inner ear (Dempster, 1935; Wever, 1985).

In Limnoscelis dynatis, the subarcuate fossa is similar in size and position to those in Diadectes absitus and Orobates pabsti, and occurs anteromedial to the anterior semicircular canal (see Klembara et al., 2020b). In L. dynatis all three semicircular canals are arcuate. In contrast, in D. absitus the medial portion of the anterior semicircular canal and the entire posterior semicircular canal are straight, and in O. pabsti both canals are straight (Klembara et al., 2020b). In all three diadectids, distinct ampullae are absent and the cochlear recess is posterior to the vestibule. The same is true for Seymouria baylorensis (Klembara et al., 2020b). Finally, in D. absitus and L. dynatis the cochlear recess (see also below) is triangular in lateral view (Klembara et al., 2020b).

The lagenar (or cochlear) recess is a variably enlarged cavity excavated within the otic bones of amniotes (Baird, 1970). Neither lissamphibians nor temnospondyls show evidence of this recess (Wever, 1985; Robinson et al., 2005; Sigurdsen, 2008). In extant lissamphibians, the sensory cells associated with hearing (collectively grouped into a lagena, or lagenar macula) are located in the posterior portion of the vestibule (Wever, 1985; Butler and Hodos, 2005; Mason et al., 2015). As first documented in Klembara et al. (2020a), a small but distinct triangular cochlear recess is observed in the stem-group amniote Seymouria baylorensis (for a revision of the genus Seymouria and a discussion of seymouriamorph morphology and ontogeny, see Klembara, 1997 and Klembara et al., 2006, 2007). In this taxon, the recess occurs within the opisthotic, posterior to the vestibule. A much larger cochlear recess (relative to the size of the vestibule) has also been found in the diadectomorphs Diadectes absitus, Orobates pabsti (Klembara et al., 2020a, b) and Limnoscelis dynatis (as described above). The cochlear recess of S. baylorensis, D. absitus, O. pabsti and L. dynatis is situated posterior to the vestibule. Topologically, this position corresponds approximately to that of the lissamphibian lagena, although the latter occurs inside the vestibule. The overall shape of the recess in D. absitus and L. dynatis matches closely that of several extant amniotes, such as extant lizards (Baird, 1970; Klembara et al., 2020a, b). In modern lizards and in Paleozoic reptiles, such as Labidosaurus hamatus, the recess is ventral to the vestibule (Klembara et al., 2020a, b). In D. absitus and O. pabsti the cochlear recess is partially separated from the vestibule by a vertically orientated slit, but it remains in contact with the vestibule through dorsal and ventral reunient ducts. This partial separation is not observed in S. baylorensis and L. dynatis.

To summarize the major morphological changes expounded above, and in light of the phylogenetic hypothesis presented here, we posit that early in amniote evolution the cochlear recess arises as a small outpocketing of the posterior wall of the vestibule (endosseous labyrinth) and is in continuity with the latter. This plesiomorphic condition is observed in Seymouria baylorensis. As described above, the cochlear recess of Limnoscelis dynatis appears to be comparatively larger than that of S. baylorensis (a presumably derived condition) but its continuity with the vestibule is maintained (a plesiomorphic condition). In both of these taxa, the cochlear recess is situated posterior to the vestibule, and the latter condition is also seen in Orobates pabsti and Diadectes absitus. Crucially, the cochlear recess of O. pabsti and D. absitus is partially separated from the vestibule, its only contact with the latter being established via the reunient ducts. This appears to us as an intermediate stage in the modification of the cochlear recess. Early in amniote evolution, the cochlear recess migrates to a new position, ventral to the vestibule, as exemplified by Labidosaurus hamatus and several extant and extinct amniotes (Klembara et al., 2020b).

Bazzana et al. (2020) interpreted certain features visible on the internal surface of the opisthotic in Seymouria as inner ear structures. One such feature is the lagenar (cochlear) recess on the ventromedial surface of the medial wall of the opisthotic (Bazzana et al., 2020, Figure 8). Additionally, two depressions situated dorsal to the lagenar recess were interpreted as part of the horizontal semicircular canal, with the posterior semicircular canal lying dorsal to it. Some of these interpretations appear to us to be problematic. As Klembara et al. (2020b) noted, the cochlear recess of Seymouria baylorensis is posterior to the vestibule, and a similar spatial relationship occurs in Limnoscelis dynatis, Diadectes absitus, and Orobates pabsti. Klembara et al. (2020b) argued that in amniote evolution, the cochlear recess started to develop as a distinct structure posterior to the vestibule (endosseous cavity). The subsequent step in the evolution of the recess was its anteroventral migration to a new position, ventral to the vestibule (Klembara et al., 2020b). This is the condition shown by Labidosaurus hamatus (Klembara et al., 2020b) and Captorhinus aguti (Price, 1935; Heaton, 1979). When taken together, these observations suggest that the identity of inner ear structures on the internal wall of the opisthotic in Seymouria, such as were noted by Bazzana et al. (2020), may require additional scrutiny.

A final comment concerns the otic tube which extends from the fenestra vestibuli to the vestibule. First described by Watson (1916) in Diadectes, the otic tube was later recorded in Seymouria (Klembara et al., 2020a, b). As we show here, it is present also in Limnoscelis dynatis. Benoit et al. (2017) described a structure called vestibular tube in some synapsids. The structure in question connects the fenestra ovalis to the vestibule and, therefore, it is topologically congruent with the otic tube. Although the function of the tube is unclear, its presence in diadectomorphs and its possible homology with the vestibular tube in synapsids reinforces the possibility that these two groups are closely related (Klembara et al., 2020b).



Comments on Diadectomorph Relationships

The close relationship between synapsids and diadectomorphs is seemingly at odds with current understanding of the taxonomic composition of crown-group amniotes, but perhaps not so unusual. Thus, recent contributions (e.g., Ford and Benson, 2019, 2020) have shown that long-established branching patterns near the roots of the synapsid-sauropsid dichotomy ought to be reassessed (but see also Benoit et al., 2021 for a commentary and a dissenting view), and that homoplasy is widespread. These high levels of homoplasy are not surprising in large-scale data matrices and imply that even subtle permutations of characters may produce substantial branch rearrangements. Despite this, different schemes of character weighting and tree searches under different optimality criteria yield similar patterns of relationships, particularly in the apical portion of the tree. Although we reserve an in-depth treatment of character distribution as part of an ongoing revision of early tetrapod phylogeny, we think it appropriate to comment briefly on the diadectomorph-synapsid clade.

The character-state changes that support this clade are identical in both the reweighted and the implied weights analyses and are also retrieved, albeit with different permutations, in those unweighted topologies in which diadectomorphs and synapsids form sister groups. The following apomorphy list includes character number, character description in bold, consistency index of character (c.i.) and character-state transitions (states are reported in brackets):

	1 nostril morphology, c.i. = 0.273 (reweighted) or 0.25 (implied weights), round (1) to elliptical and elongate (3);
	5 oblique orientation of anterior surface of premaxilla, c.i. = 0.333, absence (0) to presence (1);
	27 total length of lacrimal, c.i. = 0.111 (reweighted) or 0.1 (implied weights), more than (1) to less than (0) two and a quarter times its maximum pre-orbital length;
	39 parietal-postparietal suture, c.i. = 0.1, strong interdigitation absent (0) to present (1);
	40 lateral parietal lappets, c.i. = 0.5, absent (0) to present (1);
	41 postparietal occurrence, c.i. = 0.333, paired (0) to unpaired (1);
	88 dorsal process of quadrate, c.i. = 0.25, absent (0) to present (1);
	90 nostril size, c.i. = 0.167, less than (0) to equal to/greater than (1) 50 percent of the size of the choana;
	91 nostril height in lateral projection, c.i. = 0.1, greater than (0) to equal to/less than (1) the distance between the nostril ventral rim and the upper jaw margin;
	101 pineal foramen diameter, c.i. = 0.5, less than (0) to more than (1) 33% or greater than the anteroposterior length of the parietal suture;
	103 position of posttemporal fenestra, c.i. = 1, (1) [fossa present near occiput dorsolateral corner, delimited dorsally by occipital flanges of tabular and postparietal and bordered laterally as well as ventrally by dorsolateral extension of opisthotic meeting tabular ventromedial flange] to (2) [small fossa present near occiput ventrolateral corner, bordered laterally by tabular ventromedial flange, delimited dorsally by dorsal portion of the lateral margin of the supraoccipital–opisthotic complex and floored by lateral extension of opisthotic];
	135 dentition on transverse flange of pterygoid, c.i. = 0.333, row of large (1) to small (2) teeth;
	137 posterolateral flange of pterygoid, c.i. = 0.143, absent (0) to present (1);
	151 opisthotic forming a thickened plate fused together with the supraoccipital, preventing the exoccipitals from contacting the skull table, c.i. = 0.333, absent (0) to present (1);
	157 single median depression on parasphenoid, c.i. = 0.143, present (1) to absent (0);
	169 dentary fangs generally comparable in size with, or greater than, other dentary teeth, close to symphysial region and usually mesial to marginal dentary teeth, c.i. = 0.143, absent (1) to present (0);
	205 number of premaxillary teeth, c.i. = 0.222, four (1) to less than four (2);
	208 cleithrum stem in cross-section, c.i. = 0.667, single concave face (2) to flattened oval (0);
	229 portion of humeral shaft length proximal to entepicondyle, c.i. = 0.2, greater (1) to smaller (0) than humerus head width;
	237 posterior iliac process subhorizontal, stout, abbreviated posteriorly and tapering rearward in lateral aspect, c.i. = 0.333, absent (0) to present (1);
	241 internal trochanter forming a distinct protuberance, c.i. = 0.125, presence (1) to absence (0);
	294 proportions of posterodorsal margin of pelvis, c.i. = 1, (3) [gently or poorly pronounced “stepped” profile around ilium-ischium suture, elongate ischium with broadly concave dorsal margin] to (4) [deeply angular dorsal margin of ischium, ischium with stout plate-like shape].

Thus, only two characters (103; 294) are free of homoplasy and only three (40; 101; 208) display low homoplasy (c.i. ≥ 0.5). Such high levels of homoplasy are not retrieved solely in the crownward portion of amniote phylogeny and are not unexpected for a similarly sized data matrix. We employ three simple approaches to test whether the data matrix contains phylogenetic information and whether its overall structure, in terms of character-state distributions, differs significantly from random.

Our first approach compares the C.I. obtained from the unweighted parsimony analysis to a theoretical C.I. value extrapolated from simulations, following Klassen et al.’s (1991) approach. The C.I. associated with our data set is 0.2817 (including uninformative characters) and exceeds the minimum theoretical value for a data set with an identical number of taxa (n = 55 taxa in our case). This theoretical C.I., or C.I.random, is calculated as 2.937⋅n–0.9339, and represents the threshold value that a real data set “… should exceed to be considered to contain phylogenetic information” (Klassen et al., 1991, p. 446). In the case of 55 taxa, C.I.random = 0.0696. Our second approach compares the observed C.I. to the C.I. that is expected for a matrix of comparable size, based upon Sanderson and Donoghue (1989) linear regressions of C.I. vs. taxon number. The C.I.expected, calculated as 0.9 – 0.022⋅n + 0.000213⋅n2, gives a value of 0.3343 for 55 taxa (n = 60 is the recommended maximum number of taxa to which the above formula should be applied). This value is only slightly larger than the observed C.I. Both this and the previous approach allow us to conclude that our data includes a reasonable amount of phylogenetic information. Our third approach compares the length of the most parsimonious trees from the unweighted analysis with a distribution of lengths associated with random trees. The distribution of lengths of 107 random trees generated in PAUP∗ is negatively skewed (g1 statistic = – 0.385049). The length of the shortest tress from the unweighted analysis (1285 steps) is well to the left of the leftmost 5% of this distribution (Hillis and Huelsenbeck, 1992), indicating that the data matrix is non-random.

The six characters that describe inner ear conditions (276–281; see also Klembara et al., 2020b for a discussion) can be mapped on the implied weights and reweighted topologies without homoplasy. Detailed knowledge of the innear ear anatomy in basal synapsids and diapsids is needed before any in-depth evaluation of character polarity can be made. The six characters in question reveal a rather discontinuous distribution as very few taxa (including from among synapsids and diadectomorphs) could be scored. For instance, many inner ear characters were coded as “unknown” in the synapsid and diapsid species included in our data, but we are aware that the inner ear anatomy of more derived taxa from both clades has been documented in great detail (e.g., Benoit et al., 2017). In the following, the distributions of inner ear characters are discussed in relation to the derived state under the accelerated transformation option in PAUP∗ and with reference to the reweighted or implied weights topologies (Figures 14C,D). An enlarged cochlear recess (character 276) emerges as a synapomorphy for all taxa more crownward than seymouriamorphs. The condition of a cochlear recess that is orientated posteroventrally/ventrally relative to the vestibule (character 277) can be scored in only two diapsids in our matrix, but this character has a much wider distribution among crown amniotes (see above). Assuming the correctness of a diadectomorph-synapsid sister group relationship and a plesiomorphic condition for diadectomorphs, this character would be interpreted as a parallel acquisition in the two major clades of crown-group amniotes (e.g., under a delayed transformation optimization in PAUP∗). The alternative interpretation implies a reversal in diadectomorphs. The presence of a distinctly developed subarcuate fossa in the braincase bone(s) housing the cerebellar flocculus (character 278) emerges as a synapomorphy for all taxa more crownward than seymouriamorphs. The occurrence of an otic tube (character 279) and an otic trough (character 280) both appear as a reversals (losses) among diapsids, as coded, but we suspect the distribution of this character is much more complicated and polarity decisions are rendered complicated by the absence of virtually any information in taxa less crownward than seymouriamorphs. Finally, the arcuate morphology of the entire or posteromedial section of the anterior semicircular canal and of the entire posterior semicircular canal appears as a reversal in two diadectomorphs, as coded, but again we suspect that polarity decisions ought to be regarded as provisional.

Finally, we tested the influence of inner ear characters on the phylogenetic analysis, following a similar experiment of character deletion in Klembara et al. (2020b). When the six inner ear characters are removed, an unweighted character parsimony analysis results in 78 shortest trees (length = 1278 steps; C. I. = 0.2694 without uninformative characters; R.I. = 0.5807), a strict consensus of which is shown in Figure 15B. This is slightly more resolved than the strict consensus from the original analysis (Figure 14A). In all shortest trees synapsids and diadectomorphs form a clade. Except for the two species of Limnoscelis, most diadectomorphs are collapsed in a polytomy, and the analysis fails to provide support for monophyletic diapsids.




CONCLUSION

In conclusion, new data on the braincase and inner ear of Limnoscelis dynatis enriches the range of neuroanatomical conditions near the base of crown-group amniotes and expands our knowledge of the anatomy of diadectomorph tetrapods. We hope that the present contribution will encourage additional work on this iconic group and stimulate further discussions on the origin and interrelationships of early amniotes.
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The Dolese Limestone Quarry near Richards Spur, Oklahoma includes an elaborate system of caves which have been infilled with early Permian fossil rich sediments. In operation for more than a century, the quarry yielded vast numbers of disarticulated skeletal elements of the most diverse assemblage of fully terrestrial tetrapods from the Paleozoic. Excavations carried out in this century are distinct in producing large numbers of articulated and semiarticulated skeletons, including numerous new taxa. Dolese is therefore unique among early Permian localities in being home to a diverse assemblage of small parareptiles, including two species of Delorhynchus. Here we describe a new species of acleistorhinid, characterized by the presence of multiple tooth rows on the dentary, that can be identified with confidence as a third new species of Delorhynchus. The multiple tooth rowed condition is deemed not to be a pathological condition, and appears to have formed in the same manner as in the captorhinid eureptile Captorhinus aguti through uneven growth of the tooth-bearing element.
Keywords: acleistorhinid parareptile, dental battery, early permian, Oklahoma, new taxon

INTRODUCTION
The Richards Spur locality in Oklahoma, also known as the Dolese Brothers limestone quarry, is a highly fossiliferous site containing an unparalleled variety of early Permian tetrapods (Modesto, 1999; MacDougall and Reisz, 2012; MacDougall et al., 2016). Investigation of the site’s geology and taphonomy has revealed an extensive karst system within Ordovician strata, filled with clay and mudstone deposited 289 to 286 million year ago (Sullivan et al., 2000; Woodhead et al., 2010; MacDougall et al., 2017). The entirety of fossil material collected from Richards Spur originates from these fissures, with varying degrees of articulation and wear present (MacDougall et al., 2017). Over forty distinct tetrapod taxa of small to medium body size have been identified from within the locality, with a large number of endemic taxa distinct from other lower Permian assemblages (Sullivan et al., 2000; MacDougall et al., 2017). Of the numerous tetrapod taxa found in Richards Spur, eight are assigned to Parareptilia (Vaughn, 1958; Fox, 1962; Reisz et al., 2002; Tsuji et al., 2010; MacDougall and Reisz, 2012; MacDougall and Reisz, 2014; Reisz et al., 2014; MacDougall et al., 2016).
Parareptilia comprises one of the major amniote clades of the Permian, possessing a wide variety of distinct morphologies and distributed globally (Debraga and Reisz, 1996; MacDougall et al., 2019). This clade of amniotes originated as small-bodied carnivores, but experienced significant increases in diversity throughout the Permian (Reisz et al., 2015; MacDougall et al., 2019). Relative completeness of some parareptilian remains has enabled identification of diverse morphologies including small carnivores, aquatic filter-feeders, and megaherbivores (Lee, 1999; Reisz et al., 2002; Modesto, 2006; Cisneros, 2008; Tsuji et al., 2012; MacDougall and Reisz, 2014; LeBlanc and Reisz, 2015; Verrière et al., 2016). Parareptiles were also diverse in body size, with skulls between 2 and 45 cm in length (Lee, 1999; Berman et al., 2000). In the Early Permian, parareptiles were relatively small with skulls at or under 5 cm in length (Modesto et al., 2009). The frequency of parareptilian remains in Richards Spur is unusual given their sparse occurrence in most other deposits of similar age (Cope, 1878; Tsuji et al., 2010). Many parareptiles found within Richards Spur belonged to the small-bodied Acleistorhinidae (Vaughn, 1958; Fox, 1962; Daly, 1969; Modesto, 1999; Tsuji et al., 2012; Reisz et al., 2014; MacDougall et al., 2016). While the majority of acleistorhinid species have been found within Oklahoma, remains have also been found in Nova Scotia, Ohio and even in Brazil (Mann et al., 2019; Cisneros et al., 2020b). Acleistorhinids can be traced back as far as the late Carboniferous, and were most likely insectivorous in general based upon tooth morphology and even associated remains of insect cuticle (Modesto et al., 2009; Mann et al., 2019). The occurrence of numerous acleistorhinid species in a relatively small geographical area has led to the hypothesis that it was a hotspot for parareptile diversification (MacDougall et al., 2016).
One acleistorhinid identified from Richards Spur is Delorhynchus, which was first described as a “pelycosaur” based on an isolated maxilla (Fox, 1962). Reclassification of the “protorothyridid” Colobomycter pholeter as an acleistorhinid also tentatively identified D. priscus as a sister taxon to C. pholeter and Acleistorhinus pteroticus (Modesto, 1999). Evidence of an insect-based diet was supported by small, sharp marginal dentition and, more remarkably, the discovery of arthropod cuticle in the oral region of cranial material that has since been assigned to Delorhynchus (Modesto et al., 2009; Reisz et al., 2014). The discovery of a partial skeleton and skull resulted in the subsequent description of a new species of Delorhynchus, D. cifelli, and placement of Delorhynchus within the Acleistorhinidae (Reisz et al., 2014). Further studies have resulted in a potential ontogenetic sequence of jugal morphology and implications for closure of the temporal fenestra, as well as evidence of multiple denticulate coronoids previously unseen in reptiles (Haridy et al., 2016, Haridy et al., 2018). The “microsaur” Bolterpeton carrolli from Richards Spur, described on the basis of a mandibular fragment, was also reassigned to D. cifelli (Anderson and Reisz, 2003; Haridy et al., 2018). In this paper, we report the discovery of mandibular and cranial material that in most aspects closely resembles previously described specimens of D. cifelli. However, in contrast to other referred specimens of Delorhynchus, a double row of dentary teeth is present. The addition of this novel taxon further contributes to the considerable parareptile diversity present at Richards Spur, as well as a novel occurrence of multiple tooth rows within the Parareptilia.
SYSTEMATIC PALEONTOLOGY

	PARAREPTILIA Olson, 1947.
	PROCOLOPHONOMORPHA Romer, 1964.
	ANKYRAMORPHA deBraga and Reisz, 1996.
	DELORHYNCHUSFox, 1962.
	DELORHYNCHUS MULTIDENTATUS, sp. nov. (Figure 1).

[image: Fossilized jawbones of a small amphibian, shown in six different views. Each fragment displays darkened bone structures with distinct teeth patterns, varying in shape and visibility. A scale bar indicates the size is approximately five millimeters.]FIGURE 1 | Delorhynchus multidentatus, sp. nov., ROMVP 87042 in rotation from dorsal to ventral views of specimen, photographed by Diane Scott. Scale bar = 5 mm.
Holotype—ROMVP 87042–fragmentary skull.
Diagnosis—Acleistorhinid parareptile characterized by the presence of distinct, separate rows of teeth on the dentary, and an enlarged labial foramen on the dentary. Similar to Delorhynchus cifelli in the presence of distinct tuberculous ornamentation of the skull roof elements. Differs from D. cifelli in the more bulbous shape of the dentary teeth, with little or no evidence of recurvature.
Locality and Horizon—Dolese Brothers Quarry near Richards Spur, Oklahoma, United States Lower Permian/Cisuralian (289 Ma).
Etymology—Specific epithet refers to the diagnostic feature of this taxon.
METHODS
Non-destructive, thermal-neutron microtomographic measurement of specimen (ROMVP 87042) was performed using the DINGO thermal neutron radiography/tomography/imaging station, located at the 20 MW Open- Pool Australian Lightwater (OPAL) reactor housed at the Australian Nuclear Science and Technology Organisation (ANSTO), Lucas Heights, New South Wales, Australia.
For this study, DINGO was equipped with an Iris 15 sCMOS camera (16-bit, 5,056 × 2,960 pixels) coupled with a Makro Planar 100 mm Carl Zeiss lens and a 20 μm thick terbium-doped Gadox scintillator screen (Gd2O2S:Tb, RC Tritec AG) to yield a pixel size of 13.7 × 13.7 μm and field of view was of 40.6 × 69.3 mm2. DINGO was operated in high-flux mode, with a collimation ratio (L/D) of 500 was used, where L is the neutron aperture-to-sample length and D is the neutron aperture diameter, supplying a flux at sample of 4.75 × 107n cm-2s-1 (Garbe et al., 2015). The tomographic scan consisted of a total of 1,440 equally-spaced angle shadow-radiographs obtained every 0.125° as the sample was rotated 180° about its vertical axis, which was positioned 15 mm from the detector face. Both dark (closed shutter) and beam profile (open shutter) images were obtained for calibration before initiating shadow-radiograph acquisition. To reduce anomalous noise, a total of three individual radiographs with an exposure length of 12.5 s were acquired at each angle (Mays et al., 2017). Total scan time was 16.5 h.
Neutron activation of the specimen was measured by surface contact using an appropriate hand-held dosimeter, 35 min upon completion of the scan, at 4 days, and 2 weeks post-scan. The recordings were 13, 1 and 0 μSv/h, respectively. The specimen was issued a radiation clearance certificate and cleared for return to the authors shortly thereafter, with no detectable counts per second above background recorded by the health physics surveyor.
The individual radiographs were summed in post-acquisition processing using the Grouped ZProjector function, and anomalous white-spots removed using a threshold filter in ImageJ v.1.51 h. Normalisation and tomographic reconstruction of the 16-bit raw data were performed using Octopus Reconstruction v.8.8 (Inside Matters NV), yielding virtual slices perpendicular to the rotation axis. Prior to segmentation, the specimen scan was processed in ImageJ. Thorough segmentation of the specimen was performed on Avizo Lite registered to R. R. Reisz, and the model was compared to other specimens of D. cifelli specimens OMNH 73362 and OMNH 73363 for identification purposes. Photographs of the specimen were taken using a Leica microscope and associated software. Figures were assembled using Adobe Photoshop Elements 8.0.
DESCRIPTION
This holotype specimen is composed of a partial left mandibular fragment, two dentigerous palatal elements, two cranial elements and other small cranial fragments (see Figures 1–4 for visualization). The mandibular fragment belongs to the left side of the cranium and possesses a readily identifiable dentary, coronoid and splenial. Fragmentation of the posterolingual section results in numerous mandibular fragments which cannot be confidently identified. Surrounding the mandible fragment are a mostly complete jugal and squamosal, both from the left side of the skull. Ventral to the jugal and squamosal are small fragments of cranial material belonging to the ectopterygoid and pterygoid, as well as a fragment of the posterior splenial. The close association of these elements and the known breakages suggest that this specimen represents the remnants of a single skull. It is likely that the specimen was discovered as a fragment, and was a complete or near-complete skull damaged during the excavation process normally carried out by the limestone quarrying operations.
[image: Diagram of a fossilized jawbone in two views labeled A and B, showing various colored sections with labels such as pre, sp, ec, pt, sq, an, sur, and d. A scale bar measures 5 millimeters.]FIGURE 2 | Delorhynchus multidentatus, sp. nov., ROMVP 87042 as three-dimensional model from CT image sequence. (A) lateral, and (B) medial views of ROMVP 87042. Scale bar = 5 mm. Abbreviations: an, angular; cr, coronoid; d, dentary, ec, ectopterygoid; j, jugal; pre, prearticular; pt, pterygoid; sp, splenial; sq, squamosal; sur, surangular.
[image: Fossil jawbone illustrations labeled A, B, C, and D. Each image shows different colored sections marked with annotations such as "sp", "pre", "sur", and more. Image D includes a scale bar indicating a 5-millimeter length for reference.]FIGURE 3 | Delorhynchus multidentatus, sp. nov., ROMVP 87042. (A) labial, (B) lingual and (C) occlusal views of partial mandible. (D) occlusal view of partial mandible with numbering of tooth positions Scale bar = 5 mm. Abbreviations: A1–A13, labial tooth positions 1–12, an, angular; cr, coronoid; d, dentary; I1–I12, lingual tooth positions 1–12; pre, prearticular; sp, splenial; sur, surangular.
[image: Three grayscale diagrams labeled A, B, and C show anatomical structures with various parts identified by abbreviations such as cr, d, sp, an, and pt. Each diagram displays different views or sections, possibly of a biological specimen, with scale indicated as 5 mm.]FIGURE 4 | Cross-sectional views of Delorhynchus multidentatus, sp. nov., ROMVP 87042, from middle (A) to posterior region (B, C) of specimen. Scale bar = 5 mm. Abbreviations: A + number, labial tooth position; an, angular; cr, coronoid; d, dentary; I + number, lingual tooth position; j, jugal; pre, prearticular; pt, pterygoid; sp, splenial; sq, squamosal; sur, surangular.
The dentary fragment in this specimen comprises the majority of the articulated mandibular fragment and possesses a dental pattern not seen in previous Delorhynchus material. While other specimens of D. cifelli possess a single row of dentary teeth, this specimen instead possesses two rows, hereafter referred to as lingual and labial. A total of twenty-five sockets are present within the preserved fragment, with thirteen sockets assigned to the lingual row and twelve in the labial row. The anterior region of the dentary possesses two shallow labial foramina as well as a much wider and deeper foramen which entirely passes through the dentary and is comparable to a small mandibular fenestra. All foramina (shown in Figures 1, 2) possess shallow channels that extend posteriorly, which have propagated into a fracture towards adjacent breakage for the large foramen. Other specimens of Delorhynchus possess similar small and shallow foramina within the anterior dentary, but none are similar in size to the large foramen of this specimen (Reisz et al., 2014; Haridy et al., 2016, Haridy et al., 2018). In lateral view, the anterior half of the dentary is underlain by the splenial, but is not underlain posterolaterally due to fragmentation of the splenial.
The two rows of teeth present in the dentary are closely spaced, to the point that teeth from both rows intersect with one another. Dentary teeth present in this specimen are robust and possess little or no recurvation, although they are also damaged due to post-depositional processes. The first three lingual and first four labial sockets either lack teeth or contain broken teeth, as well as lingual sockets 6 and 10 and labial socket 13. The central region of the dentary fragment, specifically lingual teeth five to eight and labial teeth five to seven possesses both the largest and smallest teeth ,respectively. Towards the posterior, the lingual teeth decrease in size and the labial teeth correspondingly increase in size. Lingual tooth nine is unique in that it is significantly wider than other lingual teeth in the same region, to the point that it occupies two sockets. The enhanced size of this tooth may have been caused by early loss of a labial tooth, and the subsequent growth of the adjacent lingual tooth to fill the gap. Towards the back of the fragment, labial teeth 8–12 and lingual teeth 10–13 are immediately adjacent to one another and are equal in size. Upon detailed examination of the dentition, some of the posterior lingual teeth have eaten away at the adjacent labial teeth (see Figure 4), which indicates that the lingual teeth are comparatively younger. In addition, the observed size disparity between the dentary rows towards the central regions, with more worn-down labial teeth and larger lingual teeth towards the front, suggests that both rows of teeth are sequentially older towards the front. The combination of sequential replacement and erosion of labial teeth indicates that each row undergoes replacement at different times from the anterior to the posterior, which follows the general amniote pattern (Whitlock and Richman, 2013).
Comparisons between dentary teeth of Delorhynchus multidentatus and D. cifelli reveal notable differences in tooth morphology, as displayed in Figure 5. Teeth from D. cifelli are approximately twice as wide and two to three times as long as corresponding teeth from D. multidentatus. In addition, the teeth from D. multidentatus are proportionately larger than the teeth in D. cifelli as shown in Figure 5A, most likely as a result of the additional tooth row. While most of the teeth of D. multidentatus are damaged due to post-depositional processes, two dentary teeth are intact and comparisons of fine details can be made with D. cifelli. The teeth from this new taxon possess a bulbous morphology, and possess more widely spaced and reduced fluting than teeth from previous mandibular specimens of Delorhynchus. Cutting edges are present in D. multidentatus, but unlike D. cifelli the teeth are not pointed as visualized in Figure 5B. The dentary of D. multidentatus additionally possesses a wider alveolar shelf than in D. cifelli, as shown in Figure 6.
[image: Image showing two sets of small fossilized teeth labeled A and B. Set A features a horizontal row of pointed teeth with variations in size. Set B displays a single pointed tooth and a pair of smaller teeth below. Scale bars indicate sizes of two millimeters and one millimeter.]FIGURE 5 | Comparison between tooth morphology of Delorhynchus cifelli and Delorhynchus multidentatus, sp. nov. (ROMVP 87042). (A) dentary tooth rows of D. cifelli (top) and D. multidentatus (bottom) (modified from photographs taken by Dylan Rowe and Diane Scott respectively). Note that the tooth rows from both specimens reflect the same region of the dentary (B) individual teeth from D. cifelli (top) and D. multidentatus (bottom). Scale bars are 2 mm for (A) and 1 mm for (B).
[image: Panel A shows a colored cross-section of a turtle's skull, highlighting areas labeled cr, sp, d, and an. Panel B shows a grayscale version with additional labels j, pre, and cr. Both images have a scale bar indicating five millimeters.]FIGURE 6 | Comparison between cross-sectional views of mandibular material from Delorhynchus cifelli (ROMVP76624) and D. multidentatus (ROMVP 87042). (A) thin-section of middle mandible of ROMVP76624, prepared and photographed by Yara Haridy, (B) cross-section of middle mandible of ROMVP 87042. Scale bar = 5 mm. Abbreviations: an, angular; cr, coronoid; d, dentary; j, jugal; pre, prearticular; sp, splenial; sur, surangular.
Of the two coronoid ossifications observed in Delorhynchus specimens, only the anterior coronoid ossification is preserved within the holotype of D. multidentatus. This bone is mostly complete, with a small break in the anterior region. Similar to specimens of D. cifelli, the coronoid possesses extensive dentition. The posterior end of the anterior coronoid ossification terminates in a winglike projection which extends posteroventrally and lacks dentition. In specimens of D. cifelli, this extension is ventral to the anterior projection of the second coronoid ossification, and it can therefore be assumed that a more complete specimen of D. multidentatus would be similar in morphology.
In other Delorhynchus cifelli material, the splenial underlies the dentary anteriorly and the surangular posteriorly, comprising the ventral and lingual mandibular surfaces (Reisz et al., 2014; Haridy et al., 2018). This element is superficial in nature, has a smooth texture and possesses two anterior projections that join onto the dentary (Haridy et al., 2018). In this specimen, the splenial is only in articulation with the anterior half of the mandible. Towards the posterior, the splenial has been broken off and is found in association with the anteroventral region of the specimen. The anterior fragment sutures onto the dentary both dorsally and ventrally, as well as the coronoid dorsally. The disarticulated posterior splenial fragment would possess similar contacts with the dentary.
Angular elements in specimens of Delorhynchus cifelli are dorsally curved, and extend from the inside of the anterior mandible out to form part of the posterolabial surface of the mandible (Reisz et al., 2014; Haridy et al., 2018). In full articulation, the angular contacts the dentary and splenial anteriorly, the surangular dorsally and the articular posteriorly (Haridy et al., 2018). For this specimen, the angular has been disarticulated, and is present within the posteroventral region of the mandibular fragment. Identification of the angular is based on curvature, although much of the element has been fragmented and is missing.
The surangular has been described as a complex element that contributes to multiple characteristics of the lower jaw of Delorhynchus cifelli (Haridy et al., 2018). These features include a posterior sheet which overlies the articular labially, part of the labial component of the coronoid process, and the internal wall of the adductor fossa (Reisz et al., 2014; Haridy et al., 2018). In addition, a thin anterior process underlies the dentary, which terminates at the anterior process of the posterior coronoid (Haridy et al., 2018). A small portion of the surangular element has been identified in the posterodorsal region in the holotype of D. multidentatus, and based upon the narrow sheetlike appearance it likely belongs to the anterior surangular process.
In Delorhynchus cifelli, the prearticular is wedged between the splenial and the posterior coronoid process, and borders the splenial, angular and intermandibularis foramen caudalis ventrally (Haridy et al., 2018). This lingual element is thin and elongated, and also possesses a well-defined ridge that forms a slanted shelf in the posterior prearticular (Haridy et al., 2018). As is the case with the angular, the prearticular has been disarticulated and fragmented, and is framed within the articulated dentary and splenial. Identification of the prearticular was based on its thinness and sharp ridge.
In this specimen, the left jugal has suffered slight anterior breakage, but is otherwise mostly complete as shown in Figure 7. This skull roof element is tetraradial, with shallow furrows and sculpted dimples. A deep posterodorsal emargination is present that would form the anterior half of the ventral border and the anterior border of the temporal fenestra. The suborbital bar terminates in a break, immediately anterior to an incomplete wedge-shaped alary process that extends medially. Comparison with a previously presented ontogenetic sequence of Delorhynchus cifelli, as well as a skull as shown in Figure 8 indicate that the jugal morphology of D. multidentatus most closely resembled the most mature specimens of D. cifelli (Haridy et al., 2016). However, the jugal of D. multidentatus was significantly smaller, which reflects an adult specimen of comparatively smaller size. It is largely in position relative to the mandibular fragment, but is rotated such that it forms the most dorsal region of the specimen.
[image: Mesh models of a purple fossil bone displayed in five different views: A and B show lateral views, C an anterior view, D a posterior view, and E a medial view. A scale bar shows 5 millimeters.]FIGURE 7 | Delorhynchus multidentatus, sp. nov., ROMVP 87042. (A) lateral, (B) medial, (C) anterior, (D) dorsal and (E) ventral views of left jugal. Scale bar = 5 mm.
[image: Skeleton of a small reptile skull with sharp teeth, labeled "A," shown in a side view. Below, labeled "B," is a purple-highlighted fragment measuring 5 millimeters.]FIGURE 8 | Comparison of cranial material from Delorhynchus cifelli (OMNH 73362) and D. multidentatus, sp. nov., (ROMVP 87042). (A) right lateral view of OMNH 73362 (modified from photograph taken by Diane Scott), (B) left jugal of ROMVP 87042, mirrored for comparative purposes. Scale bar = 5 mm.
The left squamosal (see Figure 9 for visualization) is a tall element and possesses a rosette-shaped pattern of large tuberosities on the lateral surface that would cover other elements of the skull roof. In addition, the posterior surface is smooth and concave, as in previously described specimens of Delorhynchus cifelli. This specimen also possesses a shelf on the dorsal region, which would suture onto the supratemporal. Towards the posteroventral region, a small groove is present which would suture onto the quadratojugal.
[image: Three green 3D models of rock or bone fragments labeled A, B, and C are shown from different angles. A scale indicating 5 millimeters is present in the lower right corner.]FIGURE 9 | Delorhynchus multidentatus, sp. nov., ROMVP 87042. (A) lateral, (B) posterior and (C) medial views of left squamosal. Scale bar = 5 mm.
Within the palate of Delorhynchus cifelli, the ectopterygoid makes a minor contribution to palatal dentition, nestled among the palatine, pterygoid, maxilla, and jugal (Reisz et al., 2014). Only a small number of denticles are present on the ventral surface, which is dominated by a large, but very shallow concavity (Reisz et al., 2014). While this element is predominantly thin, it also has thickened lateral and posterior margins (Reisz et al., 2014). The tentatively identified ectopterygoid in this specimen is only partial, and its medial surface has been broken. The ventral surface of the ectopterygoid can be clearly identified based on a small cluster of palatal teeth that are partially disarticulated, as well as two small denticles that are fully articulated. A thickened process present on the ectopterygoid would form a lateral contact with the medial process of the jugal.
In contrast to the ectopterygoid, the pterygoid makes a much larger contribution to the palatal dentition of Delorhynchus cifelli (Reisz et al., 2014). This element is highly complex, and can be subdivided into an anterior process, an angular transverse process and a posterior quadrate ramus (Reisz et al., 2014). In the holotype of D. multidentatus, the tentatively identified left pterygoid is only present as a section of the transverse process, based on the sharply concave groove which is also present in D. cifelli. Only one denticle is present towards the posterior region, and the anterior region of the preserved element is highly fragmented.
DISCUSSION
This specimen can be readily identified as a distinct new taxon. This conclusion is based on the unique combination of a wide alveolar shelf on the dentary, multiple rows of dentary teeth, small size and ornamentation of the dentary. With the description of Delorhynchus multidentatus, there are now three members of the Delorhynchus genus, all located entirely within the Richards Spur cave system (Fox, 1962; Reisz et al., 2014). With the associated remains of insect cuticle with D. cifelli and comparable dentition in each species, all members of Delorhynchus were therefore small-bodied and insectivorous (Modesto et al., 2009). With the discovery of D. multidentatus, there are now nine distinct species of parareptiles within five genera from the Richards Spur locality (Vaughn, 1958; Fox, 1962; Reisz et al., 2002, 2014; Tsuji et al., 2010; MacDougall and Reisz, 2012; MacDougall et al., 2016). It must be noted that comparison with D. priscus is not possible, given that a single maxilla was assigned as the holotype of D. priscus and no maxilla has been preserved with the holotype of D. multidentatus (Fox, 1962). The known skull and mandibular elements are similar to those known in D. cifelli, but only a single row of dentary teeth are present in that species (Modesto et al., 2009; Reisz et al., 2014; Haridy et al., 2018). In addition, each tooth is also proportionately larger in D. cifelli and occupies a greater portion of the dentary than in D. multidentatus, as would be expected when a single tooth row is present (Haridy et al., 2018). The dentary teeth of D. multidentatus are not sharp and show no recurvature unlike the known insectivore D. cifelli (Modesto et al., 2009). However, the broad similarities between these two taxa as well as the diminutive size of D. multidentatus means that this new acleistorhinid was likely to have pursued similar prey. The presence of low tuberosities on the squamosal, as well as shallow dimples and furrows on the jugal, help further characterize this specimen as a member of the Delorhynchus genus. In this holotype specimen, the jugal can be readily compared to material from D. cifelli, and its morphology matches the most mature specimens of D. cifelli despite the comparatively smaller size of this skull roof element (Haridy et al., 2016). Inspection of the rows of teeth demonstrates that the lingual row of teeth has partially eroded the labial row of teeth, which implies that the lingual row developed after the labial row. Based upon this observation, and the size disparity between teeth in each row, it is likely that rows of teeth developed on the lingual side, eroding the older row as they grew, but shifted labially to a degree sufficient to form multiple rows of teeth. D. multidentatus additionally possesses a wider alveolar shelf than D. cifelli, as shown in Figure 6. This feature acts as secondary support for the proposed labial drift of teeth, and is shared with some specimens of the multiple tooth-rowed eureptile Captorhinus aguti (LeBlanc and Reisz, 2015). In C. aguti, histology of the dentary reveals the presence of labial drift via asymmetric dentary growth and a resulting odontogenic region for tooth development and replacement (LeBlanc and Reisz, 2015). While the CT resolution for D. multidentatus is insufficient for determining patterns of vascularization, the enlarged alveolar shelf suggests that, as in C. aguti, D. multidentatus developed its teeth in a lingual odontogenic region. The tooth development in D. multidentatus appear to be similar to that of C. aguti in that rows of teeth in both species originated lingually and were migrated outwards towards the labial side by differential growth of the dentary bone (LeBlanc and Reisz, 2015). In contrast to the diagonal, mesial to distal tooth row development within the posterior dentary of C. aguti, the multiple tooth rows in D. multidentatus grew parallel to the dentary throughout its length (LeBlanc and Reisz, 2015). The orientation of tooth rows in C. aguti results in a grinding surface suitable for this taxon’s omnivorous diet (Holton et al., 1997).
Multiple rows of dentary teeth have historically been an unusual condition in early Permian tetrapods, with one other occurrence in the Parareptilia, two independent developments within the captorhinids and another occurrence in a “microsaur” (Dodick and Modesto, 1995; Gee et al., 2020). The middle Triassic procolophonid parareptile Theledectes perforatus also possessed multiple rows of marginal dentition, although given the spatial, temporal and phylogenetic separation from Delorhynchus multidentatus this is regarded as a convergent trait (Gow, 1977; Modesto and Damiani, 2003). In the genus Captorhinus, C. aguti possessed multiple dentary tooth rows, while C. laticeps, C. magnus, and C. kierani were single tooth-rowed (Williston, 1909; Fox and Bowman, 1966; Kissel et al., 2002; DeBraga et al., 2019). Other small captorhinids from the early Permian with multiple tooth rows include Baeotherates fortsillensis and the genus Captorhinikos (May and Cifelli, 1998; Modesto et al., 2014; Leblanc et al., 2015; Cisneros et al., 2020a). In C. aguti and Captorhinikos, as well as other multiple tooth-rowed captorhinids from the Middle and Upper Permian, the tooth rows extend parasagitally with younger lingual and older labial teeth (Fox and Bowman, 1966; Modesto et al., 2014, 2018). B. fortsillensis differs from other captorhinids in that it possesses only two rows of dentary teeth aligned diagonally to the dentary, but it is not known whether this feature developed independently of other multiple-rowed captorhinids due to limited material (May and Cifelli, 1998; DeBraga et al., 2019). The presence of dual tooth rows has also been documented within early Permian non-amniote tetrapods, such as in the gymnarthrid “microsaur” Euryodus dalyae which possesses a partial double tooth row at the posterior edge of the dentary (Gee et al., 2020).
A recent study on extant phrynosomatid lizards Uta stansburiana and Petrosaurus mearnsi, which are normally single tooth-rowed taxa excluding specimens within said study, hypothesizes that developmental irregularities in odontogenic gene expression may result in multiple tooth rows (Scarpetta and Bell, 2020). In these cases, the specimens appear to have experienced crowding of tooth positions resulting in multiple tooth rows on an unexpanded alveolar shelf (Scarpetta and Bell, 2020). These recent findings raise the possibility of single tooth-rowed taxa being designated as possessing multiple tooth rows as a result of developmental abnormalities. Due to the specific development of multiple tooth rows in this new acleistorhinid taxon, as well as other features such as reduced skull size, we consider this hypothesis unlikely for Delorhynchus multidentatus and believe it to be a new taxon rather than a specimen of D. cifelli with unusual tooth development. In D. multidentatus, the mandible contains morphologically distinct teeth with a widened alveolar shelf. In particular, the alveolar shelf is significant in that it provides room for additional tooth positions that would otherwise result in the anomalous crowding as shown in Scarpetta and Bell (2020). In contrast to the more distinct tooth rows seen in other multiple tooth-rowed taxa such as the moradisaurine Captorhinikos valensis, CT data show that some replacement teeth in this specimen have eroded into the pulp cavities of older teeth (see Figure 4) (Modesto et al., 2014), but the older teeth appear to remain functional. In Captorhinus aguti, the wide alveolar shelf present on the dentary is the product of asymmetric growth and apparently results in the labial shift of tooth rows, which is also hypothesized for D. multidentatus based on examination of tooth-bearing material (LeBlanc and Reisz, 2015). In Euryodus dalyae, the presence of multiple tooth rows differs significantly from the aforementioned taxa, as only the two posteriormost tooth positions occur in multiple rows (Gee et al., 2020). While the teeth produced in the multiple tooth rows in Euryodus are small, the alveolar shelf present in this specimen is widened, likely the result of the large coronoid process posterior to it (Gee et al., 2020). This coronoid process may have labially shifted the older, smaller teeth during ontogeny, away from the dental lamina and the teeth being produced there, leading to two functional teeth in one position. Given the proposed labial drift of D. multidentatus and minor overlap of teeth resulting in partial erosion of old teeth, it is possible that the condition of this acleistorhinid represents an intermediate form between what is demonstrated by Scarpetta and Bell (2020) and other multiple tooth-rowed taxa such as moradosaurines. Nevertheless, it is likely that the development of multiple tooth rows among acleistorhinids was part of the hypothesized radiation of parareptiles within Richards Spur, resulting in the retention of a second tooth row in D. multidentatus (MacDougall et al., 2016; Scarpetta and Bell, 2020) It is clear that early Permian tetrapods with multiple tooth rows are rare in the fossil record. Theledectes perforatus, Captorhinus aguti, Euryodus dalyae and moradosaurines such as Captorhinikos each developed dental batteries independently of one another (Fox and Bowman, 1966; Modesto and Damiani, 2003; Modesto et al., 2014; Gee et al., 2020). In each case, there is an increase in complexity of dentition without corresponding changes in dentition shape, in contrast to the change in dentition shape seen in Diadectes for the purposes of oral processing (Cope, 1880). The discovery of D. multidentatus not only contributes to the diversity of acleistorhinids within the early Permian of Oklahoma, but also documents the first case of multiple tooth rows within the Acleistorhinidae.
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The early Permian Richards Spur locality of Oklahoma has produced abundant material of numerous terrestrial fossil tetrapods, including various “microsaurs,” several of which are considered to belong to the clade Recumbirostra. We present a new partial skull of the recumbirostran “microsaur” Nannaroter mckinziei; through computed tomography (CT) analysis of both this new specimen and the holotype, we provide an updated description of the taxon. This new description provides novel information regarding several regions that could not be examined previously due to either being absent in the holotype or difficult to access. This includes missing and obscured aspects of the skull roof, braincase, lower jaw, and the palatal region. Furthermore, the new information obtained from this description was used to update phylogenetic character codings of Nannaroter, and a revised phylogenetic analysis was conducted. The results of this updated analysis are congruent with those of other recent phylogenetic analyses of recumbirostran “microsaurs.” This new information adds to the ever-growing body of early tetrapod CT data, which has been, and will continue to be, important in revealing details regarding early tetrapod anatomy, interrelationships, paleoecology, and evolution.
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INTRODUCTION
Historically, “Microsauria” (Dawson, 1863) was considered to represent a diverse clade of small Palaeozoic terrestrial lepospondyl anamniotes found in North America and Europe, however, over the past few decades it has been proposed that the clade is not actually monophyletic but instead represents a polyphyletic assemblage (Anderson, 2001, 2007). Among “microsaurs” is the clade Recumbirostra, a group largely characterized by a recumbent rostrum (Anderson, 2007). Recently, it has been suggested that recumbirostrans possibly represent members of Reptilia (Pardo et al., 2017), instead of being closely related to the other lepospondyl “microsaurs,” providing further support for the hypothesis that “Microsauria” is not a monophyletic clade.
Within Recumbirostra, Ostodolepidae is a clade of “microsaurs” known primarily from south-central North America and currently comprises four genera. Ostodolepis, which forms the basis for the family-level name, was described from the Arroyo Formation of Texas by Williston (1913) on the basis of an articulated series of seven vertebrae, associated ribs, and scales (referred to as “scutes”) that he ascribed to a new genus of reptile. Because of the relative similarity of “microsaur” vertebrae, such material is not diagnostic, even at the genus level (Carroll and Gaskill, 1978); in a later work, Williston (1916) suggested that the taxon was synonymous with Pantylus, although this has not been corroborated or adopted by subsequent studies. The holotype of Ostodolepis features centra that are entirely fused to the neural arches, as in gymnarthrids and in contrast to other ostodolepids (Carroll and Gaskill, 1978). Case (1929) described a nearly complete specimen that he assigned to Ostodolepis and that he asserted was likely from the same locality as the holotype, though the material was obtained second-hand and little evidence was provided to support this claim beyond brief notes of a similar matrix lithology. Carroll and Gaskill (1978) separated this specimen from Ostodolepis and instead placed it within a new genus, Pelodosotis, on the basis of the presence of a clear neurocentral suture, more prominent intercentra, and different neural spine morphology. These authors noted that these notable differences could be reflective of the larger size (and presumed maturity) of Ostodolepis. Daly (1973) described a third taxon, Micraroter, from the South Grandfield locality in Oklahoma on the basis of a partial skull with an articulated jaw and an assortment of highly fragmentary cranial, mandibular, vertebral, and pectoral elements. Another specimen (BPI 3839) from around the same area as the holotype of Ostodolepis was also assigned to Micraroter by Carroll and Gaskill (1978) but demonstrates a few significant differences from the latter (e.g., fewer presacral vertebrae, stapedial foramen) as well as a number of more minor ones (e.g., prefrontal excluded from the narial opening) that cannot be excluded as the result of ontogeny. Schultze and Foreman (1981) maintained the taxonomic distinction of BPI 3839 from Micraroter, although they did not formalize the former as a new taxon; their position has been maintained in recent publications concerning ostodolepids (e.g., Anderson et al., 2009; Henrici et al., 2011).
Two ostodolepid recumbirostrans were described in more recent years on the basis of well-preserved isolated skulls: Nannaroter mckinziei from the fossiliferous karst deposits near Richards Spur, Oklahoma (Anderson et al., 2009), and Tambaroter carrolli, the first ostodolepid outside of North America, from the Bromacker locality of Thuringia, Germany (Henrici et al., 2011). In the context of the Richards Spur locality, Nannaroter is a small part of a diverse “microsaurian” assemblage that also includes the gymnarthrids Cardiocephalus and Euryodus, and the hapsidopareiid Llistrofus (Carroll and Gaskill, 1978; Bolt and Rieppel, 2009; Gee et al., 2020). Relative to all taxa at the site, material of Nannaroter is extremely rare, which has been proposed as possible evidence for fossoriality in conjunction with various morphological features (e.g., recumbent snout, reinforced basicranium).
Although the holotype of Nannaroter is nearly complete and well exposed in all profiles, it is missing several of the posteroventral cranial elements around the temporal emargination and the posterior mandibular region. Here, using CT data of both the holotype and a new specimen of Nannaroter mckinziei, we provide an updated description and phylogenetic analysis of the taxon. Newly described areas of the skull include previously inaccessible or absent parts of the braincase, posterior skull roof, mandible, and palate. These regions are both informative for comparisons with other ostodolepids and other “microsaurs” with temporal emarginations (e.g., hapsidopareiids) and for improving our understanding of the ecology of the taxon based on features such as a prominent coronoid process.
Institutional abbreviations: BPI—Evolutionary Studies Institute, formerly Bernard Price Institute for Palaeontological Research, University of the Witwatersrand, Johannnesburg, South Africa; OMNH—Sam Noble Oklahoma Museum of Natural History, Norman, Oklahoma, United States; ROMVP—Royal Ontario Museum, Toronto, Ontario, Canada.



MATERIALS AND METHODS


Fossil Material

Both the holotype and a new referred specimen were examined as part of this study, these specimens were obtained from the karst fissures that make up the cave system found at the early Permian (∼289–286 Ma) Richards Spur locality in Oklahoma, United States. Details of the geology and taphonomy of the locality were described by MacDougall et al. (2017).

The new referred specimen consists of a partial skull with an articulated right mandible. The right side of the skull is mostly intact posterior to the narial opening and includes a complete mandible. The left side is broken off anterior to the frontals (except for a tiny portion of the nasal), and all of the lateral and ventral elements are lost. Medially, the skull is incomplete beyond the anterior portion of the parietals, but the right lateral side is mostly intact, though slightly dislodged. Portions of the basicranium are also preserved in a slightly dorsally shifted position, but the palatal view is partially obscured by broken fragments that likely represent a combination of skull roof and palatal elements of the specimen. Most of the elements posterior to the orbit, including those of the mandible, are a low-contrast beige coloration, while those anterior to the orbit are of the more typical dark black coloration that results from hydrocarbon enrichment at the Richards Spur locality.



Computed Tomography Data

The holotype of Nannaroter mckinziei, OMNH 73107, was scanned at the Museum für Naturkunde Berlin, using x-ray computed tomography (phoenix| x-ray nanotom s) at 75 kV, 170 μA for 1,440 projections and an exposition timing of 1000 ms/projection, with a magnification ratio of 5.77 x, and an effective voxel size of 0.00865 mm. Cone beam reconstruction was performed using datos| x- reconstruction software (GE Sensing & Inspection Technologies GmbH phoenix| x-ray). The multiscan of two parts was visualized, merged and segmented in VGStudio Max 3.0.

High-resolution tomographic analysis of specimen ROMVP 86541 was achieved using the Imaging and Medical Beamline at the Australian Nuclear Science and Technology Organisation’s (ANSTO) Australian Synchrotron, Melbourne, Victoria, Australia. For this measurement, a monochromatic beam energy of 70kV utilized, along with the “Ruby” detector, consisting of a PCO.edge sCMOS camera (16-bit, 2,560 × 2,160 pixels) coupled with a Nikon Makro Planar 100 mm lens, along with a 20 μm thick Gd2O3/CsI (Tl)/CdWO4 scintillator screen to yield a cubic voxel of 6.0 μm. A total of 1,800 equally spaced radiographs of 0.1 s exposure each were acquired as the sample was rotated 180° about its vertical axis. 100 dark (closed shutter) and beam profile (open shutter) images were obtained for calibration before and after shadow-radiograph acquisition. Normalization, spot removal and 3D reconstruction of the raw data was achieved using a combination of ImageJ v.1.51h and Octopus Reconstruction v8.8 (Inside Matters NV), to yield virtual slices perpendicular to the rotation axis. Unfortunately, as much of this specimen consisted of bone of white coloration it resolved poorly in the neutron scans, making it very difficult to identify sutures and internal features in the scans of this specimen, this has also been observed for other specimens from the locality (Gee et al., 2020).



Phylogenetic Analysis

The matrix of Gee et al. (2020), the latest published derivation of the original matrix of Pardo et al. (2017), was used for the phylogenetic analysis; the only modifications made to it were that some character codings of Nannaroter mckinziei were updated. The analysis was performed in PAUP 4.0a167 (Swofford, 2003) with maximum parsimony set as the optimality criterion, all branch lengths of less than zero were set to collapse, and a heuristic search with 10,000 random additional replicates and tree bisection and reconnection (TBR) branch swapping was used to search for trees. Updated characters for Nannaroter mckinziei are as follows: quadratojugal present (15) ?→0, widely separated internal nares (76) ?→0, and parasphenoid medial to stapes (82) ?→0.


Systematic Paleontology

	LEPOSPONDYLI Zittel, 1888
	TUDITANOMORPHA Carroll and Gaskill, 1978
	RECUMBIROSTRA Anderson, 2007
	OSTODOLEPIDAE Romer, 1945
	NANNAROTER Anderson et al., 2009
	NANNAROTER MCKINZIEI Anderson et al., 2009

Diagnosis (Anderson et al., 2009)—Small ostodolepid lepospondyl with high subtemporal recess so that squamosal and postorbital do not articulate, four premaxillary and 12 maxillary teeth, medial laminae of prefrontal, lacrimal, jugal, and postorbital forming solid orbital walls (and floor with palatine, pterygoid, ectopterygoid, and vomer), a ventral flange of frontal integrated with large orbitosphenoid, and massive epipterygoid laterally supporting posterior braincase.

Holotype—OMNH 73107, nearly complete skull with articulated mandibles.

Referred specimen—ROMVP 86541, partial skull with articulated right mandible.



DESCRIPTION


New information obtained from CT data of holotype

The following description will not be comprehensive, but rather will focus on information from areas of the holotype that could not be easily examined (Figure 1) in the original description of Nannaroter mckinziei (Anderson et al., 2009).


[image: CT scan rendering of a crocodile-like juvenile Cretaceous crocodyliform's skull, highlighting different bones in various colors such as green, blue, and yellow, showcasing detailed skeletal anatomy.]

FIGURE 1. Skull of Nannaroter mckinziei, OMNH 73107, with the elements that were reconstructed using CT data shown. Scale bar equals 2 mm.




Palate

The vomer was only briefly described by Anderson et al. (2009), as much of it was obscured by the occluded jaws. The vomer is the anteriormost element of the palate (Figure 2); it is a flat rhomboidal bone with a long anteromedially placed dorsal flange. Dorsal view of the vomer reveals that this slender dorsal flange contacts with the ventral surface of the premaxilla, with the premaxilla interdigitating with the anterior section of the vomer with the former being wedged into it. The posteromedial edge of the vomer contacts the anterior portion of the palatine along a diagonal suture, however, the vomer and palatine do not meet at the posterior margin of the choana as erroneously described by Anderson et al. (2009), but rather further anteriorly. The posterolateral edge of the vomer contacts the anteromedial portion of the palatine, which combined with the aforementioned palatine contact, results in the triangular posterior portion of the vomer being wedged between the anterior ends of the palatine and pterygoid. As mentioned by Anderson et al. (2009) the vomer does appear to bear a single tooth row, though there are few teeth preserved in it. The vomer bears a large tooth on the posterior-most end of the bone and a smaller tooth that is more anteriorly placed on the medial edge of the element, near the anterior end of the pterygoid. In addition, the left vomer also exhibits a single large tooth anterior to the smaller one, whether this is the result of tooth replacement or is a consistent feature of the vomerine dentition cannot be currently determined due to the incomplete tooth rows on both vomers.
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FIGURE 2. The palate of Nannaroter mckinziei, OMNH 73107, reconstructed from CT data. (A) Dorsal view, and (B) ventral view. ec, ectopterygoid; pal, palatine; ps, parasphenoid; pt, pterygoid; v, vomer. Scale bar equals 2 mm.


The palatine is a short, roughly rectangular element, smooth in ventral view (Figure 2). Its pointed anterior end interdigitates with the vomer and contributes to the posterior margin of the choana. Posteriorly, the palatine contacts the ectopterygoid along a curved suture in ventral view; in dorsal view the contact of the two elements is strongly interdigitated. The medial edge of the palatine contacts the vomer anteriorly and the pterygoid posteriorly, whereas the lateral edge of the element entirely contacts the maxilla. In ventral view, the articulation of both with the maxilla is along a relatively straight line, whereas the contact appears jagged in dorsal view, as well as curving slightly dorsally forming a larger surface of attachment with the maxilla. The palatine also possesses a medial tooth row of at least six teeth.

The ectopterygoid is similar in shape and size to the palatine, which the ectopterygoid contacts with anteriorly (Figure 2). As with the palatine, the lateral edge of the ectopterygoid contacts the maxilla, whereas the medial edge meets with the pterygoid. Posteriorly, the ectopterygoid splits into two processes, a medial one that entirely contacts the pterygoid, and a lateral one found wedged between the maxilla and pterygoid. The ectopterygoid possesses five teeth, which appears to be a continuation of the medially restricted teeth found on the palatine. This loose row of teeth is oriented parallel to the marginal dentition, and there is little variation between the sizes of the teeth, but they are noticeably smaller than the marginal dentition.

The pterygoid is much larger than the previously described palatal elements (Figure 2); it exhibits a steeply descending ventral flange on the lateral margin and reaches from the quadrate ramus anteriorly nearly touching the posteromedial margin of the maxilla with a small mediolateral tip of the ectopterygoid in between (Figure 1A). Both pterygoids reach far anterior and constrict toward the cultriform process of the parasphenoid, however they do not contact each other at their anterior ends due to slight taphonomic deformation. The pterygoid denticles and bone appear to have the same density in the CT data, which makes it difficult to identify and segment the small denticles mentioned by Anderson et al. (2009).



Mandible

As briefly mentioned by Anderson et al. (2009), the occluded mandible of the holotype of Nannaroter consists of a dentary, splenial, postsplenial, angular, surangular, and prearticular, with the posteriormost portion of the mandible missing. In addition to these elements, micro-CT revealed the presence of two distinct, tooth-bearing coronoid bones (Figure 3).
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FIGURE 3. The partial right mandible of Nannaroter mckinziei, OMNH 73107, reconstructed from CT data. (A), Lateral view, (B) medial view, (C), dorsal view, and (D) ventral view. a, angular; c1, anterior coronoid; c2, posterior coronoid; d, dentary; pra, prearticular; psp, postsplenial; sa, surangular; sp., splenial. Scale bar equals 2 mm.


The dentary is the largest element of the mandibular ramus; in lateral view, it extends from the mandibular symphysis to just past the coronoid eminence. The element curves medially onto the ventral surface of the mandibular ramus where it contacts the splenial and postsplenial. In medial view, a small anterior portion of the dentary is visible, which ventrally contacts the splenial; posteriorly, it is obscured by the overlying coronoid elements. The marginal dentition of the dentary consists of 14 tooth positions, all of which are occupied in both dentaries, spanning from the mandibular symphysis to the point where the coronoid eminence begins. The edentulous posterior end of the element contributes to the coronoid eminence.

The coronoid of Nannaroter is divided into two distinct ossifications (Figure 3), with the second found immediately posterior to the first. Coronoid number appears to be quite variable among “microsaurs.” The presence of two coronoids in Nannaroter is similar to Rhynchonkos stovalli (Szostakiwskyj et al., 2015), but differs from taxa such as Euryodus dalyae, which possesses three coronoid elements on each mandibular ramus (Gee et al., 2020), and Aletrimyti gaskillae, which exhibits only a single coronoid (Szostakiwskyj et al., 2015). The anterior coronoid is a slender element and positioned dorsal to the posterior portion of the splenial, starting where the splenial broadens and extending posterior to its contact with the second coronoid. An anteroposterior row of at least 11 tooth positions can be observed on the anterior coronoid.

The second coronoid is positioned immediately posterior to the first coronoid, with the first coronoid slightly overlying its anteriormost end (Figure 3). It is roughly triangular in shape, being narrow anteriorly and broadening toward its posterior end. With its posterior end the second coronoid forms the anteromedial portion of the coronoid eminence. It has an indentation at the posterior end, normally obscured by the prearticular, in which the anterior tip of the fragmentary surangular is interlocked. The second coronoid bears only a single tooth, placed anteriorly on the element, it is in line with, but some distance from the tooth row of the anterior coronoid. The teeth of both coronoids are all similar in size and dorsomedially inclined.

The splenial is another large element of the mandibular ramus; its full extent is visible in medial view (Figure 3). Anteriorly, it contributes to the ventral portion of the mandibular symphysis, from there it extends posteriorly and slightly broadens until its contact with the prearticular and postsplenial. The splenial overlies the anterior half of the postsplenial and more than one third of the prearticular. It is also clear from the CT reconstruction of the mandibular ramus that in lateral view, a very small anteroventral portion of the splenial near the mandibular symphysis is exposed.

The postsplenial is similar in length to the splenial but is a much narrower element. In medial and ventral views, the full extent of the element cannot be observed normally due to being covered by the posterior portion of the splenial. Dorsally, it contacts the prearticular.

The prearticular is a broad element contributing to a substantial amount of the medial surface of the mandibular ramus, being widest underneath the tip of the coronoid process, covering medially most of the angular.

A small part of the angular can be seen in lateral view (Figure 3), however, the actual posterior extent of the element cannot be established exactly due to the posterior end of the mandibular ramus being absent. The anterior part of the angular is positioned ventral to the posterior end of the coronoid eminence, it tapers anteriorly to a narrow point. A large portion of the preserved angular is not visible externally, and is found wedged between the dentary and prearticular, this internal portion of the angular extends anteriorly to roughly the middle of the dentary.

In medial view, posterior to the prearticular and dorsal to the exposed part of the angular sits a small fragment of the surangular; it contributes to the posteromedial part of the coronoid eminence (Figure 3).



Marginal Dentition

In both examined specimens, the upper and lower marginal dentition are preserved as single and complete tooth row with no missing teeth. The premaxilla has four tooth positions, the maxilla has 12, and the dentary possesses 14. All teeth are homodont, monocuspid, and conical in shape; the posterior three teeth of the maxilla and dentary are slightly smaller than the other teeth, as is the case in many early reptiles. The cross-sections of the teeth are sub-rectangular at the base, become rounded moving toward the tip, and labiolingually compressed at the tip, which forms mesial and distal keels (carinae). There are no ridges on the keels and the tip is slightly recurved.

CT data reveals that the bases of the teeth exhibit gently folded plicidentine (Figure 4) similar to the recumbirostran “microsaur” Euryodus (Peyer, 1968) and the captorhinid reptile Captorhinus aguti (de Ricqlès and Bolt, 1983). The bases of the teeth of Nannaroter also exhibit numerous radial canals, which would have allowed nerve fibers and nutrient vessels to enter the pulp cavity. Overall, this type of plicidentine is very similar to what is observed in some early reptiles (de Ricqlès and Bolt, 1983; MacDougall et al., 2014) and appears to be quite common across the anamniote-amniote transition. The tooth implantation and attachment in Nannaroter is subthecodont, with the marginal teeth being held in small, shallow sockets along the jaws. This primitive type of attachment is common in various Paleozoic tetrapods. No direct evidence of tooth replacement could be found in the examined specimens, as there are no clear resorption pits or newly erupted teeth anywhere along the jaws. The complete lack of replacement teeth and empty tooth sockets may be indicative of a replacement pattern similar to that of some bolosaurid reptiles, in which tooth replacement is highly synchronized (Snyder et al., 2020). This is a slightly different pattern of tooth replacement than the simultaneous replacement that has been suggested for some “microsaurs” (Bolt and DeMar, 1983).
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FIGURE 4. Cross-sectional view of the bases of the upper jaw marginal teeth in Nannaroter mckinziei, OMNH 73107, obtained from CT scans. df, dentine fold; pc, pulp cavity. Scale bar equals 1 mm.




Braincase

The external portions of the braincase that were preserved in the holotype of Nannaroter were described by Anderson et al. (2009), and some aspects of its internal anatomy was briefly described by Anderson et al. (2009); Huttenlocker et al. (2013), and Szostakiwskyj et al. (2015). Here, we add some further details regarding the braincase of Nannaroter. Much of the posterior braincase is crushed, damaged, and distorted. In addition, some elements appear to be absent. However, moving anterior from the occiput reveals much better preservation of the more interior braincase elements (Figure 5).
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FIGURE 5. Braincase elements preserved in Nannaroter mckinziei, OMNH 73107, reconstructed from CT data. (A) Left lateral view, (B) dorsal view, and (C) posterior view. bo, basioccipital; eo, exoccipital; ep, epipterygoid; f, frontal; op, opisthotic; pls, pleurosphenoid; ps, parasphenoid; so, supraoccipital; s, stapes. Scale bar equals 1 mm.


The orbitosphenoid is a large U-shaped element that extends anteriorly from its contact with the pleurosphenoids to the anterior end of the underlying parasphenoid (Figure 5). The orbitosphenoid is one of the largest elements of the braincase and makes up a substantial portion of the lateral walls of the sphenoid region. Ventrally, the orbitosphenoid is underplated by the parasphenoid, with the two elements contacting each other along a wavy suture for much of the length of the orbitosphenoid. There also appears to be small gap in the ventral portion of the element, which may be due to the poor resolution of the scans in this region. It is also worth noting that the presence of a singular orbitosphenoid could potentially be the result of poor resolution and that it may actually be paired orbitosphenoids that are bridged by median ossifications, as is observed in other recumbirostran taxa (Szostakiwskyj et al., 2015), however, no sutures that would confirm this were identifiable. The posterolateral edges of the orbitosphenoid contact the pleurosphenoids along strongly interdigitated sutures. Furthermore, there is also a ventral flange on the frontals that contacts the anterodorsal portions of the orbitosphenoid. This descending flange of the frontal is small in comparison to the sphenoid elements, it is slightly curved and extends along the anterodorsal surface of the orbitosphenoid forming a tight articulation. As in other recumbirostrans (Szostakiwskyj et al., 2015), this contact between the frontal and orbitosphenoid serves to help support the sphenoid region.

The paired pleurosphenoids are thin elements about half the height of the orbitosphenoid, they also have a much shorter anteroposterior length. They make up the rest of the lateral walls of the sphenoid region and contact the dorsolateral edges of the parasphenoid ventrally. The paired nature of the pleurosphenoids is notable as in other recumbirostrans they instead form a single unpaired ossification (Szostakiwskyj et al., 2015).

Both of the epipterygoids are preserved in the holotype of Nannaroter; they are broad, robust, and well-ossified elements (Figure 5). Overall, they are very similar in structure to the epipterygoids of Carrolla (Maddin et al., 2011) and Euryodus (Gee et al., 2020). Ventrally, they possess an enormous facet for their contact with the basipterygoid processes, as well as a large dorsal process that extends toward the skull roof, but this extension appears to be too short to actually contact with it.

As noted by Anderson et al. (2009) the left stapes is present and is in its proper position (Figure 5), although it is damaged. It is a robust element with a broad concave footplate and no apparent dorsal process. There is no indication of a clear stapedial foramen, though there is a long gap between the footplate and the remaining lateral portion of the element, this is likely the result of the element being damaged.

A single median supraoccipital is present in the holotype, though it is not in its natural position, being both disarticulated and damaged. It is a broad flat element that would have acted as the roof of the braincase, it does not appear to have an anterior process that would have underlain the posteriormost elements of the skull roof, unlike what is observed in Huskerpeton (Huttenlocker et al., 2013) and Euryodus (Gee et al., 2020).

Both opisthotics are present, but the left opisthotic is considerably damaged (Figure 5). The more complete right opisthotic is quite short anteroposteriorly, but is very wide mediolaterally, being roughly three times wider than long. Ventrally, it contacts the posterior end of the basioccipital and would have contributed to part of the lateral wall of the foramen magnum. Dorsolaterally, they would have contacted with their associated exoccipital, however, as with several elements of the braincase in this specimen, the exoccipitals are disarticulated and not in their natural locations.


New specimen

This new material of Nannaroter mckinziei (ROMVP 86541) is a partial skull that largely consists of the right side of the skull roof and right mandible (Figures 6–8). Notably, it includes some of the more posteriorly positioned cranial and mandibular elements that were either damaged or not preserved in the holotype specimen. Comparative measurements between the holotype and new specimen can be found in Table 1.


[image: Fossil images labeled A to D show different views of a prehistoric creature's skull. Image A shows the left lateral view, B the right lateral view, C the ventral view, and D the dorsal view. The fossils display detailed bone structures and textures. Scale bar is present for size reference.]

FIGURE 6. Photographs of the partial skull of Nannaroter mckinziei, ROMVP 86541. (A) Dorsal view, (B) ventral view, (C) right lateral view, and (D) occipital view. Scale bar equals 5 mm.



TABLE 1. Comparative skull measurements of areas that are preserved on both the holotype and new referred specimen of Nannaroter mckinziei.

[image: Table displaying measurements for specimens OMNH 73107 and ROMVP 86541, including skull height (9 mm, 8 mm), frontal length (6.5 mm, 6 mm), and orbit length at the widest point (5 mm for both).]


Skull Roof

No premaxillae are preserved in the new specimen.

The nasals of the specimen are nearly entirely lost except at their posterior margin where they suture to the frontals. A small portion of the lateral suture with the prefrontal is preserved on the right side of the skull (Figures 6, 7).


[image: Four labeled skull diagrams labeled A, B, C, and D depict different views of a prehistoric creature's bone structure. Each skull view is marked with various abbreviations indicating distinct cranial bones and features, such as "prf," "f," and "m." The illustrations provide detailed anatomical insights, likely for comparative analysis in paleontological studies. A scale bar is included in the bottom left for size reference.]

FIGURE 7. Line drawings of the partial skull of Nannaroter mckinziei, ROMVP 86541. (A) Dorsal view, (B) ventral view, (C) right lateral view, and (D) occipital view. an, angular; art, articular; c, coronoid; cp, cultriform process; d, dentary; ec, ectopterygoid; f, frontal; j, jugal; la, lacrimal; m, maxilla; n, nasal; op, opisthotic; p, parietal; pf, postfrontal; po, postorbital; pra, prearticular; prf, prefrontal; ps, parasphenoid; q, quadrate; qj, quadratojugal; sa, surangular; sq, squamosal; t, tabular. Scale bar equals 5 mm.



[image: Three-dimensional renderings of a structure labeled "art" in purple, "pra" in dark purple, and "sa" in yellow. Image A shows a side view; Image B, a slightly tilted view; and Image C, a different angle displaying more complexity in the "pra" region.]

FIGURE 8. Posterior end of the right mandibular ramus of Nannaroter mckinziei, ROMVP 86541. (A) Lateral view, (B) medial view, and (C) dorsal view. art, articular; pra, prearticular; sa, surangular. Scale bar equals 2 mm.


The right prefrontal is incomplete, being preserved posteriorly where it sutures to the frontal posteromedially and at its mid-length where it sutures to the nasal medially and to the lacrimal laterally (Figures 6, 7). Based on the length of the preserved region, it appears that only the anteriormost portion that contributes to the posterior margin of the naris is absent. As with other ostodolepids, except for Pelodosotis (Carroll and Gaskill, 1978), the element is relatively elongate and rectangular, whereas in the latter, it is more trapezoidal as a result of the oblique suture with the frontal. The element also extends ventrally to contribute to the inner anterior orbital surface in a fashion that separates the lacrimal from the postfrontal.

The frontals are elongate, rectangular elements sutured to the nasals anteriorly, to the prefrontals anterolaterally, to the postfrontals posterolaterally, and to the parietals posteriorly (Figures 6, 7). As in most ostodolepids, except for Pelodosotis, the sutures with the nasals and the parietals are oriented nearly straight mediolaterally (Carroll and Gaskill, 1978); this is likely a result of more pronounced anterior tapering of the latter. As with most other “microsaurs” (the few exceptions include the co-occurring Llistrofus), the frontals are excluded from the orbital margin by a direct contact of the pre- and postfrontals.

The maxilla is an elongate dentulous element sutured to the jugal posterodorsally, to the lacrimal dorsally, and presumably to the premaxilla anteriorly, although this region of the snout is lost. The maxilla appears essentially complete (Figures 6, 7); it is shortest posteriorly, where it underlies the jugal, and gradually expands dorsally to about the mid-length of the lacrimal before shortening slightly. The teeth are conical, and slightly compressed and recurved at the tip of the crown. They appear to increase very slightly in size to the sixth position and then decrease posteriorly. Eleven teeth are present, and the posteriormost tooth socket is vacant, this makes for a total of 12 tooth positions; this count is the same as in the holotype (Anderson et al., 2009). This is the lowest tooth count among ostodolepids; Pelodosotis has 18, and Micraroter, BPI 3839, and Tambaroter are estimated to have 16 (Daly, 1973; Carroll and Gaskill, 1978; Henrici et al., 2011). Relative to other “microsaurs,” the tooth count is on the lower end, being comparable to many gymnarthrids that usually have 10–12 teeth.

The lacrimal is a robust, triangular element that contributes to the anterior orbital margin and is sutured to the prefrontal dorsomedially, to the maxilla ventrally, and to the jugal posteriorly (Figures 6, 7). The element is broadest posteriorly at the orbital margin and then narrows to a rectangular shape that maintains a consistent height. The morphology is similar to that of other ostodolepids except for BPI 3839 in which the element is rectangular throughout. The lacrimal of Pelodosotis continues to taper anteriorly to the narial opening. It is difficult to compare to that of Tambaroter because of the dorsoventral compression of the latter; by all accounts, the former appears to be generically similar. Also of note is that in Micraroter, BPI 3839, and Tambaroter, the lacrimal and the jugal are separately by a short region of the maxilla that contributes to the ventral orbital margin (Daly, 1973; Carroll and Gaskill, 1978; Henrici et al., 2011). This is considered a derived feature, but with regard to Micraroter, the restoration is somewhat suspect based on the figures of Daly (1973) and the poor preservational condition of the specimens. As with the holotype, several prominent foramina are present on the inner anterior orbital surface on the lacrimal in the referred specimen. The largest two are paired dorsoventrally near the mid-height of the anterior orbital margin and were interpreted as the openings of the nasolacrimal duct, and a third, slightly smaller and more ventromedially positioned foramen is interpreted as the passage site of the palatal branch of the facial nerve (Anderson et al., 2009). Similar foramina are reported in only a few “microsaurian” taxa, including the hapsidopareiids, Asaphestera, Pantylus, Cardiocephalus, and Micraroter (Daly, 1973; Carroll and Gaskill, 1978; Bolt and Rieppel, 2009; Gee et al., 2019). It is figured but not described for Pelodosotis (Carroll and Gaskill, 1978: Figure 48). In most of these taxa, the nasolacrimal duct is only a single opening, rather than the paired openings seen in Nannaroter, Micraroter, and Llistrofus, and a more medially positioned foramen for the medial nerve is not reported. Due to the small size of most “microsaurs” and the foramina, they may have been overlooked in other taxa that are more poorly preserved.

The postfrontal is a triangular element that has been slightly dislocated so as to be dipping into the right orbit (Figures 6, 7). In the natural condition, the element would be sutured to the frontal anteromedially, to the parietal posteromedially, to the tabular posteriorly, and to the postorbital ventrally. The postfrontal does not contact the lacrimal anteriorly, and the element contributes significantly to the dorsal orbital margin.

The postorbital is a triangular element that sutures to the postfrontal dorsomedially, to the tabular posterodorsally, possibly to the squamosal posteriorly, and to the jugal anteroventrally (Figures 6, 7). The contact with the jugal is difficult to discern because of the beige coloration of the element and the overlapping mandible. The element would also be predicted to suture to the squamosal posteroventrally based on other ostodolepids, but this contact is also not readily identifiable (further discussed below). The postorbital contributes to the dorsal margin of the temporal emargination and to the posterior orbital margin. The element is comparable in morphology to that of Pelodosotis (Carroll and Gaskill, 1978) and differs from that of Tambaroter and BPI 3839, in which the element is more elongate and rectangular (Carroll and Gaskill, 1978; Henrici et al., 2011).

The parietals are incomplete posteriorly in this specimen. The anterior suture with the frontals and the lateral suture with the postfrontals are preserved (Figures 6, 7). Due to the degree of damage it is impossible to confidently state whether a pineal opening was present (as in other ostodolepids) or absent (as in the holotype).

The tabular is a large, square element that forms the posterolateral corner of the skull roof. It is sutured to the postfrontal anteriorly, to the postorbital anteroventrally, and to the squamosal ventrally (Figures 6, 7). In the holotype, the tabular also sutures to the parietal dorsomedially, but because the posterior portion of the parietals is lost and the right temporal region is somewhat dislodged this contact is not present in this new specimen.

A small rectangular fragment of the squamosal was present in the holotype and was interpreted as not contacting the postorbital, a unique feature among ostodolepids that would have increased the relative dorsal extent of the temporal emargination (Anderson et al., 2009). In this specimen, a more complete squamosal is present and permits a greater characterization. The element is square and of a slightly smaller size than the tabular. Its anterior contact is difficult to discern because of the low-contrast beige coloration, but it approaches the narrow posterior process of the postorbital very closely and is separated only by the outward displacement of the squamosal (Figures 6, 7). Thus, it becomes apparent that the temporal emargination does not extend dorsally as previously suggested, but rather that it is of a more typical size and position to other ostodolepids.

The full extent of the temporal emargination, although fully enclosed posteriorly in this specimen in contrast to the holotype, is difficult to define ventrally due to slight dorsolateral displacement of the posterior end of the mandible that obscures this region. Underlying fragments in the palatal region prevent further exploration from the underside. The reconstruction of Tambaroter (Henrici et al., 2011: Figure 4) indicates that the emargination was relatively reduced in this taxon as a result of the posterior expansion of the postorbital and its horizontal, rather than posterodorsally angled, ventral margin, but it is important to note the extreme compression of the holotype. Similar considerations are noted for Micraroter, which is known from poorly preserved skull material in which the temporal emargination is not well defined (e.g., Daly, 1973: Figure 22; Carroll and Gaskill, 1978: Figure 52).

The quadratojugal is a slender, rectangular element that is normally sutured to the squamosal dorsally and to the quadrate ventrally. Although the element remains attached to the squamosal in this specimen, the dislodgment of the latter has altered the nature of the articulation such that the quadratojugal contacts the squamosal only posteriorly (Figures 6, 7). It frames the posterior margin of the temporal emargination, which is seen in other ostodolepids, hapsidopareiids, and lysorophians. The emargination is significantly smaller than that of hapsidopareiids in which it extends nearly to the dorsal skull roof and occupies the majority of the temporal region (Daly, 1973; Bolt and Rieppel, 2009), though the posterior margin of Pelodosotis and in this specimen are similarly framed by a bar formed primarily by the squamosal and the quadratojugal (Carroll and Gaskill, 1978). Although the squamosal is partially dislodged, it does not appear to overlap the quadratojugal posteroventrally, as is the condition in Micraroter, BPI 3839, and Tambaroter (Daly, 1973; Henrici et al., 2011).

The quadrate is a small but robust square element that is sutured to the quadratojugal dorsally and to the articular ventrally (Figures 6, 7). Because of its small size, it has proven difficult to characterize in many “microsaurs,” whether due to poor preservation of sutures, overlapping elements, or taphonomic loss. The element was not preserved in the holotype of Nannaroter but appears essentially indistinguishable from that of other ostodolepids in which it is known (e.g., Pelodosotis, Tambaroter) (Carroll and Gaskill, 1978; Henrici et al., 2011). The exception is Micraroter, which is reconstructed as having a rather elongate quadrate that extends far anterodorsally along the posteroventral margin of the quadratojugal (e.g., Carroll and Gaskill, 1978: Figure 103I), but evidence for this in the actual specimen figures is not unequivocal (e.g., Carroll and Gaskill, 1978: Figure 54D).



Mandible

The right mandible is complete and in articulation with the skull, although it is deflected such that the anterior end lies medial to the maxillary tooth row (Figures 6, 7). The anterior portion of the mandible is entirely comprised of the dentary through the anterior portion of the coronoid process; the element is mostly black except for the posterodorsal most portion that sutures to the surangular. Unlike the holotype there is no evidence for a thin lateral exposure of the ventrally positioned splenial and postsplenial, but this could be the result of taphonomic deformation. The posterior margin of the dentary is angled posterodorsally where it contacts the angular at the ventral portion of the mandible and the surangular at the dorsal portion. The angular is a rectangular element that is sutured to the dentary anteriorly, to the surangular dorsally, and to the articular posteriorly; it is partially damaged in the holotype. It is of a relatively uniform height throughout, comparable to Micraroter, Tambaroter, and BPI 3839 and in contrast to Pelodosotis (Carroll and Gaskill, 1978), and tapers only slightly at the posterior end. The surangular is a crescentic element that was mostly absent in the holotype, sutured to the dentary anteriorly, to the angular ventrally, and to the articular posteriorly (Figures 6, 7). It is broadly expanded dorsally to form the posterior region of the coronoid process. The medial profile of the mandible is obscured by other elements and matrix, and the ventral profile is relatively uninformative beyond identification of the slender splenial and postsplenial, which lie medial to the dentary and the angular, as in all ostodolepids. As with all other ostodolepids, a prominent retroarticular process is preserved on the articular, posterior to the articulation of the quadrate with the mandible (Figures 6, 7).



RESULTS

The phylogenetic analysis produced a majority rule consensus tree (Figure 9) that is identical to that of the one obtained in Gee et al. (2020) when the species level operational taxonomic unit of Euryodus dalyae is used (the polytomy of the three genera Euryodus, Cardiocephalus, and Pariotichus is resolved). As in Gee et al. (2020), Nannaroter is recovered as the sister taxon to the clade containing Micraroter and Pelodosotis.


[image: Phylogenetic tree diagram showing evolutionary relationships among various extinct species, with branching points labeled with numeric values indicating confidence levels. Species include Huskerpeton englehorni, Proxilodon bonneri, Pariotichus brachyops, and others, leading down to Synapsida.]

FIGURE 9. Majority rule consensus tree of the 270 optimal trees obtained from the phylogenetic analysis. Tree length = 1,744, consistency index = 0.2683, rescaled consistency index = 0.1764, retention index = 0.6574. Numbers above nodes represent the frequency of nodes (%). Bootstrap values are found below nodes, if no value is indicated it was less than 50%. Taxa have been trimmed to concentrate on Recumbirostra, the clade of interest.




DISCUSSION


Ecology of Nannaroter

There is little doubt that Nannaroter was at least partially fossorial based on a suite of features (e.g., cranial ossification, reinforcement of orbital rims, heavily interdigitated sutures, recumbent snout) that have been identified in other clades of “microsaurs” and in extant fossorial taxa such as amphisbaenians and caecilians (Sherratt et al., 2014; Müller et al., 2016). The second specimen of Nannaroter and new CT data of the holotype specimen reinforces the original description and provides some new information regarding the mandible (full characterization of the coronoid process, confident presence of a robust retroarticular process) that further supports an inferred fossorial lifestyle. Anderson et al. (2009) suggested that the paucity of Nannaroter at the Richards Spur locality could be accordingly reflective of a low preservation potential associated with fossoriality or that it could be a naturally rare form among the assemblage. Based on cranial material, this taxon remains among the rarest forms at Richards Spur in spite of additional recovery and preparation of material, being of comparable rarity to other co-occurring small taxa, such as the amphibamids Pasawioops (Fröbisch and Reisz, 2008) and Tersomius dolesensis (Anderson and Bolt, 2013) and the phlegethontid Sillerpeton (Lund, 1978). There is no evidence suggesting paucity due to taphonomic sorting of small forms, as the amphibamid Doleserpeton and the eureptile Captorhinus are the most common taxa at the site, and the gymnarthrid Cardiocephalus is also reasonably well documented. Nannaroter is also rarer than the large dissorophoids, Cacops and Acheloma. However, it is worth considering that variable habitat occupation, rather than variable body size, acted as a taphonomic factor for the karstic setting at Richards Spur, as Gee et al. (2019) suggested for the similarly rare Llistrofus. Ostodolepids, and most recumbirostrans in general, are rare wherever they are recorded. Because the postcranium of Nannaroter is unknown, and many features of commonly preserved elements (e.g., vertebrae, ribs) are highly conserved among microsaurs, it is possible that postcranial material of the taxon may exist but is presently unidentifiable in the absence of an association with more informative skeletal elements.

If the rarity of Nannaroter is not attributable to taphonomic factors, the suggestion that it is a rare component of the fauna that was present at Richards Spur (Anderson et al., 2009) may hold more credence. The early Permian Richards Spur locality is dominated by numerous predatory taxa, and there are several small animals at the locality with a similar dentition to Nannaroter that were likely preying on small arthropods (Modesto et al., 2009; MM pers. obs.). These small predators include various eureptiles, parareptiles, and anamniote tetrapods, with Nannaroter being among them; thus it is quite apparent that this was a niche that was heavily exploited by tetrapods at the locality. The number of taxa occupying this niche may be part of the reason for the rarity of Nannaroter with their being a high degree of competition for prey items by small tetrapods.



CONCLUSION

This study adds to our knowledge of the enigmatic recumbirostran “microsaur” Nannaroter mckinziei, formerly known from only a single partial skull. The discovery of a second partial skull, combined with CT scanning of both this and the holotype specimen, has given us the opportunity to better understand the anatomy of this taxon, most notably the palate, lower jaw, and portions of the braincase. This further adds to our knowledge of the early Permian Richards Spur locality and the recumbirostran fauna that was present there.
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Provelosaurus americanus is the only known representative of the Pareiasauria in the Americas. This mid-size pareiasaur from the Rio do Rasto Formation of southern Brazil has been traditionally considered to be related to smaller forms from the South African Karoo known as the “dwarf pareiasaurs” of Lopingian age. P. americanus, however, co-existed with dinocephalians, which indicates a Guadalupian age. New fossils provide a nearly complete osteological account that forms the basis for a revised diagnosis and a test of phylogenetic relationships of P. americanus. Our results offer further support to the hypothesis that the Brazilian pareiasaur is the sister taxon of the Karoo “dwarf pareiasaurs,” being the earliest member of this group and one of the oldest pareiasaurs known so far. This is reinforced by a radiometric dating of the Morro Pelado Member of the Rio do Rasto Formation. In addition, the association of four individuals of various ontogenetic stages at the type locality supports some degree of social behavior in P. americanus.
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INTRODUCTION
Pareiasaurs are a successful clade of large herbivorous parareptiles that achieved global distribution throughout the Permian, with oldest records in the Guadalupian, having survived the late Capitanian mass extinction (Day et al., 2015; Day and Rubidge, 2021) and finally becoming extinct during the end-Permian great biotic crisis. Pareiasaurs have been studied since the mid 19th century (see Tsuji and Müller, 2008) and are easily recognizable among contemporaneous tetrapods by a suit of morphological features that include a sculptured, helmet-like anapsid skull with multi-cusped, leaf-shaped marginal teeth and dermal armor. Pareiasaurs represent the reptiles with the largest body-size in the Permian, and included the first tetrapod species with a fully upright limb posture (Turner et al., 2015). Small forms like Nanoparia luckhoffi were size-equivalent to a living giant armadillo and large species such as Bradysaurus baini and Scutosaurus karpinskii had a mass comparable to a domestic bull, the latter with an estimated weight of up to 1.5 tons (Romano et al., 2021). They have been recorded in Brazil (Araújo, 1985b; Cisneros et al., 2005), South Africa (Rubidge, 2005; Van den Brandt et al., 2021a), Zambia (Lee et al., 1997), Niger (Tsuji et al., 2013), Tanzania (Maisch and Matzke, 2019), Morocco (Jalil and Janvier, 2005), Scotland (Spencer and Lee, 2000), Germany (Tsuji and Müller, 2008), Italy (based on footprints, Leonardi et al., 1974), Russia (Ivakhnenko, 1987; Bulanov and Yashina, 2005; Tsuji, 2013), and China (Li and Liu, 2013; Xu et al., 2014; Benton, 2016; Liu and Bever, 2018). Despite being relatively common in the geological record, specially in the Karoo Basin, their taxonomy and interrelationships have long been problematic, in part because their cranial sutural patterns are typically obscured by thick ornamentation.
The Rio do Rasto Formation (Paraná Basin) in southern Brazil has produced a tetrapod fauna that shares similarities with both South African and Russian continental assemblages of Guadalupian to Lopingian age (Barberena et al., 1985; Cisneros et al., 2012). Tetrapods are rare and usually represented by single specimen finds. These include anomodonts (Cisneros et al., 2011; Boos et al., 2013, 2016), dinocephalians (Langer, 2000; Cisneros et al., 2012; Boos et al., 2015) and various temnospondyls (Barberena, 1998; Dias and Barberena, 2001; Strapasson et al., 2014; Pacheco et al., 2017; Dias et al., 2020). Apart from fragmentary material attributed to Archosauromorpha (Martinelli et al., 2017) and the occurrence of the ichnogenus Rhynchosauroides in a single locality (Silva et al., 2012), the only reptile recorded in this formation is the mid-sized pareiasaur Provelosaurus americanus. The only South American pareiasaur described so far, it is known from adult and juvenile specimens, being of particular interest because it is considered to belong to the clade informally known as the “dwarf pareiasaurs” (Lee, 1997b). This is a group of smaller forms with higher number of tooth cusps, gracile humerus and ilium, and usually having a well developed dermal armor, once thought to be phylogenetically related to early chelonians (Lee, 1997b). The “dwarf pareiasaurs” are represented by Nanoparia luckhoffi, Anthodon serrarius, and Pumiliopareia pricei, all from the Lopingian of the South African Karoo Basin (Rubidge et al., 2013; Smith, 2020; Viglietti, 2020) and potentially also by Shihtienfenia permica from the Lopingian of China (Liu and Bever, 2018). Paradoxically, Provelosaurus americanus is one of the oldest members of Pareiasauria, considered to be of Guadalupian age due to its coexistence with dinocephalians (Cisneros et al., 2005).
Here we present new specimens of the enigmatic Brazilian pareiasaur. The study of the new fossils and a review of the previously described material offer a comprehensive account of the osteology of Provelosaurus americanus and provide an opportunity to test its relationships with the “dwarf pareiasaurs”. The new finds also allow us to address the age and paleoecological significance of this species in the Rio do Rasto Formation of southern Brazil.



GEOLOGICAL SETTING AND STUDY AREA

The Paraná Basin is a large intracratonic South American basin that covers an area of around 1.4 million km2 that is comprised of Ordovician to end-Cretaceous strata (Milani et al., 2007). The Permian deposits were formed in the context of the epeiric Irati sea, with coastal and marine environments, being represented by the Gondwana I Supersequence (Milani et al., 2007; Holz et al., 2010; Kern et al., 2021). By the middle Permian, this inland sea was isolated from the ocean (Teresina Formation) and a change in the depositional system occurred toward a progressive continentalization and desertification (Rio do Rasto and “Pirambóia” formations) (Zerfass et al., 2003; Kern et al., 2021).

The 400 m-thick Rio do Rasto Formation is subdivided into two members (Gordon, 1947) that reflect different depositional environments: the lower Serrinha Member represents a shallow marine setting and the Morro Pelado Member comprises deltaic and fluvio-lacustrine environments. The latter produces tetrapods and the fossils studied herein, and is characterized by reddish siltstones interbedded by lenticular sandstones and conglomerates (Holz et al., 2010; Kern et al., 2021). These deposits are interpreted as a deltaic system associated with lacustrine and, in the upper part, eolian dune systems (Kern et al., 2021).

The main Rio do Rasto fossil vertebrate areas are located in the Aceguá and São Gabriel municipalities of the Rio Grande do Sul State (Figure 1), and in the Serra do Cadeado region in the Paraná State. In addition to vertebrate remains and trace fossils (see below), the Aceguá region records at least five occurrences of ash fall layers, representing a long-distance expression of the late Paleozoic-Early Triassic Choiyoi volcanism event (Francischini et al., 2018). A Guadalupian age is broadly accepted for these outcrops based on biostratigraphic correlations using tetrapods, although there are some incongruences (Cisneros et al., 2005; Boos et al., 2013; Martinelli et al., 2017; see discussion below). In addition, two of them were recently dated and provided geochronological ages of 270.61 + 1.76/–3.27 Ma (Roadian; outcrop tentatively assigned to the Serrinha Member by Francischini et al., 2018) and 266 ± 5.4 Ma (Wordian, Morro Pelado Member, Rocha-Campos et al., 2019).
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FIGURE 1. Provenance of Rio do Rasto Formation pareiasaurs and other fossils in Rio Grande do Sul State. (A) Paraná Basin in southern Brazil. The Rio do Rasto Formation is included in the Gondwana I Supersequence. (B) Rio do Rasto sites in the Aceguá Municipality. (C) Rio do Rasto sites in the São Gabriel Municipality. (1) Coxilha Grande Farm, type locality of the temnospondyl Bageherpeton longignathus (Dias and Barberena, 2001) and the chondrichthyan Xenacanthus santosi (Würdig-Maciel, 1975); (2) Capão Alto Farm, archosauromorphs, type locality of Tiarajudens eccentricus and Triodus richterae (Cisneros et al., 2011; Martinelli et al., 2017; Pauliv et al., 2017); (3) ‘Coprolândia,’ coprolite-rich site (Dentzien-Dias et al., 2012); (4) Unnamed farm property of Modesto Spencer Fagundes (= ‘Posto Queimado’), MCP 4263PV, dinocephalians, temnospondyls, chondrichthyans and bony fishes (Langer, 2000; Malabarba et al., 2003; Cisneros et al., 2005); (5) Boqueirão Farm, type locality of the dinocephalian Pampaphoneus biccai, the dicynodont Rastodon procurvidens, and the temnospondyl Konzhukovia sangabrielensis (Cisneros et al., 2012; Boos et al., 2016; Pacheco et al., 2017); (6) BR-153 Highway, km 665.4, west side of the road, type locality of Provelosaurus americanus, holotype UFRGS-PV-0231-P, UFRGS-PV-0232-P, *UFRGS-PV-0358-P and *UFRGS-PV-0376-P (Araújo, 1985b); (7) BR-153 Highway, km 666, east side of the road, UFRGS-PV-0233-P (Araújo, 1985b), fish remains and U-Pb dating (Rocha-Campos et al., 2019); (8) BR-153 Highway, Km 659.5, east side of the road, lungfish burrow and U-Pb dating (Francischini et al., 2018); (9) Santo Antônio Farm, *UFRGS-PV-0359-P. *New Provelosaurus americanus specimens. Supersequences follow Milani et al. (2007).


Provelosaurus americanus remains were found only at the Rio Grande do Sul state (Figure 1A). The most important site consists of two small, nearby road-cuts along the BR-153 highway (Figure 2), in the Minuano district within the municipality of Aceguá, near the Brazil-Uruguay border. The holotype UFRGS-PV-0231-P was found at a small ravine at km 665.4, on the west side of the road (Figure 1B, site 6, formerly km 204, Araújo, 1985b), which is a sequence of reddish massive/poorly laminated siltstone intercalated by lenses of mudstones and small packages of fine sandstones (Figure 2A), interpreted as a lacustrine environment. The specimen UFRGS-PV-0232-P and two new fossils described here (UFRGS-PV-0358-P and UFRGS-PV-0376-P) were also collected at the type locality. Only Provelosaurus americanus remains have been recovered from this outcrop so far.
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FIGURE 2. Stratigraphic logs (A–D) and general view (E,F) of the exposures that produced pareiasaur remains, see Figure 1 for locations. (A,E) Type locality of Provelosaurus americanus, photograph taken in 2009, the locality is now largely covered by vegetation; (B,F) exposure at km 666, with a bentonite layer U-Pb dated 266.7 ± 5.4 Ma (Rocha-Campos et al., 2019); (C) Santo Antônio Farm outcrop; (D) Fagundes site stratigraphic log.


The second exposure is located 600 m south of the type locality, at km 666, east side of the road (formerly km 204 + 400 m, Araújo, 1985b) (Figure 1B, site 7), is a large package of massive siltstone interbedded by lenses and small sandstone beds (Figure 2B). It is interpreted as a lacustrine environment crossed by small distributary channels. At the base of this quarry there is a 30 cm thick layer of bentonite dating of 266 ± 5.4 Ma (Rocha-Campos et al., 2019). The skeleton UFRGS-PV-0233-P (Araújo, 1985b) and some fish bone and scale remains (UFRGS-PV-0242-P) were recovered from this quarry. The precise stratigraphic level of these fossils were, unfortunately, not recorded by the collectors and their placement in our stratigraphic log is tentative.

The outcrop located at the Santo Antônio Farm (Figure 1B, site 9) is an exposure made during the construction of a water dam. The fossil site is located at the east side of the dam. It consists of a sequence of massive/poorly laminated siltstone intercalated by small conglomerate levels and massive sandstone interpreted as lacustrine and fluvial deposits (Figure 2C). In addition to the Provelosaurus americanus remains (UFRGS-PV-0359-P), this outcrop has a unique variety of fossils that includes fish teeth and scales, spiral coprolites, plant impressions (Glossopteris communis, sphenophytes) and petrified wood.

The only pareiasaur site outside Aceguá is located 170 km NW, in the property of Modesto S. Fagundes (Figure 1C, site 4), in the Catuçaba District within the municipality of São Gabriel, an exposure that has been informally referred to as “Posto Queimado” in the literature (Langer, 2000). Note that other authors incorrectly used this name for other exposures in São Gabriel, sometimes even including outcrops located at different municipal districts (e.g., Dias-Da-Silva, 2012; Pacheco et al., 2017), thus making the name “Posto Queimado” largely ambiguous. This small outcrop is a sequence of massive siltstone interbedded by a conglomerate and a sandstone level that has produced a variety of vertebrate remains (Figure 2D) and the partial skull of a juvenile Provelosaurus americanus (MCP 4263PV) (Cisneros et al., 2005).



MATERIALS AND METHODS

The three new specimens here described were collected in the municipality of Aceguá during fieldworks in 2008. UFRGS-PV-0358-P and UFRGS-PV-0376-P were found in situ at the type-locality (Figures 1, 2E), only a few meters from each other. UFRGS-PV-0359-P was discovered at the nearby Santo Antônio Farm, at the margin of the main water-dam (Figure 1). The fossil was located at the east side of the dam, ex situ and mostly disarticulated, but nearby a sandstone lense which we consider to be its host rock. This fossil has many recent fractures, presumably produced by farm machinery. In addition, we address undescribed autopodium remains located in the UFRGS-PV collection. These were already prepared and have the catalog number UFRGS-PV-0233-P, thus, being part of the original material designated by Araújo (1985b).

A phylogenetic analysis was performed based on the data matrix used by Liu and Bever (2018). Although the latest pareiasaurian data matrix was published by Van den Brandt et al. (2019), this dataset contains only cranial character scores. The present description includes abundant postcranial material, for this reason we based our cladistic analysis on the former study (character list can be found in Turner et al., 2015). Characters were edited using the software Mesquite (Maddison and Maddison, 2019) (see Supplementary Information for data matrix). The analysis was run on the software TNT (Goloboff and Catalano, 2016). Provelosaurus americanus was re-coded for 31 character states. Shihtienfenia permica was re-coded for characters 90 and 91 following (Benton, 2016) and Bradysaurus baini was modified for character 125 after (Van den Brandt et al., 2021a). Three new characters were included in the data matrix. Character (140): marginal teeth, at mid region of maxilla or jaw, dorsoventrally tall (root-apical/mesiodistal ratio = 1.5 or higher), present (0) or absent (1). Character (141): premaxillary tooth number, three (0), four or more (1), or two (2). Character (142): if the tabular (= supernumerary bone) is dorsally exposed, it does not contact the parietal (0), or it contacts the parietal (1). The polarity of character 79 was reversed (see Supplementary Information for data matrix). A “traditional search” was carried out with Wagner trees and 100 replicates, TBR algorithm, saving 100 trees per replication, using collapsing rule 1 (collapsing branches with ambiguous supports) and setting memory space for 29,999 trees. Two other searches were performed with the same parameters but excluding Obirkovia gladiator from Russia (Bulanov and Yashina, 2005) and Sanchuansaurus pygmaeus from China (Li and Liu, 2013), two taxa known from fragmentary fossils.


Institutional Abbreviations

MCP, Museu de Ciências e Tecnologia, Pontifícia Universidade Católica do Rio Grande do Sul (PUCRS), Porto Alegre, Brazil. SAM, Iziko South African Museum, Cape Town, South Africa. UFRGS-PV, Paleovertebrate Collection, Universidade Federal do Rio Grande do Sul, Porto Alegre, Brazil.



RESULTS

SYSTEMATIC PALEONTOLOGY

REPTILIA Laurenti (1768)

PARAREPTILIA Olson (1947)

PAREIASAURIDAE Seeley (1888)

Provelosaurus Lee (1997a)

Provelosaurus americanus (Araújo, 1985b).


Holotype

UFRGS-PV-0231-P. Skull, right scapulocoracoid and humerus.



Referred Material

UFRGS-PV-0232-P, pelvic girdle of a juvenile individual; UFRGS-PV-0233-P, partially articulated postcranium, including humerus, vertebrae, ribs, pelvis, femur, tibia, fibula, metapodials, phalanges, and osteoderms. Newly referred material is represented by UFRGS-PV-0358-P, a partial skull; UFRGS-PV-0359-P, partial skull, right mandible, left humerus, partial left scapulocoracoid, ribs, clavicle, one ungual phalanx, interclavicle, vertebrae and osteoderms; UFRGS-PV-0376-P, scapulocoracoid and a partial rib of a juvenile individual; MCP 4263PV, left partial cranium (more information in Supplementary Material).



Locality and Horizon

All material housed at UFRGS was found in the municipality of Aceguá, Rio Grande do Sul State, near the border of Uruguay (Figure 1B). MCP 4263PV was found in the municipality of São Gabriel, Rio Grande do Sul State (Figure 1C). The exposures are considered to represent the Morro Pelado Member of the Rio do Rasto Formation, Guadalupian (Langer, 2000; Cisneros et al., 2005).



Amended Diagnosis

Moderate-size pareiasaur, characterized by the following autapomorphies: (1) anterior maxillary teeth very tall and thin (apicobasal/mesiodistal ratio > 1.7) with only seven cusps; (2) prefrontal dorsoventrally expanded, forming all the anterior border of the orbit; (3) quadratojugal with a long smooth ventrolateral surface with two prominent bony spines on its posterior end; (4) squamosal dorsoventrally expanded; (5) angular boss with a triangular outline in lateral view, having an oblique anterior margin and a perpendicular posterior margin in relation to the tooth plane; (6) interclavicle with a long median stem, its length being equal to transverse dimension of lateral rami; and (7) cervical vertebrae with dorsoventrally flat, wing-like transverse processes.



Comments

We provisionally retain autapomorphy (4); however, the holotype skull is laterally flattened, which could have artificially increased the vertical dimension of the squamosal.



DESCRIPTION

The osteology of Provelosaurus americanus has been described in detail in a series of papers (Araújo, 1985a,b, 1986a,b; Araújo-Barberena, 1987, 1989a,b; Cisneros et al., 2005). Therefore, the present study will focus on the novel information provided by the new specimens and the undescribed autopodial elements from UFRGS-PV-0233-P, with a brief account and rectifications on the holotype and previously referred material when appropriate.

The type skull of Provelosaurus americanus (UFRGS-PV-0231-P) likely represents the largest individual found so far having a maximum anteroposterior dimension of 330 mm. The lateral flattening that affected the fossil, however, artificially increased this measurement. The undistorted skull probably had a maximum length of 300 mm. Considering a snout-vent length equivalent to four heads (Broom, 1903; Lee, 1997a; Tsuji, 2013), the Provelosaurus americanus type specimen would measure approximately 1.2 m in this dimension, and some 0.6 m at the shoulder (Figure 3). A smaller snout-vent of 1 m is likely for the sub-adult postcranium UFRGS-PV-0233-P. With these body measurements the Brazilian pareiasaur is comparable in size to Shihtienfenia permica from China (Benton, 2016, Figure18), and slightly smaller than the Russian Deltavjatia rossicus, which has a reported snout-vent length of 1.5 m (Tsuji, 2013).


[image: Illustration of a therapsid fossil showing three views: A) side view of the skull with outlined bone structures and a scale bar indicating size; B) top view of the skull with symmetrical bone detail; C) full skeletal side view depicting ribs, limbs, and spine with detailed bone structure and another scale bar.]

FIGURE 3. Cranial reconstruction of Provelosaurus americanus in (A) lateral and (B) dorsal view. Antorbital region based on holotype, posterior skull roof and temporal region (minus jugal-squamosal suture) based on UFRGS-PV-0358-P, mandible after UFRGS-PV-0359-P. (C) Skeletal reconstruction, postcranium based largely on UFRGS-PV-0233-P; scapulocoracoid after UFRGS-PV-0231-P; clavicle, interclavicle and humerus from UFRGS-PV-0359-P. Osteoderms omitted.



Cranium

The holotype of Provelosaurus americanus (UFRGS-PV-0231-P) includes a rather complete skull minus the palate, and parts of the basicranium, largely compressed and fractured along the sagittal plane due to diagenesis (Figure 4). It was found divided in two halves that were put together after preparation (Araújo, 1985b). The newly collected specimens, UFRGS-PV-0358-P and UFRGS-PV-0359-P (Figure 5), have skulls that show two cylindrical bosses on the quadratojugal, and are readily referable to Provelosaurus americanus. UFRGS-PV-0358-P comprises a partial skull, consisting mainly of the left lateral skull bones and most of the dorsal cranial surface minus the snout, with small portions of the basicranium and palate. Despite being relatively large, equivalent in size to the holotype, UFRGS-PV-0358-P is partially disarticulated. Considering that pareiasaurs are notorious for having hyperossified skulls and that their sutures are often difficult to be traced, this specimen probably represents a young adult. The third skull, UFRGS-PV-0359-P, is badly fractured. Recognized elements include the right cheek bones and some upper marginal teeth. The cranial bones of this specimen are visibly swollen, a taphonomical artifact probably due to recrystallization of iron and/or manganese oxide. The basicranial and palatal bones of Provelosaurus americanus will be the subject of further studies to be published elsewhere.
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FIGURE 4. Skull of Provelosaurus americanus, UFRGS-PV-0231-P (holotype). (A) Right lateral view; (B) field photograph showing right lateral view and partial medial view of left side of skull (photo from the UFRGS-PV collection), (C) left lateral view; (D) original drawing from Araújo (1985a). Scale bar for (A,C,D).
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FIGURE 5. Skulls of Provelosaurus americanus. (A–D) UFRGS-PV-0358-P, in (A,B) dorsal and (C,D) left lateral views. (E) UFRGS-PV-0359-P, portion of the temporal region in right lateral view. f, frontal; j, jugal; pa, parietal; pf, parietal foramen; po, postorbital; pp, postparietal; prf, prefrontal; pof, postfrontal; qj, quadratojugal; sq, squamosal; on, otic notch; st, supratemporal; t, tabular. Continuous gray lines represent major bosses.


Both premaxillae were found somehow displaced in the holotypic skull. This bone lacks ornamentation and forms the ventral and anterior portions of the naris. Anteriorly it rises as an arcuate dorsal process that appears more gracile than in other pareiasaurs. The premaxilla bears only two teeth, being in this respect similar to the “dwarf pareiasaurs” and to Deltavjatia rossicus (Tsuji, 2013), but contrasting with the condition seen in most pareiasaurs where three teeth are present (Lee, 1997b). Its contacts with both the nasal and the maxilla are not clear due to damage.

The maxilla of Provelosaurus americanus has a typical parareptilian outline in lateral aspect, with a high anterior wall that thins posteriorly. It forms the posteroventral border of the external naris, shares an oblique dorsal suture with the lacrimal and the jugal, and lacks the sculpturing seen in other bones. The anterior maxillary foramen is not well preserved in the holotype but it can be seen in the juvenile skull MCP 4263PV (Cisneros et al., 2005). The maxilla is swollen anteriorly but lacks the prominent tubercle that other pareiasaurs have in this area. The maxillary dentition of Provelosaurus americanus is better preserved on the left side of the type skull, where it bears 13 teeth. The anterior marginal teeth of the Brazilian pareiasaur are unique in being conspicuously tall, mesiodistally thin, with labiolingually flattened crowns and having a low number of cusps (seven to nine). The first three teeth in the holotype have height/mesiodistal dimension ratios of 2.0, 2.0, and 1.72, respectively. Comparable tooth ratios are only seen in Chinese pareiasaurs such as Honania complicidentata and Shihtienfenia permica (the latter, based on lower dentition) (Xu et al., 2014; Benton, 2016) but these species feature a higher number of cusps (10 in Honania complicidentata, 13–17 in Shihtienfenia permica) and also a prominent cingulum that is absent in the Brazilian species. Although Araújo (1985a) reported the presence of a cingulum in the upper marginal teeth, we found no evidence of this in the holotype. This is further confirmed by maxillary teeth from the Santo Antônio Farm specimen. The upper marginal teeth from both UFGRS-PV-0358-P and the holotypic skull, however, bear lingually what can be better described as pads at the base of their crowns.

The lacrimal is elongated in lateral aspect, lying obliquely in relation to the tooth margin, contributing to the posterior border of the naris. It contacts the nasal and the prefrontal dorsally, the maxilla ventrally, and the jugal posteriorly. This bone bears anterior bosses and forms the anteroventral portion of the orbital rim. In the juvenile skull MCP 4263PV, the lacrimal appears to rise posteriorly, forming the anterodorsal margin of the orbit (Cisneros et al., 2005). This discrepancy with the holotype, however, could be due to misidentification of the suture with the prefrontal in MCP 4263PV, because some bone contacts are not clear in this specimen. If the latter is correct, it is the prefrontal that forms the anterodorsal orbital rim in MCP 4263PV and not the lacrimal.

The nasal is only present in the type specimen. Due to the flattening that the fossil suffered, it lays exposed in the lateral view of the skull. The nasal contributes to the dorsal margin of the naris anteriorly, and is bordered by the dorsal margin of the lacrimal and the anterior border of the prefrontal and the frontal posteriorly, although the suture with the later is not clear. Anteriorly, the nasal bears a prominent tubercle and posteriorly it has an emargination that interdigitates between the lacrimal and the prefrontal.

The prefrontal is known from the type skull and portions present in UFRGS-PV-0358-P, and probably also in MCP 4263PV (see above). Anteriorly, the bone contacts the lacrimal and the nasal. Its medial border is part of the roof of the skull where it borders the frontal, and posteriorly, the postfrontal. In lateral aspect, the bone appears basically as a crescent that contributes to the anterior rim of the orbit. Its main feature is a dorsal tubercle that is part of the circumorbital bumps that characterize pareiasaurs and other parareptiles (Tsuji, 2006).

The frontal is present in the holotype and in UFRGS-PV-0358-P, although it is partially fused with some neighboring bones in both specimens, and with its counterpart in the latter, making its relationships difficult to assess. The bone is subrectangular, with a moderate lateral process that intermeshes between the contact of the prefrontal and the postfrontal, but does not reach the orbit. Its dorsal surface bears thick sculpturing, which is apparently more organized in the holotype. A large tubercle surrounded by smaller bumps and radiating ridges is present in the mid portion of the bone in the type skull. In UFRGS-PV-0358-P there is also a main tubercle in the center but it is less prominent, being loosely separated from other bumps. The posterior border of the frontal contacts the parietal in a sinuous, mediolateral line that is well exposed in UFRGS-PV-0358-P.

The jugal is found in the type skull and is nearly complete in UFRGS-PV-0358-P. The new specimen confirms features described by Araújo (1985a). In lateral view, the bone is a crescent that forms the posteroventral rim of the orbit. Its contribution to the orbit is thickened and the transition from the ventral to the posterior edge is rather abrupt, a change that is also visible in dorsal view. Its anterior process is covered by subtle sculpturing, but two large circular bosses are present in the central portion of the bone, followed posteriorly by ridges that radiate from them and continue in the quadratojugal and squamosal bones. Its acute anterior end is bordered dorsally by the lacrimal and anteroventrally by an oblique sinuous suture with the maxilla. Its dorsal margin is a nearly straight horizontal interdigitating suture shared with the postorbital. Only a tiny portion of the jugal reaches the ventrolateral margin of the skull. Its posteroventral border is a convex edge limited by the quadratojugal and by a vertical contact with the squamosal.

The postorbital of UFRGS-PV-0358-P confirms the general morphology of the holotype, although its sutures are not as clear as in the type skull. The bone forms the posterodorsal edge of the orbit. Its contribution to the rim is thickened, its width being further increased at its dorsal portion by a pair of bosses. The posteriormost boss marks the edge where the roof meets the skull lateral surface, forming a distinct angle. This junction is covered by ridges that project posteriorly and extend through the supratemporal. The transition from the posterior to the dorsal margin of the orbit is somewhat abrupt. The posterior margin of the postorbital is convex and bordered by the squamosal and the supratemporal. In dorsal view, the postorbital has a short exposition. Its anterior border here is embayed, being the recipient of a convex posterior process of the postfrontal. Medially, it shares an anteroposteriorly oriented suture with the parietal.

The quadratojugal is well preserved in specimen UFRGS-PV-0358-P and to a lesser degree also in UFRGS-PV-0376-P. The bone is bordered anteriorly by the jugal and dorsally by a large squamosal. The quadratojugal forms the posterolateral edge of the skull, being the main constituent of the lateral flanges that form the typical “helmet” of all pareiasaurs. The main feature of this bone are two large conical tuberosities with rounded apexes that protrude from the skull as bony spines, located between the junction of the ventral and posterior edges of the skull. The anteriormost spine is oriented ventrolaterally and is the largest in UFRGS-PV-0358-P (36 mm from the base to the tip) (Figures 5C,D). In this specimen, a second, much smaller spine (24 mm from the base to the tip) is located posteriorly. The main axis of this spine is oriented posterolaterally, and slightly ventrally as well. We note differences in the proportions of these quadratojugal spines among the available specimens. In MCP 4263PV the second spine is also the smallest (Cisneros et al., 2005), but in the holotype (Figure 4) and in UFRGS-PV-0376-P the second spine is the largest of the two. These morphological discrepancies could be related to individual variation. In all four specimens, these two quadratojugal spines are the largest in the skull and the only present in the ventral edge of the lateral wings. No other pareiasaur has this arrangement of quadratojugal spines, allowing recognition of the Brazilian species based on this diagnostic feature (see discussion in Cisneros et al., 2005). The lateral surface of the quadratojugal is sculpted by circular bosses and radial ridges that continue in the jugal and, to a minor extent, in the squamosal. The posterior border of the quadratojugal bears a wide, dorsoventrally expanded boss. In the juvenile MCP 4263PV this boss is a homogeneous structure but in the holotype it is subdivided in two minor tuberosities, and in UFRGS-PV-0358-P, the boss bears two small, posteriorly oriented spines. No tuberosities or spines are visible over this boss in UFRGS-PV-0376-P, but the taphonomic alteration suffered by this specimen could have obliterated them.

The squamosal of Provelosaurus americanus forms a large part of the lateral surface of the posterior portion of the skull. In UFRGS-PV-0358-P this bone appears square and lower than in the holotype, where it is a subrectangular, dorsoventrally expanded bone, its maximum dorsoventral dimension being equivalent to nearly 1.5 times its anteroposterior dimension. UFRGS-PV-0358-P, however, bears many fractures in the temporal region and these sutures are tentative. The bone is bordered ventrally by a nearly horizontal contact with the quadratojugal, anteriorly it shares a sinuous contact with the jugal and the postorbital, and dorsally with the supratemporal. A ventrodorsally elongated boss protrudes from the posterior border of the bone. This structure is subrectangular in the type skull but is more rounded in UFRGS-PV-0358-P. A smaller, rounded tuberosity is present dorsally, adjacent to the contact with the supratemporal. The shape and proportions of the squamosal are distinctive in the Brazilian pareiasaur. Most pareiasaur species have squamosals in which the dorsoventral and anteroposterior dimensions are roughly equal (Boonstra, 1934a; Lee, 1997a; Tsuji, 2013; Van den Brandt et al., 2019), giving this bone an almost square shape in lateral view, and in the genera Nochelesaurus and Pareiasuchus, the anteroposterior dimension exceeds the ventrodorsal one (Lee et al., 1997; Van den Brandt et al., 2021b). An exception is Arganaceras vacanti from Morocco (Jalil and Janvier, 2005), a pareiasaur that also features a dorsoventrally expanded squamosal albeit lacking the prominent posterior boss present in the Brazilian species. The otic notch occurs between the two mentioned bosses, at the posterior border of the squamosal. It has 12.8 mm in width and joins a shallow groove that runs ventrally to the region of contact between the squamosal and the paroccipital process of the exoccipital.

The parietal bone is bordered anteriorly by the frontal and the postfrontal, laterally by the postorbital and the supratemporal, posteriorly by the small tabular, and posteromedially by the single postparietal. The parietal is basically a triradiate structure, having an anteroposterior dimension equivalent to 1.5 times its mediolateral length. Its ornamentation is clearly radial, with a central boss from which various ridges emanate. As in most pareiasaurs, the pineal opening is located in the anterior portion of the bone. Its shape, however, is very distinctive. Whereas in most pareiasaurs the pineal foramen is anterodorsally elongated, either oval, teardrop-shaped, or roughly circular, in Provelosaurus americanus this structure appears anteroposteriorly compressed, having a lateral dimension that represents nearly double the anteroposterior dimension.

The supratemporal is present in the holotype and in UFRGS-PV-0358-P. This bone is fused with the tabular in the type skull but in UFRGS-PV-0358-P a suture is present and these bones are disarticulated. Following early authors (e.g., Boonstra, 1934a) who identified the bone at the posterior corner of the skull roof as a tabular (Araújo, 1985a) regarded the two fused bones to represent a tabular as well. In dorsal view, the supratemporal of Provelosaurus americanus is basically a hexagonal plate with convex anterior and posterior margins. The bone forms the lateral edge of the skull and is bordered anterolaterally by the postorbital, anteromedially by parietal, and medially by the tabular. In contrast to other pareiasaurs, the supratemporal does not contact the postparietal. The supratemporal is sculptured by ridges and bears a prominent tubercle near the posterior margin. The bone is less exposed in lateral aspect, showing a short anterior contact with the postorbital and a ventral concave margin bordered by the squamosal.

The tabular in pareiasaurs has been traditionally regarded as a “supernumerary bone” (e.g., Lee, 1997b; Jalil and Janvier, 2005). Following Tsuji (2006), we consider this bone to be a true tabular. The right tabular is nearly fused to the parietal in UFRGS-PV-0358-P, but the left tabular is disarticulated. In dorsal view, this bone exhibits an almost trapezoid outline, being remarkably similar to the tabular of Pumilliopareia pricei (Broom and Robinson, 1948). This bone contacts the parietal, excluding the supratemporal from reaching the postparietal. This is in contrast to most pareiasaurs but the condition occurs in Pareiasuchus nasicornis (Lee, 1997a) and the dwarf pareiasaurs Pumilliopareia pricei and Anthodon serrarius (Boonstra, 1934a; Broom and Robinson, 1948; Lee, 1997a). The tabular contacts the postparietal medially, and the supratemporal laterally. Its posterior border is slightly convex. Its surface is sculptured by longitudinal ridges, with bosses located near the posterior margin.

The postparietal was found disarticulated in UFRGS-PV-0358-P and is better preserved than in the holotype. The bone is larger than the tabular and it has a pentagonal outline in dorsal view, being in this respect similar to Deltavjatia rossicus. Its anterior borders protrude as a wedge within both parietals, its lateral margins are nearly parallel, and its posterior border is slightly concave. Its surface has ornamentation in the form of irregular bosses.


Mandible

The Santo Antônio Farm specimen, UFRGS-PV-0376-P, provides the first Provelosaurus americanus mandible (Figure 6). It is divided in two main fragments that connect to each other, together comprising most of the right hemimandible, minus most of the adductor fossa and some portions of the dentary and the splenial. Due to lithostatic compression, the anterior portion of the ramus has been folded inwards at a 90° angle, giving the mandible an “L” outline in occlusal view. The dentary forms a large portion of the ramus, covering most of the labial view, extending from the symphysis to the level of the angular boss, gradually becoming higher posteriorly. It is unclear if this is a natural feature or a taphonomical artifact due to compression on the ramus. A well developed foramen dentofaciale majus is visible below the 10th tooth. The dentary is limited ventrally by the splenial and posteroventrally by the angular. The posterior contact with the surangular is either damaged or not preserved. Sixteen tooth positions are recognized, although it is uncertain if a few additional teeth could be present in the missing fragments of the dentary. This number, however, is consistent with the 15 upper marginal tooth positions found in the holotypic skull (Araújo, 1985a). All the mandibular teeth have lost their crowns and little can be said regarding their morphology except that they are thecodont, subcircular in basal cross section and have relatively long cervices. At least four resorption pits at various stages of development are recognized in the hemimandible, being located from the 8th to the 11th preserved tooth positions.
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FIGURE 6. UFRGS-PV-0359-P, right hemimandible of Provelosaurus americanus. (A,C) Lateral view; (B,D) medial view; (E,G) occlusal view; (F,H) ventral view. a, angular; ab, angular boss; ar, articular; c, coronoid; d, dentary; fdm, foramen dentofaciale majus; fic, foramen intermandibularis caudalis; mk, Meckelian canal; q, quadrate; rap, retroarticular process; rp, resorption pit; sp, splenial; i–xvi, tooth positions.


The splenial complements the dentary in the anterior half of the ramus, forming most of the lingual and ventral margins in this region, and having a small labial exposure below the first four teeth. The lingual view of the area adjacent to the symphysis is damaged and the relationships of the splenial and the dentary cannot be assessed here. Posteriorly, the splenial shares an oblique contact with the prearticular and apparently with the coronoid, and posteroventrally with the angular. A large, oval foramen intermandibularis caudalis is located at the confluence of the splenial, angular, and prearticular bones.

The angular covers all the posteroventral margin of the mandibular ramus. In lateral view, this bone shares a long, mostly horizontal, dorsal contact with the dentary, and posteriorly, a small contact with the articular. Its relationship with the surangular, however, is obscured due to damage in the latter. The main feature of the angular is a well developed boss. It has a triangular outline in lateral view, with a slightly concave anterior surface that is at roughly 35° in relation to the tooth plane, and a posterior surface that is nearly perpendicular to the tooth margin. The boss ends distally as a slightly curved, posteriorly pointed apex. In posterior view, the angular boss appears as a vertical projection from the jaw, showing no inclination to either medial or lateral facet. Most pareiasaurs possess cylindrical angular bosses with a main axis that is perpendicular to the tooth row in lateral view. Other pareiasaurs such as Embrithosaurus schwarzi and Nochelesaurus alexanderi (Van den Brandt et al., 2019, 2021b), show some degree of posterior inclination of the angular boss but this condition is limited to the apex, being mostly cylindrical in lateral view, rather than triangular as in the Brazilian taxon. Furthermore, the bosses of these Karoo species are curved medially, a condition that contrasts with Provelosaurus americanus. The angular boss in Pareiasuchus nasicornis is somewhat triangular in labial view and similar to that of Provelosaurus americanus, but differs in being strongly inclined medially (Haughton and Boonstra, 1930a: plate 36). Pareiasuchus peringueyi shows an angular boss that is strongly directed posteriorly, however, the morphology of this structure differs from the Brazilian taxon in being a knob with a globular, blunt end (Haughton and Boonstra, 1930a, Figures 9, 10). The wide base of the angular boss of the Brazilian taxon is comparable to that present in the Russian Scutosaurus, however in the latter both anterior and posterior surfaces of the boss are oriented at a comparable angle, resulting in a conical boss with a axis that appears vertical both lateral and posterior views. In addition, the angular boss of Provelosaurus americanus is located more posteriorly than in most pareiasaurs. Thus, the morphology of the angular boss of this species is unique among pareiasaurs and is here regarded as a diagnostic character of the Brazilian taxon.

As previously mentioned, the surangular is badly damaged, its contacts with the surrounding bones cannot be confidently traced and the adductor fossa is largely missing. The coronoid is also damaged, missing its dorsal process, and being currently exposed only in lingual view. A fragment of displaced bone that covers part of the dentary below the 12th and 13th teeth is probably a portion of the coronoid.

The articular is relatively well preserved although its sutures with the adjacent bones are not clear in lateral view. In medial view, however, this bone is largely exposed overlaying portions of the angular and the prearticular. The large surface of this bone in this view is reminiscent of Embrithosaurus schwarzi (e.g., Van den Brandt et al., 2019). Two transversally oriented, oval condyles for articulation with the quadrate are preserved, the anteriormost being much larger than the posterior one, and being separated from it by a shallow glenoid fossa. The posterodorsal end of the articular is marked by the presence of a curved retroarticular process, which tapers dorsally and does not form a lump as in other pareiasaurs.



Postcranium


Axial Skeleton

The vertebral series of Provelosaurus americanus was described in detail by Araújo-Barberena (1989b) on the basis of the nearly complete column minus cervicals from specimen UFRGS-PV-0233-P. She reported 13 dorsal vertebrae, but based on articulated rib fragments she estimated that the two anteriormost vertebrae were missing, suggesting a total number of 15 dorsals, in addition to four sacrals and an indeterminate number of caudals. Five cervicals and one anterior dorsal vertebra are preserved in the new specimen from the Santo Antônio Farm, UFRGS-PV-0359-P (Figure 7), allowing to complement the original description.
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FIGURE 7. Anterior axial skeleton of Provelosaurus americanus. (A–N,O,R) UFRGS-PV-0359-P; (P,Q,S,T,V) UFRGS-PV-0233-P. (U) UFRGS-PV-0376-P. Atlas and axis in (A) left lateral, (B) right lateral, (C) anterior, (D) posterior, (E) dorsal, and (F) ventral views. Third and fourth cervical vertebrae in (G) right lateral, (H) dorsal, (I) ventral, (J) anterior, and (K) posterior views. (L) Cervical vertebra in anterior view. First dorsal vertebra in (M) posterior, (N) anterior, (O) ventral, and (R) dorsal views. Posterior dorsal vertebra in (P) posterior, (Q) ventral, (S) left lateral and (T) anterior views. (U) Cervical rib, ?anterior view. (V) Right dorsal rib head in anterior view. at, atlas; atic, atlas intercentrum; atn, atlas neural arch; ax, axis; axic, axis intercentrum; cp, capitulum; dp, diapophysis; ds, dorsal spine; k, keel; nc, neural canal; ntc, notochordal canal; os, osteoderm; pp, parapophysis; poz, postzygapophysis; prz, prezygapophysis; raf, rib articular facet; tp, transverse process, iii–xvii, vertebrae numbers (blue, cervicals; red, dorsals).


As in all pareiasaurs, the vertebrae of Provelosaurus americanus are amphicoelic and show characteristic swollen neural arches that are transversely expanded. As far as it can be corroborated, all vertebrae are notochordal. A pair of attached vertebrae are tentatively identified here as the atlas-axis complex (Figures 7A–F). The very damaged atlas is basically a small, moderately concave centrum with neural arches. There is no trace of a proatlas or an atlas intercentrum, but these could have been lost. The axis has lost its dorsal spine. This vertebra has a very concave anterior surface that, together with a fused intercentrum, encases a large portion of the atlas. Short, anterodorsally oriented prezygapophyses are visible. Ventrally, these fuse with the bases of a transversally, directed, diapophyses. The left diapophysis is better preserved than the right one, its articulation for the rib being in the form of a vertical ellipse with a slightly concave anterior surface. Parapophyses are also preserved, being smaller than the diapophyses, and mostly cylindrical, with a circular articular facet. As mentioned above, the axis intercentrum is fused with the pleurocentrum. It extends anteriorly providing support for the ventral surface of the atlas. On its ventral surface it features a prominent sagittal keel, a structure that represents the ventralmost point of the atlas-axis complex.

The posterior cervicals (3rd, 4th, and 5th) are peculiar in that they do not have distinct diapophyses and parapophyses, contrasting with the condition described in other pareiasaur species, where these processes are separated (Boonstra, 1934c; Benton, 2016; Van den Brandt et al., 2021a). In the vertebra identified as the third cervical, the fused parapophysis-diapophysis forms a transverse process that has the shape of a minute triangular wing, with a lateroventrally oriented dorsal surface and a laterodorsal facet for articulation with a holocephalous rib (Figures 7I,J). This structure is well preserved on the left side of that vertebra. In the following cervicals (4th and 5th), this transverse wing progressively expands laterally and slightly dorsally, and its distal margin folds posteriorly. The latter feature can be well seen in ventral view. The neural arches are better preserved in the third cervical, although the prezygapophyses and the dorsal spine are damaged. The pair of postzygapophyses, together with the base of the dorsal spine, form a chevron in dorsal view, and the maximum lateral extent of each zygapophysis does not surpass that of the wing formed by the fused diapophysis-parapophysis. The pleurocentra are strongly convex in the three posterior cervicals and their ventral surfaces are also slightly pinched laterally, having an hourglass shape in ventral aspect. No intercentra were found associated with the posterior cervicals, and the shape and space between each pleurocentrum leaves little room for them. As previously mentioned, the presence of a transverse process in the cervicals appears to be unique to Provelosaurus americanus and is here tentatively regarded as a diagnostic feature of the taxon. There are, however, few comprehensive descriptions of the cervical series within Pareiasauria, our knowledge of this region basically being represented by the forms from the Tapinocephalus Assemblage Zone (Van den Brandt et al., 2021a) and the Chinese Shihtienfenia permica (Benton, 2016). Cervical ribs has been located, in the juvenile specimen UFRGS-PV-0376-P (Figure 7U) and in UFRGS-PV-0359Ł-P. It is basically a short rod with an expanded, anterodorsally flat head that is not fully preserved, and a spatulate, rugose end.

One vertebra from the Santo Antônio Farm specimen displays a morphology that is somehow intermediate between the fifth cervical and the dorsals, and is here considered to represent the sixth presacral vertebrae and the first from the dorsal series (Figures 7M–O,R). This dorsal vertebra features a transverse process that is laterally wider than that present in the cervicals, dorsally surpassing the articular facet of the prezygapophysis. The latter, in turn, is transversally larger than in the cervicals. The postzygapophyses are not fully preserved but these are clearly wider than in the recognized cervicals. There is still some morphological gap between this vertebra and the dorsals present in the articulated column from UFRGS-PV-0233-P. In the latter, the anterior dorsals feature prezygapophyses with a transverse dimension that surpasses that of the transverse process. For this reason, we estimate that one anterior dorsal vertebra (the second dorsal one) is missing in both specimens. Thus, the combined series represented by the five cervicals and first dorsal found in UFRGS-PV-0359-P, plus a putative second dorsal missing, and the 13 dorsals present in UFRGS-PV-0233-P would result in a total of 20 presacrals for Provelosaurus americanus. Based on UFRGS-PV-0233-P, the following dorsals (tentatively, presacrals 8th to 20th) (Figures 7, 8) show a trend of lateral expansion of both prezygapophyses and postzygapophyses that reaches its peak in the last four presacrals. This results in posterior dorsals transversally wider than the anterior ones (9th presacral transverse dimension = 158 mm; 17th presacral transverse dimension = 192 mm). The transverse process, on the other hand, merges with the prezygapophysis in the dorsal vertebrae, and progressively reduces its vertical dimension, becoming a mere facet for articulation of the rib that protrudes lateroventrally from the base of the prezygapophysis. The dorsal pleurocentra appear less concave than the cervical ones and small dorsal intercentra are present. Minute, likely non-functional, hypantra and hyposphenes are found above the neural canals (Araújo-Barberena, 1989b). The dorsal spines are short, robust and slightly inclined anteriorly, a factor that, in combination with the prominent lateral expansion of the zygapophyses, creates very low posterior dorsal vertebrae (Figures 7P,S,T, 8A). This results in a geometry that contrasts with the condition in other pareiasaur species, where the dorsal vertebrae feature a dorsoventral dimension that is greater than or subequal to the transverse dimension. In the posterior dorsal vertebrae of Provelosaurus americanus, the transverse dimension is equivalent to ∼1.6 times the dorsoventral dimension. Although the vertical compression suffered by the fossil could be partially responsible for the vertebrae being overly low, their spines are too short to be considered exclusively the result of a taphonomic feature. Ribs are present along the complete dorsal portion of the column. None of them is fully preserved in its extension. They are conservative, featureless, ventrally recurved rods. They are basically holocephalous, with triangular heads, but an incipient tubercle can be recognized in the posterior dorsal ones (Figure 7V).
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FIGURE 8. Posterior axial skeleton of Provelosaurus americanus, UFRGS-PV-0233-P, in (A) dorsal and (B) ventral views. ic, intercentrum; il, ilium; is, ischium; os, osteoderm; rb, rib; xix–xxviii, vertebrae numbers (red, dorsals; green, sacrals; yellow, caudals).


The sacral series found in UFRGS-PV-0233-P comprises four vertebrae (Figure 8). Their pleurocentra are robust but dorsoventrally lower than the dorsals, and bear distally expanded ribs for articulation with the iliac blade. The first sacral vertebra is the largest of the group, featuring massive ribs that are posterolaterally oriented, and considerably wider in anteroposterior dimension than the following. The dorsal spine and the prezygapophyses of the first sacral vertebra show the same morphology and dimensions of the preceding dorsal vertebrae. The dorsal surfaces of the second, third and fourth sacrals are not well preserved, and are partially covered with osteoderms, precluding detailed observations, but their zygapophyses appear less developed than in the first one. In the second and the third sacrals, the axis of the ribs is nearly perpendicular in relation to the sagittal plane. In the fourth sacral, this rib also departs perpendicularly from the pleurocentrum but distally it curves anteriorly. This rib is less expanded distally than in the three anterior sacrals. No intercentra were found among the sacrals, but the space present between the pleurocentra suggests that these could have been lost.

The anterior portion of the caudal region is preserved in UFRGS-PV-0233-P (Figure 8), likely comprising at least half of the tail. The first four caudal vertebrae bear ribs and can be individually recognized, although their dorsal surface is damaged and their dorsal spines are broken. These vertebrae bear reduced zygapophyses and small, proximally thickened ribs. Their ventral surface is not prepared. The remaining caudal vertebrae are smaller, simplified versions of the anterior ones, apparently lacking ribs. They are too badly preserved to be individually recognized, but some ten vertebrae can be estimated, resulting in approximately 14 caudals preserved in UFRGS-PV-0233-P. A few additional, smaller vertebrae should have been present to complement the caudal series. The poor preservation of these vertebrae precludes observation of facets for hemal arches or the presence of intercentra.



Shoulder Girdle

The Santo Antônio Farm specimen (UFRGS-PV-0359-P) provides the first Provelosaurus americanus interclavicle (Figures 9A–D). It has the typical anchor shape that is characteristic of pareiasaurs and procolophonoids, basically formed by a transverse bar that is perpendicular to a posterior, longitudinal rod. The transverse bar is formed by two laterally projected arms that have acute ends and are dorsally bowed. In anterior view, each arm has a deep, arcuate, rugose sulcus for articulation of the clavicles. This groove thins progressively toward the midline, meeting its counterpart at a narrow junction where the clavicles likely had a small contact. The intersection between the transverse and the longitudinal rod is the thickest point of the bone. From here, a median stem projects posteriorly, bearing a ventral sagittal buttress that is very prominent anteriorly and weakens posteriorly. The median rod progressively flattens and decreases in thickness toward the posterior end. This stem is conspicuously long, being equivalent in anteroposterior dimension to the total transverse dimension of the lateral arms. These proportions contrast with the reported condition in other pareiasaurs, where the median rod is always shorter than the combined transverse dimension of the lateral arms (e.g., Tsuji, 2013; Xu et al., 2014; Benton, 2016; Van den Brandt et al., 2021a). The morphology of this bone in Provelosaurus americanus is, in fact, somewhat intermediate between the condition present in pareiasaurs and procolophonids (e.g., deBraga, 2003; Cisneros, 2008; Hamley et al., 2021). Therefore, the configuration of the interclavicle is considered here a diagnostic feature of the Brazilian pareiasaur. The median rod is noticeably curved posteriorly, its end being spatulate and covered with rugosities on both its ventral and dorsal surfaces. In the ventral surface these are loosely arranged as six sinuous, parasagittal rows, whereas over the dorsal surface the rugosities are mostly limited to the edges of the bone, being thicker at the posterior margin.
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FIGURE 9. Pectoral girdle of Provelosaurus americanus. UFRGS-PV-0359-P, interclavicle in (A) ventral view, (B) anterior view, (C) right lateral view, (D) dorsal view. (E,F) UFRGS-PV-0376-P, left scapulocoracoid in lateral view. UFRGS-PV-0359-P, right clavicle in (G) posterior (dorsal end to the top of the page), (H) lateral and (I) anterior views. (J,K) UFRGS-PV-0376-P, left scapulocoracoid in medial view. (L–N) UFRGS-PV-0231-P (holotype), right scapulocoracoid in (L) lateral, (M) anterior, and (N) medial view. (O) UFRGS-PV-0376-P, left scapulocoracoid in lateral view, field photograph showing partially ossified margin if posterior coracoid. UFRGS-PV-0359-P, left clavicle medial portion in (P) anterior and (Q) posterior (internal) view. acr, acromion; bt, buttress; cof, coracoid foramen; glc, glenoid cavity; k, keel; sc, sulcus; ssf, subscapular fossa.


The first clavicles of Provelosaurus americanus are preserved in UFRGS-PV-0359-P (Figures 9G–I,P,Q). These are represented by an almost complete right bone missing the medialmost tip, and a small medial portion of the left counterpart. Combined, they provide a nearly complete view of the clavicle in this species. The clavicle is basically an arched rod that can be divided in a medial portion that articulates with the interclavicle and a lateral portion that curves dorsally. The medial portion is dorsoventrally wider and is reinforced by a thick buttress along its ventral edge. On its anterior surface it bears a mediolaterally directed, shallow sulcus. The dorsal edge of this area is damaged in both clavicles. This sulcus is not as deep as in Embrithosaurus schwarzi and Nochelesaurus alexanderi (e.g., Van den Brandt et al., 2021a). On its posterior surface there is a prominent, mesiolaterally directed keel that fits into the articular facet of the interclavicle. The ventral buttress continues onto the lateral portion of the clavicle. In anterior view, a second buttress departs obliquely from the ventral point where the clavicle is more arcuate and reaches the dorsal edge of the bone, becoming the anterior edge of the spatulate end of the clavicle. This end is a subrectangular platform that is perpendicularly oriented in relation to the clavicular ventral edge. It bears several thin rugosities on its ventral surface but is smooth in the dorsal aspect. In posterior view, the lateral portion of the clavicle is mostly devoid of features, except for the posterior margin of the spatulate end that smoothly merges with the main plane of the bone and some rugosities that are likely related to ligaments for attachment with the anterior coracoid or the scapula. Lateral portion bears a prominent ridge or buttress. The distal end of the clavicle is spatulate and rugose, which is similar to the condition in Embrithosaurus schwarzi and Shihtienfenia permica, but different to that in Nochelesaurus alexanderi and Bradysaurus seeleyi (Benton, 2016; Van den Brandt et al., 2021a).

The holotype of Provelosaurus americanus possesses a complete, well preserved right scapulocoracoid (Figures 9L–N), which was described in detail by Araújo (1986a). The new specimen UFRGS-PV-0376-P consists of an isolated left scapulocoracoid (Figures 9E,F,J,K,O) and a cervical rib (see above), found at the Provelosaurus type locality, that belongs to an immature individual. It is very well preserved, apparently with little or no diagenetic deformation, although its sutures are not clear. The ossification of the ventral margin of the posterior coracoid is partially unfinished in UFRGS-PV-0376-P, indicating that it was cartilaginous in life. An impression of its original contour was preserved in the siltstone matrix that contains the bone. During the preparation work it was attempted to fully preserve this feature, however, it suffered some damage in the process. Its full contour can be seen in photographs taken in the field (Figure 9O).

In lateral view, the dorsal portion of the scapula of Provelosaurus americanus is an anteroposteriorly oriented, mostly rectangular blade, with a nearly straight horizontal dorsal margin and a subtle concave posterior border. This blade is mediolaterally thin and in the holotype, appears sigmoidal close to the top, in cross section. This is due to a thin vertical buttress, on the medial surface, along the anterior border, and another vertical ridge that runs on the lateral surface along the posterior margin. These bars are also seen in the scapulocoracoid of the juvenile UFRGS-PV-0376-P, albeit the posterior one is more developed on the medial surface than on the lateral one. The acromion process is better preserved in the juvenile specimen UFRGS-PV-0376-P, where it protrudes anteriorly as a subrectangular process with a convex edge. The scapula expands anteroposteriorly toward the junction with the coracoids. In this area, in lateral view, there is a wide, dorsoventral buttress that meets the anterior dorsal border of the glenoid cavity, dorsal to the anterior coracoid foramen. It is at this point that the rim of the glenoid fossa reaches its widest lateral dimension. This buttress is faced medially by a prominent subscapular fossa that continues briefly into the anterior coracoid.

The scapula and the posterior coracoid form most of the glenoid cavity. In lateral view, the morphology of this fossa is somewhat shaped as an inverted “L,” with a larger, oblique subrectangular portion on the coracoid and a smaller quadrangular portion anteriorly projected over the scapula above the anterior coracoid foramen. In this way, the outline of the glenoid fossa resembles that of Nochelesaurus alexanderi (Van den Brandt et al., 2021b). As previously mentioned, the glenoid cavity is bordered dorsally by a ridge that appears low in the holotype, probably due to compression, but is higher in UFRGS-PV-0359-P. The dorsal facet of the glenoid cavity faces laterally and slightly ventrally, contrasting with the condition in Bunostegos akokaensis from Niger, in which this facet is very ventral and supports a more verticalized humerus (Turner et al., 2015).

In the type specimen, both the anterior border of the anterior coracoid and posterior border of the posterior coracoid are damaged. In the new juvenile specimen these bones form a lamina that is anteroposteriorly larger than reconstructed by Araújo (1986a, p. 1). UFRGS-PV-0376-P shows an anterior coracoid extending anteriorly in relation to the acromion process and a posterior coracoid margin projected well beyond the margin of the glenoid cavity. A wide embayment is present along the ventral anteroventral margin of the anterior coracoid and a small part of the posterior coracoid in UFRGS-PV-0376-P, and is likely ontogenetic in nature.



Forelimb

The forelimb (Figure 10) is here described assuming a sprawling position, with the humerus main axis horizontally placed and its intercondylar fossa facing dorsally, the radius and ulna vertically oriented, with the latter being lateral to the former. Two humeri of Provelosaurus americanus have been previously described, a right one from the type specimen (UFRGS-PV-0231-P) (Figures 10H–J) and another right bone from the postcranium UFRGS-PV-0233-P (Araújo, 1986b; Figures 10K–M). A new right humerus (Figures 10A–G) is preserved in the specimen from the Santo Antônio Farm, UFRGS-PV-0359-P. It is of intermediate size between the two previous specimens, broken at the shaft, and showing some damage on the epicondylar flanges. Otherwise, it is better preserved than the previous fossils in some aspects, particularly its proximal and distal articulations, allowing some clarifications. Its estimated length along the main axis of the bone is 267 mm and its distal maximum expansion is ∼115 mm wide. Its proximal head is a wide plate (maximum expansion ∼150 mm) with a nearly quadrangular outline in dorsal (extensor) view. In this aspect, the humerus shows a well developed oblique ridge that divides this area of the head in two surfaces, a smaller anterior (preaxial) almost triangular area and a larger (postaxial) subsquare area. The anterior surface of this ridge is mostly devoid of features and supports the deltopectoral crest. The posterior area is covered with some rugosities and a shallow buttress (“turret” in Van den Brandt et al., 2021a) that departs some 50° from the main ridge and provides accommodation for the triceps muscle (Jalil and Janvier, 2005). Posteriorly, this area bears a tubercle that is bordered proximally by a notch, both features are also seen in Nochelesaurus alexanderi (Van den Brandt et al., 2021a). The ventral (flexor) surface is notoriously concave, with the deltopectoral crest forming its anterior border. As in many pareiasaurs, the proximal surface of the humerus has a wide, concave, rugose facet, indicating that a large cartilaginous cap was present for articulation with the glenoid cavity (Turner et al., 2015; Van den Brandt et al., 2021a). A notable feature reported in the humerus of Provelosaurus americanus type-material is the very low angle between its proximal and distal heads due to a strong torsion of the proximal and distal ends (Araújo, 1986b), with an angle equal or lower than 15°, a feature only seen among pareiasaurs in Anthodon serrarius (Boonstra, 1932; Lee, 1997a). Unfortunately, due to the fracture of the shaft, we cannot confirm this characteristic in UFRGS-PV-0359-P. The entepicondyle of Provelosaurus americanus lacks the flange that is present in other pareiasaurs, and in this respect it is similar to that of the genus Pareiasuchus (Lee, 1997a). Both epicondyles project distally from the epicondylar surface in a moderate fashion, comparable to the condition in Embrithosaurus schwarzi. The entepicondylar foramen is not visible in the new fossil, but this area has some patches of matrix and this structure could be still obscured by oxide. The capitulum is a massive hemispherical structure, dominating the ventral intercondylar surface, with an oblique projection toward the end of the ectepicondyle, similar to Embrithosaurus schwarzi, barely reaching the distal end of the bone. A ridge caps the distal end of the radial condyle. It continues distally, with a small posterior bifurcation, and reaches the dorsal surface of the bone where it continues obliquely into the intercondylar fossa. The trochlear notch is moderately shallow, and is limited posteriorly by a ridge that continues onto the distal end of the head. The epicondylar distal projections do not surpass the radial and ulnar articulation surfaces.
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FIGURE 10. Forelimb of Provelosaurus americanus. (A–G) UFRGS-PV-0359-P, right humerus in (A,D) dorsal (extensor), (B,E) ventral (flexor), (C) anterior, (F) proximal (dorsal to the top) and (G) distal (dorsal to the top) views. (H–J) UFRGS-PV-0231-P (holotype), right humerus in (H) dorsal (extensor), (I) ventral (flexor) and (J) anterior views. (K–M) UFRGS-PV-0233-P, right humerus in (K) dorsal (extensor), (L) flexor (flexor), and (M) anterior views. (N–P) UFRGS-PV-0233-P, right radius in (N) medial, (O) lateral, and (P) proximal views. (Q–S) UFRGS-PV-0233-P, right partial ulna in (Q) medial, (R) lateral, and (S) adductor view. ca, capitulum; dpc, deltopectoral crest; ec, ectepicondyle; en, entepicondyle; enf, entepicondylar foramen; icf, intercondylar facet; op, olecranon process; parf, proximal articular surface; nc, notch; rg, ridge; t, tubercle; tr, trochlea; tri, facet for attachment of triceps.


The radius and the ulna of Provelosaurus americanus are known from the right forelimb of specimen UFRGS-PV-0233-P (Araújo, 1986b). These bones were recently cut at their shafts for histological study (Farias et al., 2021). The radius of Provelosaurus americanus (Figures 10N–P) has a conservative morphology, being mainly cylindrical with expanded, unfinished epiphyses that presumably were cartilaginous (Araújo, 1986b). The articular facet of the proximal head has a reniform outline and is somewhat convex rather than concave as it would be expected for its articulation with the capitulum of the humerus, suggesting that a large portion of cartilage was present in life. Considering the small size of UFRGS-PV-0233-P in relation to the holotype, as can be inferred comparing their humeri, this is likely a feature resulting from the immaturity of the individual at the time of death. In lateral view, the radius has a posterior concave outline facing the ulna and is notable for having a very wide distal head that is also vertically thin (Araújo, 1986b). Although the latter trait differs from most pareiasaurs (Van den Brandt et al., 2021a), in which the distal head is more robust, this may also be an artifact related to the early ontogenetic age of the individual.

Most of the right ulna was found in UFRGS-PV-0233-P (Figures 10Q–S), except for the missing distal end. The bone has several fractures and is slightly compressed in the mediolateral direction. Its proximal head appears gracile in comparison with the ulna of the large pareiasaurs from the Tapinocephalus Assemblage Zone (Van den Brandt et al., 2021a) although part of its thin constitution could be related to the compression that affected UFRGS-PV-0233-P. This bone features a moderately developed olecranon process, although its posterior extension cannot be fully assessed because its border is not completely preserved. Its facet for articulation with the trochlea is a wide, recurved notch that is bordered medially and laterally by two low ridges. Other pareiasaurs feature well developed ridges here and a prominent sulcus between them, but these traits are weakly developed in UFRGS-PV-0233-P.



Pelvic Girdle

Two pelvic girdles are known, both described by Araújo-Barberena (1989a). The first one is part of the articulated postcranium UFRGS-PV-0233-P (Figures 8, 11E), and a second pelvis, UFRGS-PV-0232-P (Figures 11A–D), found isolated at the type locality. Both belong to immature individuals but UFRGS-PV-0232-P is smaller and more gracile. Both suffered distortion, especially the latter, which is compressed anteroposteriorly. Sutures cannot be confidently traced on any of the specimens. The ventral view is not fully prepared in UFRGS-PV-0232-P and in UFRGS-PV-0233-P much of the ischium and the ventral surface of the symphysis are covered with epoxy. Due to the fragility of the former, the acetabulum was left unprepared on both sides.
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FIGURE 11. Pelvis and hind limb of Provelosaurus americanus. (A–D) UFRGS-PV-0232-P, pelvis in (A) anterior, (B) right lateral, (C) left lateral, and (D) dorsal view (anterior to the top). (E) UFRGS-PV-0233-P, pelvis in right lateral view. (F–I) Right femur in (F) anterior (preaxial), (G) ventral (flexor), (H) posterior (preaxial), and (I) dorsal (extensor) views. (J) Right tibia in medial (flexor) view. (K) Right fibula in medial (flexor) view. ac, acetabulum; ar, abductor ridge; cc, cnemial crest; icf, intercondylar fossa; il, ilium; is, ischium; it, internal trochanter; lc, lateral condyle; mc, medial condyle; pb, pubis; pf, popliteal fossa; pfg, postaxial flange; rg, ridge; sr, first sacral rib.


In lateral view, the ilium of Provelosaurus americanus is a bone with an hour-glass outline. Its shaft shows anterior inclination, a feature more clearly seen in UFRGS-PV-0233-P, being in this respect different from the ilium of species such as Bradysaurus baini or Embrithosaurus schwarzi (e.g., Van den Brandt et al., 2021a). The iliac blade is only moderately expanded anteriorly. Its dorsal border is slightly convex and its posterior process is reduced. The acetabulum is slightly deep as far as can be seen, and is bordered dorsally by a well developed buttress. The blade is mediolaterally flattened, and in dorsal view it appears anterolaterally aligned, showing almost no eversion. The pelvic symphysis is anteroposteriorly short and the ischiatic plate is more developed than the pubic one. The posterior border of the ischium is convex, and in lateral aspect it appears posteroventrally recurved.



Hindlimb

These bones (Figure 11) are known exclusively from the right hindlimb of UFRGS-PV-0233-P, found articulated and described by Araújo (1986b). All three bones were posteriorly disarticulated in the laboratory and further prepared, and the tibia and the fibula were cut at their shafts for histological study by Farias et al. (2021). The femur was originally found very damaged with the proximal head missing, and the distal head incomplete. As is the case with other long bones in this sub-adult individual, large portions of the epiphyses were likely formed by cartilage, which hindered its full preservation. The femur of Provelosaurus americanus appears to have an anteroposteriorly wide shaft, in contrast to pareiasaurs such as Pareiasuchus peringueyi and Scutosaurus karpinskii (e.g., Lee, 1997a, p. 14), but is reminiscent of older forms such as Bradysaurus baini and Nochelesaurus alexanderi (e.g., Van den Brandt et al., 2021a). This is due to a well developed postaxial flange that extends distally and has a straight posterior margin, rather than a concave one as is the case in Pareiasuchus peringueyi and Scutosaurus karpinskii. In dorsal view, on its proximal region, a portion of a prominent ridge borders the anterior margin of the postaxial flange (Araújo, 1986b), a feature for muscle attachment that is shared with other pareiasaurs (Haughton and Boonstra, 1930b; Van den Brandt et al., 2021a). The intercondylar fossa is seen in this view. Araújo (1986b) noticed that this structure appears longer and deeper than expected, probably due to damage. However, in Bradysaurus baini this fossa also takes the form of a well developed sulcus (Van den Brandt et al., 2021a). In ventral view, the internal trochanter is visible on top of the abductor ridge. As in Bradysaurus baini and Embrithosaurus schwarzi (Haughton and Boonstra, 1930b; Van den Brandt et al., 2021a), this trochanter has a sigmoid outline. The abductor ridge is oriented toward the popliteal fossa and becomes shallow as it approaches it. This fossa is mostly a tear-drop shaped depression. Its distal border is damaged. As mentioned above, both distal condyles are poorly preserved.

Due to bad preservation, few details can be assessed regarding the tibia and the fibula. The former was very compressed during diagenesis and its epiphyses are not fully preserved, presumably formed by most part of cartilage in life. We can only confirm that it was a robust long bone with expanded epiphyses. The fibula, in turn, is missing more than half of its body. It is a delicate bone, almost half the width of the tibia.



Autopodia

We located 30 undescribed, partially prepared and semi-articulated autopodial elements associated with the specimen UFRGS-PV-0233-P (Figure 12). There is no information regarding the collection or preparation of this material in the UFRGS-PV laboratory notebooks, but all the bones are labeled and numbered, and the size, morphology and preservational aspect of these corroborate that they can be ascribed to Provelosaurus americanus.
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FIGURE 12. Autopodial elements of Provelosaurus americanus (UFRGS-PV-0233-P). (A–F) Isolated metapodials in dorsal (A,C,E) and ventral (B,D,F) views. (G–U) Articulated elements in dorsal (G,M,Q,T), ventral (H,J,N,P,S), left lateral (I,R) and right lateral (L,O,U) views. (J–L) Pollex, composed of a metacarpal, a proximal/basal phalanx and a distal/ungual phalanx. mc, metacarpal; mph, middle phalanx; pph, proximal phalanx; uph, ungual phalanx.


Among the fossils, only metapodial and acropodial elements were recognized and their size and morphology does not allow a precise determination of their topology. All of them bear a high number of nutritional foramina, its density increasing distally. Among the metapodials, there are eight elements indicating that more than one autopodium is represented. One of the metapodials was sectioned for histological analysis by Farias et al. (2021). As in Bradysaurus seeleyi (SAM-PK-8941) and Nochelesaurus alexanderi (SAM-PK-5012) (Boonstra, 1929a,b), the metapodials of Provelosaurus americanus are longer than wider, with expanded articulation surfaces and constricted shafts, except for the element identified as the first manual metacarpal. The latter is wider than longer, pentagonal and more flattened than the other metapodials. Proximally, it has two articulation surfaces separated by a dorso-palmar-oriented constriction. The distal articulation surface of this metacarpal is elliptical and two phalanges are still articulated: the basal phalanx I and the ungual phalanx I. The remaining metapodials described here are very similar in morphology, except by their robustness and the subtriangular to elliptical shape of proximal articulation surfaces. We tentatively identify them as indeterminate II–V metapodials, possibly representing metacarpals. If our interpretation is correct, these putative metacarpals are more slender than those seen in Embrithosaurus schwarzi (SAM-PK-8944) (Boonstra, 1932) and Pareiasaurus serridens (SAM-PK-K10036).

Besides the manual digit mentioned above, three others are completely articulated, being formed by two nearly discoidal phalanges and one large, pointed ungual (suggesting that they represent either the manual or pedal digits II–IV). In these materials, the medial (or penultimate) phalanges are pulley-shaped, evincing a high range of flexion movement of the terminal and subterminal joints. However, a dorsal, proximally directed crest on the medial phalanges could restrict the dorsal extension movements on the medial-proximal phalangeal joints. Seven additional, isolated and smaller non-ungual phalanges also occur in UFRGS-PV-0233-P, evincing the shape and size of their joint surfaces. The proximal articulation surfaces are wider and taller than the distal ones.

The six ungual phalanges are dorsoventrally flattened and have a subcircular to triangular shape in dorsal view. The longer unguals are also stouter, more ventrally curved and even more acute in their distal end. The proximal articulation surface is elliptical and concave. The ventral surface of the unguals bears a keel and is separated from the dorsal one by a sharp margin and present larger foramina. A single, isolated ungual phalanx is present in UFRGS-PV-0359-P, with similar shape and size to those from UFRGS-PV-0233-P.



Dermal Armor

The osteoderms in the Brazilian pareiasaur were previously known based on specimen UFRGS-PV-0233-P (Araújo-Barberena, 1987). In that postcranium, scutes were found attached to the dorsal surface of the thoracic and caudal vertebrae (Figures 7P,S, 8A), forming a narrow band over the midline of the body, as in the Tapinocephalus Assemblage Zone pareiasaurs (Boonstra, 1934b; Van den Brandt et al., 2021a) and in the Russian Deltavjatia rossicus (Tsuji, 2013). New osteoderms found in UFRGS-PV-359-P provide additional information. These were not attached to the vertebrae but instead found between the inner side of the scapulocoracoid and two cervical ribs (Figure 13A). These osteoderms are of various dimensions and show a very simplified morphology. The smallest one is circular (11 × 10 mm) and the two larger ones are oval (35 × 23 mm and 26 × 17 mm) whereas a fourth one is partially covered by a rib. They are basically domed, lacking a central boss, the larger ones having very weak ridges. Araújo-Barberena (1987) described two main types of osteoderms over the vertebrae of Provelosaurus americanus: sagittal ones, being more circular and having a weak boss with a small central concavity; and lateral osteoderms (Figures 13B–E), oval and smaller than the former, lacking the central concavity. The largest osteoderms were reported to be located at the first dorsal vertebrae [sagittal osteoderm: 37 × 32 mm, lateral osteoderm: 28 × 17 mm (Araújo-Barberena, 1987), Figure 1A]. The scutes in UFRGS-PV-359-P contrast in both size and morphology, as in the new fossil the smaller scute is circular and the largest are oval, and all lack the central concavities. Based on these discrepancies, we interpret that these osteoderms are not related to the vertebral column but rather to the cervical ribs to which they are still in contact with. The new fossils, thus, indicate that osteoderms covered the lateral surfaces of the neck. There is yet no indication that osteoderms were present over the girdles, limbs or the remaining ribs in the Brazilian pareiasaur. Is not unlikely, however, that osteoderms covered a broader area of the body, because these small elements may easily detach due to postmortem factors.
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FIGURE 13. Osteoderms of Provelosaurus americanus. (A) UFRGS-PV-0359-P, partial scapulocoracoid in medial view, with attached ribs and osteoderms. (B–D) UFRGS-PV-0233-P, lateral osteoderms from top of the vertebrae in (B,C) dorsal and (D,E) ?lateral views. Scale bar represents 15 mm for (A) and 10 mm for (B–E). cv, cervical rib; dv, dorsal rib; os, osteoderm; sc, scapulocoracoid.




DISCUSSION


Phylogenetic Relationships

The first analysis produced 600 most parsimonious trees (MPT) and a tree score of 275 steps. The topology of the majority rule consensus (Tree 1 in Supplementary Material) does not differ from the results obtained by Liu and Bever (2018, 5a) except for the placement of Shihtienfenia permica, which in our analysis is not grouped with the ‘dwarf pareiasaurs’ but rather with the genus Pareiasuchus, and for the position of Nochelesaurus alexanderi, which is now basal to Bradysaurus baini rather than in a polytomy. Removing Obirkovia gladiator in the second analysis reduced the number of MPT to 414 but retained a tree length of 275. The only topological change in the majority rule consensus (Tree 2 in Supplementary Material) in relation to the first analysis is in the Elginiidae sensu Liu and Bever (2018), which loses Arganaceras vacanti from Morocco as one of its members, being now formed exclusively by the two Elginia species. Removing Sanchuansaurus pygmaeus instead of Obirkovia gladiator produced only 200 MPT with a tree score of 271. The majority consensus is presented in Figure 14 (Tree 3 in Supplementary Material). In all three analyses, Provelosaurus americanus is recovered within the ‘dwarf pareiasaurs’ or Pumiliopareiasauria sensu Jalil and Janvier (2005), forming a trichotomy with Nanoparia luckhoffi and the Anthodon serrarius-Pumiliopareia pricei dichotomy. Our results contrast with those presented by Van den Brandt et al. (2019) in which the dwarf pareiasaurs do not form a clade and, on the other hand, the Tapinocephalus Assemblage Zone pareiasaurs do form a natural group. These authors, however, focused only on cranial characters, which explains the absence of Pumiliopareia, a clade largely based on postcranial features. Although the overall support for the tree is low, our results confirm previous studies (Lee, 1997b; Jalil and Janvier, 2005; Tsuji and Müller, 2008; Tsuji, 2013; Tsuji et al., 2013; Turner et al., 2015; Benton, 2016; Liu and Bever, 2018) that found the Brazilian taxon to be a ‘dwarf pareiasaur,’ being by far the oldest member (see below) of this Gondwanan clade. This relationship has been traditionally supported by features of the humerus but it is now based on two non-ambiguous cranial character states as well, being the absence of a cingulum (72:0) and the tabular-parietal contact on the skull roof (142:1). At the time of submitting the final version of our manuscript we had access to a study by Van den Brandt et al. (accepted) which further confirms the placement of Provelosaurus americanus within Pumiliopareia.
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FIGURE 14. Stratigraphically calibrated relationships of Pareiasauria. Majority rule consensus of 200 MPT (tree score: 270) excluding Sanchuansaurus pygmaeus. Numbers behind nodes represent symmetric resampling values above 50% (calculated from 5000 replicates, p = 33). Pareiasaur occurrences/ranges based on Jalil and Janvier (2005), Tsuji and Müller (2008), Liu et al. (2014), Benton (2016), Olroyd and Sidor (2017), Sennikov and Golubev (2017), Liu and Bever (2018), Day and Rubidge (2020), Day and Smith (2020), Schneider et al. (2020), Smith (2020), Smith et al. (2020), and Viglietti (2020). Dates after Cohen et al. (2021). Pumiliopar, Pumiliopareiasauria (“dwarf pareiasaurs”). Bradysauria sensu Van den Brandt et al. (2019), Pumiliopareiasauria and Therischia sensu Jalil and Janvier (2005), Elginiidae sensu Liu and Bever (2018). Gray bars indicate ranges with high uncertainty.




The Age of the Brazilian Pareiasaur

The presence of temnospondyls and pareiasaurs at the Aceguá area originally led Barberena et al. (1985) to propose the Aceguá Local Fauna, which would be correlated to the Lopingian Daptocephalus Assemblage Zone of the South African Karoo Basin due the common occurrence of the genus originally identified as Pareiasaurus (Araújo, 1985b; Barberena et al., 1985) in Brazil. In this framework, the Aceguá Local Fauna would be younger than the Endothiodon-bearing Serra do Cadeado Local Fauna (this one correlated to the Cistecephalus Assemblage Zone) found in the northern Paraná Basin (Barberena et al., 1985; Boos et al., 2015). The reassignment of the Brazilian pareiasaur to a new genus (Provelosaurus) by Lee (1997a), in addition to the discovery of dinocephalians (Langer, 2000) and the platyoposaur temnospondyl Bageherpeton longignathus (Dias and Barberena, 2001) in the same geological unit (but see below), however, precipitated some controversies regarding the age of the Rio do Rasto Formation in the state of Rio Grande do Sul. Dinocephalians are known exclusively from Guadalupian rocks (Kammerer, 2011; Rubidge et al., 2019) and platyoposaur-like temnospondyls are restricted to Sakmarian–Wordian deposits (Eltink et al., 2019). It is worth mentioning that these taxa were originally recorded at different outcrops in Aceguá and São Gabriel municipalities (Figure 1). This fact, combined with the geography in southern Brazil, which is characterized by a vegetation cover that separates small rock exposures, makes it difficult to make local correlations and renders the possibility of different ages for these fossil sites.

Provelosaurus americanus is the only tetrapod species recorded in both Aceguá and São Gabriel (Figure 1). In the latter, it co-occurs with anteosaurid and tapinocephalid dinocephalians [Langer, 2000; Cisneros et al., 2005; Boos et al., 2015; Figures 1C (site 4), 2D]. The presence of dinocephalians in this assemblage indicates an age not younger than late Guadalupian, which is now supported by a geochronological date (266.7 ± 5.4 Ma; Rocha-Campos et al., 2019) obtained from the ashfall layer found only 2 m below the putative level in which one of the Provelosaurus americanus specimens was found (see Figures 1B (site 7), 2B). Considering the broad error margin, this radiometric dating places the Provelosaurus-bearing faunas within the early Roadian-middle Capitanian interval. The remaining tetrapods of the Morro Pelado Member fauna in Rio Grande do Sul, however, suggest an age not older than Wordian. Tapinocephalids are known elsewhere only in Wordian and Capitanian rocks (Rubidge and Day, 2020; Day and Rubidge, 2021), the basal anomodont Tiarajudens eccentricus is closely related to Anomocephalus africanus (see Cisneros et al., 2015) from the upper Tapinocephalus Assemblage Zone, and the temnospondyl genus Konzhukovia, recently identified at the Boqueirão Farm in São Gabriel (Pacheco et al., 2017), is restricted to the Wordian–Capitanian interval in the Russian Platform. Nevertheless, the Brazilian pareiasaur would be older than the Karoo “dwarf pareiasaurs” and at least as old as the three pareiasaur genera from the Tapinocephalus Assemblage Zone and Bunostegos akokanensis from the Moradi Formation of Niger (Olroyd and Sidor, 2017; Figure 14).

The long-snouted temnospondyl Bageherpeton longignathus, known from an incomplete lower jaw from Aceguá (Dias and Barberena, 2001), is an enigmatic taxon that has not been found associated with pareiasaurs nor dinocephalians. Although reportedly collected in the Rio do Rasto Formation, the precise stratigraphic context of this fossil was not provided by the authors. Furthermore, the site that produced this fossil (site 1 in Figure 1B) currently exposes the Teresina Formation (Serviço Geológico do Brasil - CPRM, 2021). This suggests that this platyoposaur was likely collected in a lower geological unit, either in the Serrinha Member of the Rio do Rasto Formation or in the Teresina Formation. A geochronological date for the Serrinha Member was recently obtained (270.61 + 1.76/–3.27 Ma; Francischini et al., 2018), from an outcrop (site 8 in Figure 1B) located 6.5 km north of the Provelosaurus americanus type locality. Xenacanthus santosi, a chondrichthyan found in the Bageherpeton longignathus site (Würdig-Maciel, 1975), is also recorded in an outcrop of the Teresina Formation at the Tiarajú District in São Gabriel (Klein, 1999), reinforcing the second hypothesis. In either scenario, Bageherpeton longignathus would be in a stratigraphically lower position than the tetrapods from the Morro Pelado member.



Taphonomy and Paleoecology

With the exception of the partial skull MCP 4263PV from São Gabriel municipality, all remaining six Provelosaurus americanus specimens were recovered in the Aceguá area. Four individuals of different ontogenetic stages were found in a area of less than 100 m2: two adults (UFRGS-PV-0231-P and UFRGS-PV-0358-P) and two small juveniles (UFRGS-PV-0232-P and UFRGS-PV-0376-P) were collected from the type locality; a sub-adult (UFRGS-PV-0233-P) 600 m south; and one adult (UFRGS-PV-0359-P) in the Santo Antônio Farm, 5 km to the east. Unfortunately we cannot confirm that UFRGS-PV-0233-P came from the same stratigraphic horizon as the four specimens from the type exposure because, despite its close proximity, both road cuts are two small to allow a confident correlation. For the same reasons, we cannot correlate these exposures with the skeleton found at Santo Antônio Farm.

Even if we cannot confirm that all Aceguá pareiasaurs are within the same stratigraphic horizon, it is still a good question why six individuals from the same species, including juveniles and adults, but no other tetrapods yet, were found in such a small area. This occurrence becomes more remarkable when considering the modern geography of the region, being largely covered by permanent vegetation and crops, with only very small, human-made exposures available for fossil searching, suggesting that the amount of fossils present in the area could be considerably higher than what is detectable under current circumstances. The fossils at the type locality (UFRGS-PV-0231-P, UFRGS-PV-0232-P, UFRGS-PV-0358, and UFRGS-PV-0376) occur within a massive siltstone package. Apart from lithostatic compression, they are well preserved. None of the fossils exhibits a high fragmentation degree (apart from some of the teeth) nor intense reworking. Also, with a possible exception of one bone in UFRGS-PV-359-P, there are no biting traces that could indicate the action of carnivores/scavengers on the carcasses. On the other hand, all these four specimens show some degree of disarticulation. The type skull was in situ (Figure 4C) and the humerus and pectoral girdle were ex situ with no other skeletal parts found (Araújo, 1985b). However, considering that the type was found in a road cut, it cannot be discarded that a more complete skeleton was originally preserved but lost during the opening of the road. The Santo Antônio Farm specimen, also an adult, includes cranial and postcranial bones that were found ex situ, which were presumably in articulation before being damaged by human activity, as shown by several recent fractures. The postcranium UFRGS-PV-0233-P, is the only non-adult found articulated. On the other hand, the young-adult skull UFRGS-PV-0376-P and the small scapulocoracoid described here (UFRGS-PV-0358-P), were in situ and completely isolated from other skeletal elements, as is the case of the juvenile pelvis, UFRGS-PV-0232-P, described by Araújo (1986b). In short, based on all taphonomic signatures mentioned above, there is no strong evidence of a long-distance transportation or a long-term exposition, and the disarticulation degree can be, at least to some degree, related to the age of the individual.

There are no reported concentrations of pareiasaur remains elsewhere in the world except in the Kotel’nich assemblage of the Russian Lopingian. The exceptionally rich deposit along the Vyatka River has produced nearly 150 individuals of the mid-sized pareiasaur Deltavjatia rossicus over a century of studies (Benton et al., 2012; Tsuji, 2013) and also an aggregation of 15 individuals of the therapsid anomodont Suminia getmanovi (see Fröbisch and Reisz, 2009) among other numerous tetrapods. The Kotel’nich pareiasaurs are preserved sitting in a series of mudstone-filled scours cut into a dark red, calcrete-bearing palaeosol surface, in a series of mudstone-filled scours, and apparently were searching for water in a time of catastrophic aridification, dying, weakened, and mired in soft sediment (Benton et al., 2012).

Such a scenario can be readily discarded for the Provelosaurus americanus concentration of Aceguá. However, an environmental stress event may have been the cause of death of these animals too. Furthermore, the association of four individuals of different ontogenetic stages at the small type exposure suggests at least some degree of gregariousness for the Brazilian species (Figure 15). With seven individuals so far, the fast-growing tetrapod Provelosaurus americanus (e.g., Farias et al., 2021), is the most abundant terrestrial herbivore of the Rio Grande do Sul Guadalupian. This is in contrast with the remaining herbivorous vertebrates of this fauna, represented by single-fossil finds so far (Langer, 2000; Cisneros et al., 2015; Boos et al., 2016). Pareiasaurs also occur in large numbers in other basins, as demonstrated by the track record, especially in the Lopingian Arenaria di Val Gardena and Bellerophon formations of the northeastern Italian Alps. In these units, the pareiasaur-related ichnospecies Pachypes dolomiticus is found at several horizons and constitutes about 38% of the ichnoassociations (Citton et al., 2016; Bernardi et al., 2017). Although Provelosaurus americanus co-occurs with tapinocephalid dinocephalians in São Gabriel, the abundance of pareiasaurs in Aceguá could be related to niche partitioning, as proposed for the Capitanian megaherbivores of the Karoo Basin (Canoville et al., 2014), but more evidence is needed to support this model in the Permian of southern Brazil.


[image: Illustration of three prehistoric, reptile-like creatures in a natural landscape. The largest is near a green pond, seemingly eating plants, while two smaller ones are in the background among sparse vegetation and scattered leaves. A fallen tree trunk lies across the ground.]

FIGURE 15. Life reconstruction of Provelosaurus americanus in its habitat. Plant genera represented are Glossopteris, Paracalamitina, and Schizoneura. Art by JCC.




CONCLUSION

Provelosaurus americanus is the most common fossil tetrapod in the Morro Pelado Member of the Rio do Rasto Formation in southern Brazil. New specimens complemented previous finds and allowed to produce a rather complete osteological account of the only known South American pareiasaur. Radiometric dating and coeval fauna indicate that Provelosaurus americanus is one of the oldest known pareiasaurs. The platyoposaur temnospondyl Bageherpeton longignathus likely belongs to a lower stratigraphic unit and is older than the Brazilian pareiasaur. Phylogenetic analysis reinforces that Provelosaurus americanus is closely related to the Karoo “dwarf pareiasaurs” from which it is separated by a long ghost lineage. The Brazilian pareiasaur was likely a gregarious species, as indicated by an association of mixed-aged individuals.
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High Blood Flow Into the Femur Indicates Elevated Aerobic Capacity in Synapsids Since the Synapsida-Sauropsida Split
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Varanids are the only non-avian sauropsids that are known to approach the warm-blooded mammals in stamina. Furthermore, a much higher maximum metabolic rate (MMR) gives endotherms (including birds) higher stamina than crocodiles, turtles, and non-varanid lepidosaurs. This has led researchers to hypothesize that mammalian endothermy evolved as a second step after the acquisition of elevated MMR in non-mammalian therapsids from a plesiomorphic state of low metabolic rates. In recent amniotes, MMR correlates with the index of blood flow into the femur (Qi), which is calculated from femoral length and the cross-sectional area of the nutrient foramen. Thus, Qi may serve as an indicator of MMR range in extinct animals. Using the Qi proxy and phylogenetic eigenvector maps, here we show that elevated MMRs evolved near the base of Synapsida. Non-mammalian synapsids, including caseids, edaphosaurids, sphenacodontids, dicynodonts, gorgonopsids, and non-mammalian cynodonts, show Qi values in the range of recent endotherms and varanids, suggesting that raised MMRs either evolved in synapsids shortly after the Synapsida-Sauropsida split in the Mississippian or that the low MMR of lepidosaurs and turtles is apomorphic, as has been postulated for crocodiles.

Keywords: MMR, eigenvector, pelycosaur, therapsid, microanatomy, bone


INTRODUCTION
Comparisons of endothermic mammals and birds with ectothermic sauropsids reveal a chasm in metabolic rates between the two functional groups of amniotes. Endotherms maintain mass-specific basal metabolic rates (BMR) an order of magnitude higher than most ectotherms (Bennett and Ruben, 1979) to produce body heat and actively thermoregulate by metabolic investment (we follow this definition of endothermy; for a review of vertebrate endothermy, see Legendre and Davesne, 2020). Monotremes and some marsupials show slightly lower values than placentals with birds showing the highest BMRs among amniote endotherms. Maximum aerobic metabolic rate (MMR), the highest metabolic rate that animals can maintain once initial anaerobic metabolism is exhausted, governs stamina (e.g., Carrier, 1987; Jones and Lindstedt, 1993; Clemente et al., 2009). Short bursts of activity between long bouts of rest are typical of ectotherms and are sustained through anaerobic metabolism (Garland, 1982). MMR is much higher in endotherms than ectotherms, but varanids can exceed half the mass-specific MMR of endotherms under ideal temperatures (Taylor et al., 1981; Clemente et al., 2009), whereas varanid BMR is comparable to other non-avian sauropsids (Christian and Conley, 1994). In practice, metabolic rates are even more different between endotherms and ectotherms, because the chemical reactions of metabolism are temperature-sensitive in their reaction speed. Colder ectotherms are more sluggish than endotherms (Nagy, 1987), although when body temperature is accounted for, differences persist (Gillooly et al., 2001). Still, certain animals with intermediate physiological characteristics exist that might be the key to understanding the stark metabolic contrast between endotherms and ectotherms. When scaling metabolic rates of amniote ectotherms up to the body temperature of mammals (higher than the behaviorally optimized ideal temperature of most ectotherms, while bird body temperatures are even higher), their BMR can be compared to that of tenrecid mammals (Oelkrug et al., 2013). Also, recent experiments with black and white tegus (Salvator merianae) have revealed seasonal non-shivering thermogenesis in these squamates, if at a relatively low body temperature (Tattersall et al., 2016).
In the light of this metabolic dichotomy, scientists have proposed different hypotheses explaining how the evolution from ectothermy to endothermy could have taken shape in mammals. Models for the evolution of (mammalian) endothermy can be broadly divided into three categories: the thermoregulation-first models, the aerobic capacity-first models, and the correlated progression model. The former two suggest stepwise evolution of endothermy (requiring high BMR) and aerobic capacity (meaning high MMR), whereas the correlated progression model proposes an integrated evolution of endothermy. Thermoregulation-first models propose that increases in aerobic capacity were preceded by endothermy in the evolution of mammalian endothermy. They focus on various selective factors, such as nocturnal lifestyle (Crompton et al., 1978) and large brains (Hulbert, 1980; Rowe et al., 2011) in Mesozoic Mammaliaformes, or parental care (Farmer, 2000, 2003) and phylogenetic reduction in body size (McNab, 1978) in late Permian therapsids. Aerobic capacity-first models regard aerobic scope to have increased prior to the evolution of endothermy. For support, they point to greater initial selective advantage of stamina over costly endothermy (Bennett and Ruben, 1979), to general morphology (Bennett and Ruben, 1986), and to adaptations to widely foraging lifestyles (Hopson, 2012) in late Permian therapsids, or to increased aerobic metabolic requirements of parental care for the parent animals in cynodonts (Koteja, 2000). Lovegrove (2017) integrated the evidence for elevated locomotion capacity and parental care (and the associated required aerobic capacity) in late Permian therapsids into his first phase of endothermy evolution as a precondition to endothermy in Late Triassic cynodonts (for a detailed review, see Lovegrove, 2019). The correlated progression model of Kemp (2006) tries to resolve the argument between the two other basic approaches by integrating them into one model. Kemp cites three lines of evidence for his hypothesis of a gradual and integrated evolution of the complex system of adaptations necessary for endothermy: models for selective forces in complex systems, the sequence of acquisition of characters in the fossil record, and the interrelated nature of certain characters regarding endothermy in recent mammals. Similarly, Benton (2021) reviewed the latest literature on endothermy evolution and developed a hypothesis of a gradual and integrated acquisition of characters typical of endothermy in both synapsids and archosaurs over millions of years. Benton (2021) hypothesizes that the Permian-Triassic mass extinction and competition catalyzed the evolution of endothermy in both lineages during the Triassic Terrestrial Revolution.
While many questions as to the interrelation and adaptive value of certain characters of endothermy in mammals can be tested in a recent environment, all the mentioned hypotheses make predictions about the order of character acquisition. Such chronological predictions cannot be tested in recent animals, especially since examples for both pathways of endothermy evolution exist. Black and white tegus evolved (intermittent) endothermy first and maintain low aerobic capacity (comp. Tattersall et al., 2016), but varanids evolved higher aerobic capacity first and maintain ectothermy (comp. Christian and Conley, 1994). Thus, we need to consult the fossil record to trace the historical process.
The most reliable evidence for endothermy in non-mammalian synapsids comes from the preservation of complete fur in Lower Jurassic mammaliaforms (Ji et al., 2006) [although the furry tenrecs have limited ability for thermogenesis (Lovegrove and Génin, 2008; Oelkrug et al., 2013)]. The evolution of hair can be traced back to vibrissae in prozostrodont cynodonts (Benoit et al., 2016) and late Permian finds in coprolites (Smith and Botha-Brink, 2011; Bajdek et al., 2016), but this is no strong case for a full coat as embryology suggests a primarily sensory function of hair (Hulbert, 1988).
A further morphological indicator of endothermy and the associated high BMR are bony attachment ridges in several cynodonts, dicynodonts, and therocephalians that suggest the presence of respiratory turbinates (Hillenius, 1992, 1994; Ruf et al., 2014). Ossified respiratory turbinates allow endothermic mammals to reduce water loss despite non-intermittent breathing and are strong indicators of constantly high oxygen consumption and thus high BMR. Crompton et al. (2017) tracked the evolution of respiratory turbinates from non-mammaliaform cynodonts to non-mammalian mammaliaforms and hypothesized that the function of their unossified respiratory turbinates in combination with the ancestral morphology of the nasal region likely aided in evaporative cooling. However, the study concluded that only late non-mammalian mammaliaforms could also employ turbinates for water conservation as would be advantageous for high metabolism.
The most direct evidence for endothermy in non-mammalian synapsids, however, is not found in morphology. Geochemical studies of oxygen isotope concentration from therapsid teeth in different localities show values expected for endotherms in lystrosaurid and kannemeyeriiform dicynodonts (Lystrosaurus, Shansiodon, Kannemeyeria, and Parakannemeyeria), as well as eucynodonts (Diademodon and Cynognathus) (Rey et al., 2017). Histological indicators of BMR in dicynodonts and cynodonts corroborate the geochemical data and mark the latest origin of mammalian BMR in the last common ancestor of Neotherapsida (Dicynodontia + Theriodontia) (Olivier et al., 2017). Additionally, secondary palates evolved convergently in several neotherapsid lineages (Hillenius, 1994). Newham et al. (2020) recently provided evidence for unexpectedly long lifespans in Early Jurassic mammaliaforms indicating lower basal metabolic rates than recent mammals, although bats also have exceptionally long lifespans for their size (Munshi-South and Wilkinson, 2010).
In non-neotherapsid synapsids, indicators of elevated basal metabolic rate still occur but are less conclusive. Fibrolamellar bone tissue (FLB) is associated with high growth rates in recent amniotes and occurs in endotherms with a body mass above 10 kg. This bone tissue type has been identified in many non-mammalian therapsid taxa (Enlow and Brown, 1957; de Ricqlès, 1974; Chinsamy-Turan, 2012; Botha-Brink et al., 2018) and the earliest branching synapsids (Shelton and Sander, 2017). Additionally, incipient fibrolamellar bone has been found in the sphenacodontid Dimetrodon (Shelton et al., 2013).
Until now, our understanding of non-mammalian synapsid MMR is relatively poor when compared to that of BMR. For most of this subject’s history, only Carrier (1987) cited evidence of elevated MMR in therapsids. He argued that the more erect stance of therapsids was indicative of high MMR because the parasagittal gait restricts the effect of Carrier’s constraint and allows for higher stamina. Recently, however, Huttenlocker and Farmer (2017) have studied quantitative indicators of red blood cell size in non-mammalian histology. Red blood cell size negatively correlates with relative heart mass, which is a proxy for aerobic capacity. Thus, their study gives an indication of stamina in the studied taxa. Their findings suggest the presence of elevated stamina in theriodont therapsids but do not distinguish between values in non-theriodont synapsids, varanids, and the American Alligator. The similarity of the values is unexpected in the last two taxa because varanids show elevated MMR over that of crocodiles. Thus, this quantitative indicator of activity metabolism in synapsids appears to be unable to distinguish low aerobic capacity from intermediate levels while mammalian-like aerobic capacity likely evolved only in cynodonts.
Seymour et al. (2012) reason that higher MMR allows for increased locomotor exercise, putting more stress on the femur. Many endotherms remodel their bones as a result of loading throughout the organism’s life, which requires oxygen and nutrients that are supplied through the nutrient artery that enters the nutrient canal and empties into the medullary cavity. From the central medullary cavity, near the original ossification center, blood then gets distributed along the length of the bone. In more active animals the nutrient canal thus has a larger diameter to accommodate higher blood flow for increased remodeling (Seymour et al., 2012).
The index of blood flow (Qi) developed by Seymour et al. (2012) works as a proxy for MMR and absolute aerobic scope (AAS = MMR − BMR) and has been used to infer the metabolic status of extinct non-avian dinosaurs (Seymour et al., 2012), a non-mammalian mammaliaform (Newham et al., 2020), as well as the lifestyle of extinct birds (Allan et al., 2014). Also, the blood flow index can distinguish the values of varanids from those of other non-dinosaur sauropsids, although this has not been tested under phylogenetic compensation. Varanids maintain lower MMRs than mammals but high AAS since varanid BMR agrees with that of other ectothermic amniotes while exceeding MMR of other non-avian sauropsids.
With these capabilities, Seymour’s Qi can help elucidate the origin of elevated aerobic scopes in the synapsid lineage and test the aerobic capacity model in general, while also testing Hopson’s (2012) foraging hypothesis in particular. Recently, Newham et al. (2020) were the first to calculate blood flow index in the mammalian fossil lineage in Morganucodon, close to the origin of mammals, and inferred MMR elevated over non-varanid ectothermic amniotes (from here on termed non-varanid ectotherms).
Although a recent study in mice found the importance of nutrient arteries to be lower than trans-cortical vessels for blood supply to long bones (Grüneboom et al., 2019), the correlation between blood flow index and MMR could be empirically confirmed in the same species by Schwartz et al. (2018).
Phylogenetic eigenvector maps (Guénard et al., 2013) offer a way to reconstruct metabolic rates in extinct organisms. This has been demonstrated for BMR in archosaurs (Legendre et al., 2016), archosauromorphs (Cubo and Jalil, 2019), plesiosaurs (Fleischle et al., 2018), therapsids (Olivier et al., 2017), a larger sample of synapsids (Faure-Brac and Cubo, 2020), and Notosuchia (Cubo et al., 2020). For the first time, we apply this method to the reconstruction of MMR in the mammalian lineage using Seymour’s Qi as a co-predictor. The aerobic-capacity first models of endothermy evolution predict elevated MMR in non-neotherapsid synapsids, while the thermoregulation-first and correlated progression models predict that elevated MMR evolved exclusively in neotherapsids after or in conjunction with elevated BMR.



MATERIALS

Thirty femora from a wide phylogenetic scope of non-mammalian synapsids were evaluated (see Table 1 and Supplementary Table 1). The sample covers four of the six known non-therapsid synapsid families (Reisz, 1986) (Ophiacodontidae, Caseidae, Edaphosauridae, and Sphenacodontidae, but not Varanopidae and Eothyrididae). However, the assignment of Varanopidae to Synapsida is currently under debate (see Laurin and Piñeiro, 2018; MacDougall et al., 2018; Ford and Benson, 2020), reducing the number of known non-therapsid synapsid families to five. Also, the sample includes three of the six major taxa of non-mammalian therapsids (Kemp, 2012) (Anomodontia, Gorgonopsia, and Cynodontia). Thus, the material covers taxa from the earliest-branching non-mammalian synapsids of the Carboniferous (Clepsydrops) to a probainognathian eucynodont (Chiniquodon) from the late Middle to early Late Triassic close to the origin of mammaliaforms. The femora originate from 13 different stratigraphic units in Brazil, Malawi, South Africa, Tanzania, and the United States: the upper Pennsylvanian middle McLeansboro Group of Illinois, Cisuralian Abo Formation (Fm.) of New Mexico, Cisuralian Archer City Fm., Nocona Fm., Arroyo Fm., and Clear Fork Fm. of Texas as well as the Cisuralian Abo Fm. of New Mexico. The only Guadalupian aged fossil of our dataset comes from the Chickashaw Fm. of Oklahoma (for dating of the Chickashaw Fm., see Reisz and Laurin, 2001, 2002). Therapsids come from the Lopingian Usili Fm. of Tanzania and the Chiweta Beds of Malawi. South African specimens come from the Lower Triassic Lystrosaurus Assemblage Zone (AZ) and Middle Triassic Cynognathus AZ. Finally, the Manda Fm. in Tanzania and Santa Maria Fm. in Brazil were sources of Middle Triassic fossils in our data set.


TABLE 1. Predicted maximum metabolic rates calculated through phylogenetic eigenvector maps with Qi as co-predictor.
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Specimens represent primarily terrestrial taxa as well as potentially semi-aquatic taxa, as locomotion style has been demonstrated to affect Qi (Allan et al., 2014). Semiaquatic lifestyles have been suggested for Ophiacodontidae (Laurin and de Buffrénil, 2016), Lystrosaurus (Ray et al., 2005), and Caseidae (Lambertz et al., 2016).

To minimize ontogenetic bias to Qi through the elevated blood supply needs of growth (Brookes, 1967; Hu et al., 2018), we chose non-therapsid synapsid femora based on the ontogenetic stages developed by Brinkman (1988) for sphenacodontids of ossification stages III or higher and selected the largest femora available for other taxa.



METHODS


Nutrient Canal Cross-Sectional Area Analysis

Where nutrient foramina were not obscured by matrix, digital photographs were acquired with a Canon Ixus 220 HS digital camera with a scale bar or calipers placed in the frame for scale. Where nutrient foramina could be located but were still occluded, matrix was carefully removed from the canal with an airscribe and needles until the cross-sectional area ceased to decrease below the superficial funnel. Care was taken to avoid widening the nutrient canal in this process. Then, photomicrographs were taken using either a camera adapter on a stereo microscope with a digital camera or a Hirox KH 7700 digital microscope at different planes of focus. In using photography, the picture was taken from an angle that provided visibility of the deepest unobscured point of the nutrient canal.

When nutrient foramina could not be cleared sufficiently or were not visible, femora were scanned using a General Electric phoenix V|tome|x S180/240 CT scanner (Section Palaeontology, Institut für Geowissenschaften, Universität Bonn) or a General Electric phoenix V|tome|x S240 CT scanner with custom added 180 kV tube (PaleoCT lab at the Department of Organismal Biology and Anatomy, University of Chicago), using either the 180 or 240 kV tube varying according to specimen dimensions.

Based on the μCT scans, image stacks were produced with the phoenix datos|x software and volumetric models were constructed from these image stacks using VG Studio Max software by Volume Graphics GmbH. To produce virtual cross sections of the nutrient canals, the canal paths were identified in the volumetric models. For this, we first marked the nutrient foramen in a slice window. Secondly, the canal was traced to its full extent and connected to the first mark through a vector. During this step, we also controlled for the direction of the nutrient canal toward the ossification center to avoid measuring vascular canals that did not directly feed into the medullary cavity (compare Figures 1, 2). Third, the vector was aligned coaxially with the view angle and fourth, scrolling through the cross sections along the canal, we identified the point of minimal canal cross sectional area. Last, we obtained an image file with scale bar from the virtual cross section in isometric view using the snapshot tool. In three specimens, both photographic and μCT methods were used to produce image files of the nutrient canal cross sections for cross-validation of methods and resulted in identical values. Hu et al. (2020) found no significant difference between radius and cross-sectional area of nutrient canals measured from microphotographs and micro-CT in a larger sample.


[image: Close-up of two images showing bone pathology. Image A displays a fossilized bone section with dark-colored pathological changes. Image B shows a long bone with a pronounced curve and an arrow pointing to a specific area. Both images have a scale bar for size reference.]

FIGURE 1. Photographs of the left femur of the gorgonopsid therapsid Sauroctonus parringtoni [Paläontologische Sammlung, Universität Tübingen, Tübingen, Germany (GPIT/RE/7113)]. (A) Digital photomicrograph of the nutrient foramen. Note wide funnel that needs to be avoided when measuring nutrient foramen radius superficially. Scale bar equals 1 mm. (B) Photograph of entire femur in dorsal view with arrow indicating location of nutrient foramen. Scale bar equals 5 cm.



[image: Cross-section of a structure with concentric layers labeled "ra", "sb", "mc", "nc", and "crtx", indicated by lines pointing to different areas. The background is black, highlighting the elliptical shape.]

FIGURE 2. Virtual cross section through the femur of Lystrosaurus sp. [Museum of Zoology, Cambridge, United Kingdom (UMZ T 767)]. Disregard ring artifacts (ra). Note the nutrient canals (nc) crossing the cortex (crtx) and spongy bone (sb) in the medullary region to feed into the center of the medullary cavity (mc) where the primary ossification center is located. When multiple nutrient canals were discovered, minimum cross-sectional area of each canal was added to calculate Qi. Scale bar equals 1 cm.


Image files from 3D models and digital photographs were loaded into ImageJ 1.49k (Fiji package) image analysis software, and cross-sectional area of the nutrient canal was averaged from at least three measurements of each file to minimize tracing subjectivity. If multiple nutrient canals had been identified, their cross-sectional areas were added. Nutrient foramen radius was calculated from a perfect circle with the same cross-sectional area as the nutrient canal as needed for Seymour’s index of blood flow.



Blood Flow Index Calculation

Seymour et al. (2012) derived the index of blood flow (Qi) from the Hagen-Poiseulle equation, which gives the flow rate of blood (Q) given laminar flow through blood vessels depending on blood viscosity, blood pressure difference (P), vessel radius (r), and vessel length (L): Q = (Pπ r4)/(8 L η). As blood flow and viscosity are independent of body size, both terms are eliminated to get the index of blood flow equation: Qi = r4/L.



Body Mass Estimation

Body mass (Mb) for non-mammalian synapsids was calculated with the equation of Campione and Evans (2012) from mid-diaphysis circumference of the humerus (CH) and the Femur (CF): Mb = 10^[2.749 * log10 (CH + CF) − 1.104)].

In several cases, however, only isolated femora were available. For Dimetrodon, the CH/CF ratios of Shelton et al. (2013) were employed. In the case of therapsids, ratios were measured in closely related complete skeletons at GPIT (Tübingen Palaeontological Collection, Tübingen, Germany; Sauroctonus for gorgonopsids, Chiniquodon for cynodonts, and Tetragonias for dicynodonts). For other non-therapsid synapsids, the CH/CF ratio was calculated from values of closely related taxa published in Shelton (2015). The CH value was then calculated from the CH/CF quotient and used in mass estimation.



Least Squares Regressions

For visualization purposes, Qi was plotted against body mass on a double logarithmic scale using Microsoft Excel. We performed simple linear least squares regressions for non-mammalian synapsids, non-avian dinosaurs, birds, mammals, varanids, and non-varanid ectotherms, adding calculated 95% confidence intervals to maintain comparability with the original results of Seymour et al. (2012) (see Figure 3).
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FIGURE 3. Relationship between logarithms of blood flow index and body mass for non-mammalian synapsids (orange dots). Linear least squares regressions in solid lines given for non-mammalian synapsids (Qi = 0.5416Mb – 6.0844), mammals (Qi = 0.8619Mb – 7.5806), varanids (Qi = 0.0421Mb – 4.6942), and non-varanid ectotherms (Qi = 0.7865Mb – 8.3534). Respective 95% confidence intervals of the regression mean indicated by dashed lines. Data except non-mammalian synapsids from Seymour et al. (2012).




Construction of Phylogenetic Tree

First, a phylogenetic tree was constructed from the recent taxa of Seymour et al. (2012) and Allan et al. (2014) using the Timetree website1 (Hedges et al., 2006, 2015; Kumar and Hedges, 2011) and saved in Nexus format (Newick notation). The tree file was loaded into Mesquite software (version 3.06; Maddison and Maddison, 2019) equipped with ‘Stratigraphic tools for Mesquite’ (version 1.0c, Josse et al., 2006) and manually modified to add extinct taxa. As trees had to be fully resolved for analysis with ‘nlme’ (Pinheiro et al., 2014) in R (R Core Team, 2021), polytomies were resolved to multiple dichotomies with a branch length of 0.0000001 (equaling 0.1 years). Phylogenetic relationships and divergence dates of extinct taxa were taken from Benson et al. (2014) for dinosaurs, Benson (2012) for basal synapsids, from Kemp (2012) for the interrelationships of major therapsid groups, from Fröbisch (2007) for dicynodonts, and from Botha-Brink et al. (2012) for cynodonts. Following Field et al. (2014), turtles were treated as the sister group to Archosauromorpha with the divergence dated according to the appearance of the oldest stem turtle Eunotosaurus (Bever et al., 2015, but for a contrary opinion see Lichtig and Lucas, 2021).



Phylogenetic Generalized Least Squares, Phylogenetic Analysis of Covariance and Analysis of Covariance

Statistical comparative methods generally assume independence, homoscedasticity, and normality of the data points analyzed to produce reliable results that allow reliable deductions. This is required because statistical methods test a priori for null-hypotheses that assume no relationship between variables and our regressions require normality. In data sets derived from organisms, however, said requirements may be violated due to the phylogenetic relationships between taxa (Felsenstein, 1985). Therefore, we performed phylogenetic generalized least squares regression (PGLS) (Grafen, 1989), following the methodology of Mitchell et al. (2017), to detect potential phylogenetic signal (Blomberg and Garland, 2002) in the relationships of Qi and body mass. Additionally, PGLS confirmed significant relationships between Qi and body mass for previous data under phylogenetic compensation (Seymour et al., 2012; Allan et al., 2014).

Qi and body mass data from Seymour et al. (2012) as well as phylogenetic trees (Newick format) were fed into R and tested for the best fit of evolutionary model using the ‘fitcontinuous’ function of the R package ‘geiger’ (Harmon et al., 2008). A choice of Brownian Motion (Felsenstein, 1973), Ornstein-Uhlenbeck (Butler and King, 2004), Early Burst (Harmon et al., 2010), and White Noise models was available. ΔAICc (Burnham et al., 2011) gave the best-fitting model the lowest value, which was then selected.

When ‘fitcontinuous’ recommended the White Noise model, compensation for phylogenetic signal was not necessary, but in all other cases, the function ‘pgls’ of the package ‘caper’ (Orme et al., 2013) or the function ‘gls’ of the package ‘nlme’ was used with phylogenetic weights and the phylogenetic correlation structure “corMartins” of the package ‘ape’ (Paradis et al., 2004). To ensure normality in the residuals after phylogenetic adjustment, we used the Lillefors test (‘lille.test’ function) of the R package ‘nortest’ (Gross and Ligges, 2015). When the test showed p-values below 0.05, quantile-quantile plots were consulted to check for the normality of distribution and fitted values plotted against residuals to control for heteroscedasticity (see Supplementary Figures 1, 2). Outliers were then removed to produce a normal distribution of residuals and homoscedasticity in the dataset.

To confirm the distinctness of varanids from other ectothermic amniotes for Qi vs. body mass regression under phylogenetic compensation, we performed phylogenetic ANCOVA (analysis of covariance) on the subset of recent species from Seymour et al. (2012), applying the methodology of Smaers and Rohlf (2016). We used the function ‘gls.ancova’ of the ‘evomap’ package (Smaers and Mongle, 2014) of R (R Core Team, 2021), setting Qi as the dependent variable, higher taxon as indicator variable, and body mass as covariate (Table 2).


TABLE 2. Differences in intercept of regression models with phylogenetic correction for recent dataset of Seymour et al. (2012) plus statistical significance.

[image: Phylogenetic ANCOVA results for \(Qi\) vs. body mass intercept show significant differences among groups (mammals vs. varanids vs. non-varanid ectotherms) with \(F = 15.13, p < 0.001\) and varanids vs. non-varanid ectotherms with \(F = 27.297, p < 0.001\). Other comparisons are not significant. Significant results are in bold, indicating varanids' distinctiveness under phylogenetic correction.]
To compare distinctness of regression slope and intercept for the Qi vs. body mass plots of our non-mammalian synapsids to previously published recent datasets (Seymour et al., 2012; Allan et al., 2014), we performed pairwise ANCOVA (analysis of covariance) with the ‘aov’ function of the ‘stats’ package of R, designating Qi as the dependent variable, higher taxon as factor, and body mass as the covariate. We applied a Bonferroni correction to counteract the problem of multiple comparisons, lowering the desired significance level to α = 0.05/9 = 0.0056. If F and p-values indicated no significant slope difference, we used the function ‘anova’ of ‘nlme’ package to test for significant differences in elevation (Table 3).


TABLE 3. Differences in slope and intercept in regression models of Qi vs. body mass between fossil synapsid taxa and recent amniote groups and their statistical significance.
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Phylogenetic Eigenvector Maps Analysis

We calculated phylogenetic eigenvector maps from the phylogeny using the R-package “MPSEM” (Guénard et al., 2013). For this we used the reduced dataset of 19 recent taxa with MMR values (see section “Construction of Phylogenetic Tree”) in combination with our extinct synapsid taxa. AICs corrected for small sample sizes (Hurvich and Tsai, 1989) was used to decide between the predictive models, with and without the co-predictor Qi. Cross-validation was provided by leave-one-out cross-validation. Selecting the co-predictor Qi (AICc 0.9407704, R2 35.52039; without co-predictor AICc 0.87, R2 42.272), we used the predictive model to estimate MMR for the extinct synapsid taxa and 95% confidence interval boundaries. To test for the influence of Chelonia mydas (with exceptionally high MMR for a turtle) on the reconstructed values, we reran the analysis without this taxon.

Phylogenetic Eigenvector Maps (PEM) belongs to a family of phylogenetic comparative methods aimed at inferring missing values in samples where values are known for the great majority of species (Molina-Venegas et al., 2018). Because of the large number of predicted values (31) relative to the smaller number of known values from which the prediction model was calculated (19), we performed a series of PEM analyses using subsets of extinct taxa and the full extant data set. Values from all subset analyses were identical to the predictions for the entire dataset.



Calculation of Mass-Specific Maximum Metabolic Rate

Mass-independent MMR values are given in mL O2 h–1 g–0.67. Although maximum aerobic metabolism is empirically shown to correlate with body mass to the power of 0.82 in ectothermic amniotes (Bennett and Dawson, 1976) or 0.86 in mammals (White and Seymour, 2005), different from 0.76 for BMR (Withers, 1992), many metabolic processes in animals are dependent on surface area of body membranes, which correlate with body mass to the power of 0.67 (Hemmingsen, 1960). For this reason and to provide better comparability with previous studies of metabolic rates in synapsids, we chose the lower exponent.




RESULTS


Qi and Body Mass Values

The sample of non-mammalian synapsids spans two orders of body size magnitude, with the lightest animal estimated at 1.86 kg (Galesaurus) and the heaviest at 503 kg (Dinodontosaurus). Qi-values of non-mammalian synapsids reach from a minimum 2.653E-5 mm3 for the second-smallest specimen of Clepsydrops to 3.918E-3 mm3 for the longest non-therapsid synapsid femur of Dimetrodon grandis. These two specimens illustrate that Qi correlates strongly with body mass in our synapsid dataset as previous studies have found in other groups (Seymour et al., 2012; Allan et al., 2014).



Qi vs. Body Mass Plot

In plotting the index of blood flow against body mass (Figure 3), non-therapsid synapsids and non-mammalian therapsids are statistically indistinguishable from recent endotherms (mammals and birds), but also from varanids. Varanids have been shown (Seymour et al., 2012) to be statistically different from mammals in slope, but not in intercept. Like recent endotherms and varanids, stem mammals are significantly different from recent non-varanid ectotherms. While varanids differ in slope from other non-avian sauropsids (Seymour et al., 2012), endotherms and non-mammalian synapsids differ significantly in intercept from non-varanid ectotherms. Like certain bird and mammal species, two therapsids and one non-therapsid synapsid overlap with a non-varanid sauropsids in the range of values. These do not impact the statistical significance of the results.

Comparing regression functions with those for non-varanid ectotherms, average Qi-values are 13.6-fold higher for therapsids (Figure 4) and 12.9 times higher for non-therapsid synapsids (Figure 5) along the common body mass range (5.5 to 456.4 kg), with an overall stem-mammal value of 13.1 times the Qi of sauropsids in stem mammals. These blood flow values compare closely with those of mammals (13.4 times average non-varanid ectotherm Qi over the body mass range).
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FIGURE 4. Double-logarithmic plot and linear regression lines of blood flow index against body mass for non-mammalian therapsids (orange dots) and varanids (green dots). 95% confidence intervals of the regression mean are supplied for the plotted taxa, non-varanid ectotherms (black) and mammals (blue). Note wide range among both taxa and similar slope. Data except non-mammalian synapsids from Seymour et al. (2012).



[image: Scatter plot comparing log-transformed blood flow index and body mass among different groups: mammals, non-varanid ectotherms, varanids, and non-therapsid synapsids. Includes linear regression lines for each group with distinct colors.]

FIGURE 5. Log-log plot of blood flow index against body mass. Red values represent non-therapsid synapsids and red dashed line represents linear least squares regression. 95% confidence of the regression mean intervals in solid red. Empty circles represent non-varanid ectotherm values. Note clustering of non-avian sauropsid values in a tight range between 100 and 1000 g body mass which causes heteroscedasticity in our PGLS analysis. Data except non-mammalian synapsids from Seymour et al. (2012).




Phylogenetic Generalized Least Squares Analysis

The search for the best-fitting evolutionary model found phylogenetic signal in all groups except varanids and non-mammalian synapsids, which were best described with the White Noise model. Among the groups that showed a phylogenetic signal, all were best described by the Ornstein-Uhlenbeck model of evolution and showed homoscedasticity and normality in the distribution of the residuals. The PGLS analysis of the entire dataset resulted in an Ornstein–Uhlenbeck model of evolution being selected, showing phylogenetic signal in the data. Yet, after the analysis was performed and gave a highly significant result (p < 0.001), a Lillefors test for normality returned a statistically significant result (indicating deviation from the normality in the residuals), and our Q–Q plot revealed numerous outliers among the dinosaur dataset. After the dinosaur data set (Seymour et al., 2012) and the further outlier Emeus crassus were removed, the Lillefors test passed in the phylogenetically corrected residuals.

The PGLS analysis returned a model with a much steeper slope than that of the individual groups of 0.9675. The Q–Q plot revealed a degree of heteroscedasticity caused by a low number of data points on the extreme ends of the distribution (see Supplementary Figure 1). The distribution is likely caused by the low number of sauropsids of high body mass (above 10 kg) and low body mass (below 100 g) in the data set.



Analysis of Covariance

Phylogenetic ANCOVA analysis returned a significant result for the distinction between varanids and non-varanid ectothermic amniotes in Qi vs. body mass regressions (Table 1). Pairwise ANCOVA returned significant results for the distinction of varanids from other ectothermic amniotes, but we found no significant difference between varanids and endothermic groups.



Distribution of Recent and Reconstructed Maximum Metabolic Rate Values

Mass-specific MMR ranges over two orders of magnitude (4 to 637.7 mL O2 h–1 g–0.67 in the common blue-tongued skink (Tiliqua scincoides) and the domestic goat (Capra hircus), respectively) (see Figure 6). Two Tiliqua species have the lowest values. Varanid values are higher, but the green sea turtle Chelonia mydas exceeds them in MMR. Tachyglossus, the echidna, has a lower MMR than Varanus gouldii and C. mydas. Therian mammals have the highest values, at least an order of magnitude above Tiliqua. The MMR values predicted by our analysis for non-mammalian synapsids have a much lower variation (17.5 to 37.3 mL O2 h–1 g–0.67 in Lystrosaurus sp. and an undetermined dicynodont, respectively) than the complete dataset. Predicted values overlap with varanids, Tachyglossus, and C. mydas. Differences between the range of values of non-mammalian therapsids and non-therapsid synapsids are not visible.


[image: Phylogenetic tree displaying metabolic rates (MMR) across various species. The tree lists species on the left with symbols on the right indicating observed (squares), predicted (black squares with error bars), and fitted (crosses) trait values. The x-axis represents MMR in milliliters of oxygen per hour per gram raised to the power of negative zero point six seven.]

FIGURE 6. Phylogenetic tree and plot of maximum metabolic rates for recent taxa with MMR data and fossil taxa. Note that the predicted values for fossil non-mammalian synapsids are above non-varanid ectotherms and overlap with recent mammals, comparable to varanids and the echidna Tachyglossus.


Excluding C. mydas from the dataset resulted in lower reconstructed values in extinct synapsids. The lowest value among non-mammalian synapsids, 18, decreases to 14.2 mL O2 h–1 g–0.67 in Lystrosaurus, lower than Varanus panoptes and Varanus varius, but higher than Varanus mertensi.




DISCUSSION


Reliability of Qi-Values

Evolutionary model tests detected no phylogenetic signal in either the non-therapsid synapsid or non-mammalian therapsid subsets. This pattern coincides with the wide range of Qi values in both paraphyletic groups on the Qi-Mb plot. The combination could represent a diverse pattern of mass-specific Qi in the samples due to either widely differing blood flow in taxa, differing loading regimes resulting from fundamentally differing locomotion styles such as in birds (Allan et al., 2014), or the pattern could be an artifact of sampling. As blood flow in extinct taxa cannot be directly measured, the first hypothesis cannot be rejected but would require the ad hoc assumption of stem-mammal exceptionality. Therefore, we will pursue the other alternatives further. Differing femur loading regimes in major taxa influencing Qi have been postulated for birds, but usually result in overall homogeneous values for closely related groups with similar morphology [e.g., gruiform birds in the dataset of Allan et al. (2014)]. In our non-mammalian synapsid data, however, closely related taxa can show widely differing Qi values such as different specimens of Dimetrodon that can vary by an order of magnitude. Such wide differences in individuals from closely related populations could result from biological variability but also from sampling or measurement errors.

Juvenile specimens could present outliers. The fossil dinosaurs analyzed by Seymour et al. (2012), for example, include two outliers in their distribution whose values we suspect resulted from ontogenetic effects. The Ornithomimidae indet. and Thescelosauridae indet. femora are particularly short when compared to closely related species and could thus belong to juveniles. This might explain their high Qi values and thus large nutrient foramina due to the increased need for blood flow in a growing bone. By selecting only the largest fossil femora for a given taxon and excluding many incompletely ossified bones, we minimized this possible source of sampling error. Yet, ontogenetic influence cannot be completely eliminated except in specimens with ossification states indicating late ontogeny such as the edaphosaurs, which have predicted MMR values higher than Tachyglossus.

The preservation of most sampled bones from the Carboniferous to the Triassic presents an alternative possible source of measurement error. Fractures of bones can obliterate nutrient canals. Additionally, long bones tend to break at the point of least resistance. In femora this occurs in particular at the mid-diaphysis, the most common location of nutrient canals (compare Figure 1). For this reason, nutrient canals could not be detected in numerous fossil synapsid femora that we screened in preparation for our study. Several femora preserved multiple nutrient canals of differing size (compare Figure 2). If the largest had been destroyed in a specimen, but at least one smaller canal were present and measured, the resulting value would be much smaller than would be measured on the intact femur. Thus, we cannot exclude the possibility that the Qi values recorded for fossil taxa are based on a fraction of the original nutrient canal cross-sectional area. Therefore, we suspect that the non-mammalian synapsid average Qi values observed represent conservative estimates due to the caveats of data collection on fossils.

Qi elevated over non-varanid ectothermic amniotes has been postulated for Morganucodon (Newham et al., 2020), agreeing with our findings in elevation, but since our lightest specimens have body masses at least an order of magnitude higher than the mammaliaform, comparisons with our data are difficult.



Regressions and Reconstructed Maximum Metabolic Rate

Traditional least squares regressions as well as phylogenetic and pairwise ANCOVA alone indicate that non-mammalian synapsids potentially exhibited maximum aerobic metabolic rates elevated over the level of recent ectotherms other than varanids. This hypothesis is substantiated by the reconstructed MMR values for non-mammalian synapsids using phylogenetic eigenvector maps. However, the subset of taxa with MMR measurements is limited to low sampling size, which might skew the results. The relatively high aerobic capacity of the only turtle in the dataset for which MMR values are available (Chelonia mydas) and the high abundance of varanids in the dataset used for PEM analysis skews the ancestral state reconstruction toward higher values.

The MMR value of C. mydas is higher than for other sauropsids, likely an adaptation for long-endurance swimming (Penick et al., 1996). MMR values with and without Chelonia differ, but excluding the turtle from the analysis only results in more species of varanids overlapping with non-mammalian synapsids (see Supplementary Material). The inclusion of other turtles with a lower MMR might decrease the ancestral MMR value for sauropsids but would likely not impact our main result. Additionally, endothermic archosaurs are equally excluded from the dataset, the inclusion of which might raise the ancestral value for amniotes. Overall, more sampling is needed in order to obtain more robust ancestral value reconstructions for early amniotes.



Influence of Blood Pressure

The index of blood flow serves as an instrument to estimate blood flow in the absence of data on blood pressure. In fact, differences of an order of magnitude between the Qi of endotherms and non-varanid, non-avian sauropsids are translated into nearly three times higher blood pressure and a higher oxygen carrying capacity of mammal blood to produce an about fiftyfold increase in oxygenation rate of the mammalian femora over those of sauropsids other than birds and varanids (Seymour et al., 2012). No recent ectothermic amniote maintains a mean arterial blood pressure (MAP) nearing 15 kPa. Ectothermic tetrapods have incompletely separated pulmonary and systemic circulations with low blood pressures in both. In Varanus niloticus, the derived morphology of the varanid heart facilitates the highest MAP of ectothermic tetrapods at 11.6 kPa, in the lower range typical of mammals (Millard and Johansen, 1974). This indicates femoral oxygenation rates for varanids intermediate between mammals and other non-avian sauropsids, because the oxygen carrying capacity of varanid blood is no higher than that of other non-avian sauropsids (Bennett, 1973). Hence, blood pressure values are required to determine whether the blood flow rates of non-mammalian synapsids can be compared with that of recent varanids.

Seymour (2016) applied physiological principles in recent animals to determine blood pressure in extinct dinosaurs and Dimetrodon. As a continuous blood column must transfer pressure from the location of the heart to the highest point of the animal and since the density of blood is near constant (about 1000 kg/m3) across taxa, we can calculate the pressure at height of the heart necessary to maintain the blood column to the highest point of the body (Pg). In sail-backed non-therapsid synapsids such as Dimetrodon grandis and Edaphosaurus pogonias, distances between the location of the heart at the ventral side of the body cavity to the highest neural spines measure 1.5 m and 1 m, respectively (Romer and Price, 1940). In addition to this pressure, perfusion pressure is required at the highest point of the body to calculate the actual mean arterial pressure (MAP), which is unknown. Thus, mean arterial blood pressures were considerably higher than the MAP of non-avian, non-varanid sauropsids (about 5 kPa) in the two synapsids because Pg alone for Edaphosaurus (9.7 kPa) lies in the varanid range of MAP or even well within the mammalian range of MAP for Dimetrodon (15.3 kPa). As non-therapsid synapsid femora articulate in a horizontal to more parasagittal orientation at the height of the heart or below, blood pressure at the femoral nutrient foramen was as least as high as mean arterial blood pressure.

Considering the Qi values comparable to varanids and endotherms, we conclude that the high calculated blood pressures facilitated blood flow rates equal or higher than varanids in some non-therapsid synapsids.



Red Blood Cell Size

Huttenlocker and Farmer (2017) inferred blood cell sizes for non-eutheriodont synapsids to be larger than those of endotherms, in the range of modern non-avian sauropsids. Inversely correlating this value with relative heart size as an indicator for stamina, they suggested that elevated stamina evolved no earlier than in ancestral therocephalians and cynodonts. Yet, varanids reach much higher AAS and MMR than other ectothermic sauropsids while maintaining large blood cell sizes and low relative heart sizes (Vinogradov and Anatskaya, 2006).

However, our predictive model of MMR does not recover elevated activity metabolism in cynodonts compared to non-cynodont synapsids. Although red blood cell (RBC) sizes likely play a role in the high stamina of mammals and birds (Snyder and Sheafor, 1999; Vinogradov and Anatskaya, 2006), our prediction model for MMR does not account for RBC size and is only sensitive to the distinction between very low (i.e., turtle, lepidosaur, and crocodile) levels and intermediate to high (i.e., varanid and mammalian) levels. Therefore, our model likely underestimates MMR of cynodonts with lower RBC sizes. We hypothesize that ancestral synapsids showed elevated stamina such as in varanids and that MMR increased further in therocephalians and cynodonts. At least two phases of increase imply gradual evolution of activity metabolism in synapsids.



Implications of High Blood Flow and High Blood Pressures

Higher MAP in the systemic circulation needs to be separated from the pulmonary circulation, because high blood pressures in the latter can cause fatal pulmonary edema (Smits, 1989). Varanids and pythons are the only non-archosaurian sauropsids capable of considerable pressure separation between the two circulations through specially adapted hearts (Wood et al., 1977; Burggren and Johansen, 1982; Wang et al., 2002). Recent archosaurs and mammals feature four-chambered hearts for separation of the pulmonary from the systemic blood circulation and thus have much higher MAP. Mammalian-level blood pressures in Dimetrodon imply that the four-chambered heart or a functional analog allowing systemic pressure separation was present in the earliest Sphenacodontoidea.

Experiments with Alligator mississippiensis suggest that high blood pressures might be the direct consequence of a four-chambered heart: Normally, crocodiles show MAP in the amniote ectotherm range (e.g., Jones and Shelton, 1993). When Eme et al. (2009) surgically removed the pulmonary systemic shunt common to all crocodilians in their test animals, blood pressures increased markedly. We suggest that once the four-chambered heart or a functional analog was acquired, subsequent blood pressures remained high in all Sphenacodontoidea, including therapsids.



Other Indicators of Elevated Activity Metabolism in Non-mammalian Synapsids

The hypothesis of elevated metabolism in non-mammalian synapsids helps to explain several patterns in the fossil record inconsistent with previous hypotheses of a “reptilian-like” physiology in non-mammalian synapsids. Analyses of non-therapsid synapsid bone histology have uncovered FLB, a primary bone tissue typical of recent endotherms, in the early-branching Ophiacodon (Shelton and Sander, 2017) and incipient FLB in Dimetrodon (Shelton et al., 2013). This bone tissue is indicative of high growth rates, and only the secondarily ectothermic crocodiles (Seymour et al., 2004) can produce incipient FLB among recent non-avian sauropsids (Woodward et al., 2014). Elevated MMR in synapsids thus likely coincided with the elevated BMR needed for higher growth rates and FLB tissue in the earliest synapsids.

Non-therapsid synapsids also present morphological characters that we interpret here as indicative of a more energetic lifestyle. The evidence for a diaphragm-homologue in caseids suggests that the early synapsids could maintain breathing during locomotion (Lambertz et al., 2016). Plesiomorphically, continuous breathing necessary for elevated metabolic rates is hindered by locomotion in tetrapods as the axial body wall musculature tasked with undulatory locomotion cannot simultaneously inflate the lungs, known as Carrier’s constraint (Carrier, 1987). Just as endotherms, two highly active squamates groups (varanids and tegus) have evolved mechanisms to overcome this constraint (Owerkowicz et al., 1999; Klein et al., 2003).

A strong component of lateral undulation in locomotion is typical of non-avian sauropsids and associated with the sprawling stance typical of classical ectotherms. Mammals and archosaurs, on the other hand, evolved an erect stance, thus increasing stamina through the capacity of breathing during exercise with the help of the body wall musculature (Carrier, 1987). Traditionally, non-therapsid synapsids have been considered representing the basal amniote condition in the morphology of their locomotory apparatus (e.g., Blob, 2001), but non-therapsid synapsids in general, and Sphenacodontia in particular, show marked adaptations for a reduction of lateral undulation. Jones et al. (2021) found distinct locomotory adaptations in the vertebrae of non-mammalian synapsids such as increased stiffness of the column that might represent an early exaptation for the parasagittal gait that later evolved in mammals. Basal synapsid zygapophyses are oriented markedly different from the horizontal plane (30° in ophiacodonts, 45° in Dimetrodon), thus restricting the lateral movement of the vertebral column (Kemp, 2005: 101). Trackways of the Lower Permian ichnotaxon Dimetropus leisnerianus produced by (possibly sphenacodontid) non-therapsid synapsid trackmakers show an average pace angulation of about 110°, higher than the average angulation of the contemporary tetrapods at about 90° indicating a more erect stance [see Supplementary material of Kubo and Benton (2009)]. The trend to the parasagittal gait necessary for higher locomotion capacity [as a precondition to mammalian endothermy, compare Lovegrove (2017)] consequently began in non-therapsid synapsids.



Implications for the Chronology of Endothermy Evolution

To determine what elevated aerobic metabolism in the earliest synapsids means for the chronology of mammalian endothermy evolution, we must assess the evidence for BMR in the mammalian stem group. Rey et al. (2017) produced geochemical evidence from three different assemblage zones in the Beaufort Group of South Africa for homeothermy in dicynodonts and cynodonts. Olivier et al. (2017) and Faure-Brac and Cubo (2020) used proxies for BMR (or the similar resting metabolic rate, RMR) from bone histology to infer mammalian-like BMR/RMR in dicynodonts. Therefore, metabolic thermogenesis evolved at the base of Neotherapsida (the last common ancestor of dicynodonts and mammals and all its descendants) no later than 270 Mya (Liu et al., 2010). de Ricqlès (1974) based his hypothesis of endothermy in all therapsids explicitly on the presence of FLB, but incipient FLB is also reported from alligators (Woodward et al., 2014). The only indicators of elevated basal metabolism in non-therapsid synapsids remain high blood pressures (Seymour, 2016) and the presence of FLB as well as incipient FLB (Shelton et al., 2013; Shelton and Sander, 2017). Their histology suggests that elevated growth rates and high blood pressures facilitated higher metabolic rates, but these facts by themselves do not justify pushing back the origin of endothermy into non-mammalian synapsids. Consequently, we must reject the thermoregulation-first hypothesis. Elevated aerobic capacity was present first in non-therapsid synapsids, while endothermy evolved only second in neotherapsids or later.

Non-therapsid synapsids had high MMR (this study) and low RMR/BMR (Faure-Brac and Cubo, 2020), whereas non-mammalian neotherapsids had high MMR (this study) and high RMR/BMR (Faure-Brac and Cubo, 2020). More precisely, Faure-Brac and Cubo (2020) showed that all non-therapsid synapsids analyzed but one (Ophiacodon uniformis) had RMR/BMR significantly lower than the threshold value separating endotherms from ectotherms. The value inferred for Ophiacodon uniformis was lower than this threshold, but the upper limit of the 95% confidence interval was slightly higher than it. As a result, we amend the foraging hypothesis of Hopson (2012) and the triphasic model of endothermy evolution of Lovegrove (2017). Our finding of high blood flow rates and inferred elevated aerobic capacity in synapsids predating the evolution of physiological thermoregulation is generally in agreement with the two models, although they suggest that elevated MMR evolved only in therapsids. Hopson’s idea of a varanid-like animal with increased aerobic scopes due to elevated MMR and low BMR as an intermediary stage to the first therapsid endotherms is a hypothesis our data supports. Judging from additional indicators of increased locomotor capacity (an exaptation for Lovegrove’s second phase of endothermy evolution) and inferred soft part anatomy capable of coping with high blood pressures as well as increased oxygen requirements, our picture of the non-therapsid synapsids shifts: away from that of passive sit-and-wait predators that rely mostly on anaerobic metabolism toward widely foraging animals with elevated aerobic metabolic rates for sustained activity. Coincidentally, the varanid analogy in metabolism used by Hopson (2012) confirms the intuitive connection made by Broili (1904) and Williston (1911) in the descriptions of the non-therapsid synapsids Varanosaurus (and Varanops) due to their morphological resemblance to varanids.

Our findings could also be interpreted to support the assimilation capacity model of Koteja (2000) since a widely foraging lifestyle could have evolved to satisfy metabolic requirements of intense parental care in the parent animal. Botha-Brink and Modesto (2007) published tentative evidence of parental care in varanopsids. However, the only conclusive evidence for the assimilation capacity model would be measurements of juvenile growth rates in non-mammalian synapsids that are significantly higher than in recent non-avian sauropsids. This could be obtained from bone histology.



The Ancestral State of MMR in Amniotes and Implications for the Origin of the Metabolic Chasm in Amniota

Our tentative evidence for elevated MMR in the earliest synapsids is supported by the fact that ancestral amniotes most parsimoniously had complex lungs and that the simple lungs of squamates originated in an ancestral lepidosauromorph as an adaptation to extremely small body size (Lambertz et al., 2015). Also, endothermy appears to have evolved several times independently in diapsids, at least once among archosaurs (Legendre et al., 2016), and possibly three times in marine reptiles (Bernard et al., 2010; Fleischle et al., 2018). A low metabolism, ectothermic lifestyle has diverse advantages (Pough, 1980). We speculate that the taxa at the two extreme ends of the amniote metabolic spectrum, energetically efficient ectothermic non-avian sauropsids on the one hand, high throughput endothermic mammals and birds on the other, could have diverged from an ancestral state of low BMR and elevated aerobic metabolism.




CONCLUSION

Our findings of elevated blood flow in non-mammalian synapsids indicate that aerobic capacity was elevated in non-therapsid synapsids above the level of most recent non-varanid lepidosaurs, turtles and crocodilians since the late Carboniferous (ca. 310 Mya) with maximum aerobic metabolic rates at, or above, the level of varanids. This supports the aerobic capacity model for the evolution of endothermy. Aerobic capacity increased markedly prior to the evolution of endothermy in Neotherapsida in the middle Permian (ca. 270 Mya) or later. Non-therapsid synapsids were animals with higher stamina than most recent non-avian sauropsids, capable of widely foraging lifestyles as seen in modern varanids while likely maintaining low energetic requirements. This would be caused by a mega-trend of evolution among amniotes that overwhelmingly selects against animals of intermediate metabolism today (except for varanids and some sea turtles), whereas such animals were abundant in the terrestrial ecosystems of the late Carboniferous and early Permian.

However, further research is needed to confirm our hypothesis of an elevated MMR as plesiomorphic for amniotes by investigating the Qi of early diapsids and amniote outgroups such as diadectids.
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The detailed description of the cranial anatomy of Cotylorhynchus romeri, a very large caseid synapsid from the lower Permian Hennessey Formation of Oklahoma, uncovered several potential autapomorphies, including parietal-postorbital contact greatly reduced by broad anterior process of supratemporal; the postparietals are transversely broad and contact the supratemporals laterally; the quadratojugal has a pennant-like occipital process; the stapes has a short shaft and a ventral process that abuts against the palate; the bulbous marginal dentition narrows distally and carries three small denticles; the vomer has three large teeth along its medial edge; parasphenoidal dentition is present; and the surangular overlaps the posterodorsal tip of the dentary and excludes it from the coronoid eminence. Owing to lack of comparative cranial material in most large caseids, the evolutionary history of these autapomorphies remains ambiguous because they cannot be determined in the closest relatives of Cotylorhynchus romeri. Our description of the skull of Cotylorhynchus romeri is consonant with the hypothesis that this caseid was a high-fibre terrestrial herbivore. The recent hypothesis that Cotylorhynchus romeri was primarily aquatic was proposed on a paleobiological basis that ignored paleontological and taphonomic evidence from the Hennessey Formation. Autochthonous preservation of several articulated skeletons of Cotylorhynchus romeri in subaerially deposited sediments that also preserve “swarms” of an aestivating fossil amphibian (Brachydectes) indicate that this caseid was the largest tetrapod of a terrestrial fauna that lived in a monsoonal climate.
Keywords: Amniota, Caseidae, Paleozoic, Permian, large herbivore, terrestrial, Synapsida

INTRODUCTION
Caseid synapsids have been known since early in the last century, when Paul C. Miller discovered the Cacops bonebed at the lower Permian Indian Creek locality, near the Big Wichita River, Baylor County, Texas, and Williston (1910) described Casea broilii, one of the three important components of that unusual assemblage. The first large caseid Cotylorhynchus romeri was described by Stovall (1937) from the lower Permian Hennessey Formation of Oklahoma. Romer and Price (1940) gave a rather brief description of this species. Numerous specimens were subsequently collected, but very little additional information was published until the description of the postcranial skeleton by Stovall et al. (1966). The bulk of subsequent work on caseids was conducted and published by Olson and colleagues (Olson and Beerbower, 1953; Olson, 1954; Olson, 1962; Olson and Barghusen, 1962) culminating in a review of the family (Olson, 1968). Despite this concerted effort, the cranial anatomy of caseids remains poorly documented. Subsequent phylogenetic analyses of synapsid relationships (Reisz, 1980; Brinkman and Eberth, 1983; Reisz, 1986) have recognized the significance of caseids as basal synapsids, but the lack of detailed anatomical features of the caseid skull hampered any attempts to resolve the interrelationships of basal synapsids, and the relative positions of caseid, varanopid, and eothyridid synapsids are still controversial (MacDougall et al., 2018; Ford and Benson, 2019).
The family Caseidae is composed of 13 species that exhibit a striking diversity in size, but all apparently conform to a relatively narrow morphological skull pattern. Most of the taxa are based on poorly preserved materials, making phylogenetic analyses difficult. However, four caseids have sufficiently well-preserved skeletons to be useful in providing detailed comparative anatomical information about the anatomy of this important group. These are Cotylorhynchus romeri from the lower Permian of Oklahoma, Ennatosaurus tecton from the middle Permian of Northern Russia, Euromycter rutenus (formerly Casea rutena; for nomenclatural emendation, see Reisz et al, (2011)) from the Autunian (lower Permian) of France, and Martensius bromackerensis from the lower Permian of Germany (Berman et al., 2020). Although the genotype of the family, Casea broilii, is known from three skulls as well as postcranial materials, all are badly preserved and prepared, making detailed anatomical comparisons difficult. Maddin et al. (2008) redescribed Ennatosaurus tecton on the basis of one of the skulls from the Pinega locality that has been carefully prepared and a new skull collected from the Mezen River Basin. The skull of Euromycter rutenus was described in detail by Sigogneau-Russell and Russell (1974), but critical areas of its anatomy, like the skull table, and occipital regions, have remained uncertain. The discovery and description of Eocasea (Reisz and Fröbisch, 2014) the oldest known member of the clade, has added limited but valuable information about the posterior part of the skull. However, most detailed anatomical data is offered by the known specimens of Cotylorhynchus romeri, the basis of this work.
The holotype of Cotylorhynchus romeri, consisting of a partial right side of a skull, part of an interclavicle, and left and right manus (OMNH 00637), was discovered in 1937 by William Strain and described by Stovall (1937). Although numerous other specimens were collected and the postcrania was described in detail by Stovall et al. (1966), only brief, partial descriptions of the cranial anatomy were ever published (Romer and Price, 1940; Olson, 1968). The most complete skull (OMNH 04329) from the Norman area, Cleveland County, Oklahoma, together with the holotype are used for the following description and reconstruction.
SYSTEMATIC PALEONTOLOGY
Synapsida Osborn, 1903
Caseasauria Williston, 1912
Caseidae Williston, 1911
Cotylorhynchus romeri Stovall, 1937
Holotype: OMNH 00637, partial right side of skull (Figure 1), right lower jaw, partial interclavicle, and left manus.
[image: Fossil jawbone fragments shown from different angles, including colored photographs and black-and-white drawings. Diagrams label various parts of the jawbone, displaying tooth structure and skeletal features. Scale indicates size.]FIGURE 1 | Cotylorhynchus romeri, OMNH 00637, holotype. Right lateral and medial views of skull. Abbreviations: an, angular; co, coronoid; d, dentary; j, jugal; l, lacrimal; m, maxilla; n, nasal; pm, premaxilla; po, postorbital; pra, prearticular; prf, prefrontal; qj, quadratojugal; sp, splenial; su, surangular.
Referred Specimens: OMNH 00605, tail, pelvis, and hind limb; OMNH 00630, various bones and bone fragments; OMNH 00655, complete skeleton; OMNH 01673, complete mounted skeleton; OMNH 01704, skull and jaws; OMNH 04329, skull and jaws (Figures 2, 3).
[image: Fossil skull of a dinosaur from three different angles, showing prominent teeth and bone structure. The scale bar indicates a size of five centimeters.]FIGURE 2 | Cotylorhynchus romeri, OMNH 04329, referred specimen. Photographs in lateral and occipital views.
[image: Two fossilized skull fragments displayed side by side. The left fragment shows the external surface with a rough, cracked texture; the right fragment reveals an internal view with visible cavities and bone structure. A scale bar indicating five centimeters is present at the bottom.]FIGURE 3 | Cotylorhynchus romeri, OMNH 04329, referred specimen. Photographs in dorsal and palatal views.
Diagnosis: A large caseid distinguished by transversely broad postparietals that contact the supratemporals laterally, large supratemporal that restricts contact between the parietal and postorbital, stapes that has short massive distal shaft and a ventral process that is braced against the quadrate ramus of the pterygoid, vomerine dentition accentuated by three large teeth along the medial edge of the bone; parasphenoidal dentition present, and large surangular that overlaps the posterodorsal tip of the dentary and excludes it from the coronoid eminence. Maxillary tooth crowns are broad basally and narrow towards the tip and culminate with three small cuspules.
Locality and Horizon: Holotype from OMNH locality V134, Logan County, Oklahoma, United States OMNH 04329 from OMNH locality V381, Cleveland County, Oklahoma, United States. See Czaplewski et al. (1994) for provenance of other referred specimens listed above. All specimens are from the Hennessey Formation, lower Permian (Kungurian).
Stratigraphic Note: The Hennessey Formation was revised and raised to group status and divided into the Fairmont Shale, the Kingman Sandstone, and the Salt Plains Formation (Wood and Burton, 1968; Bingham and Moore, 1975), but this arrangement has been disputed by N. Suneson and colleagues (Suneson and Hemish, 1998; Suneson et al., 1999; Lucas and Suneson, 2002). In light of this controversy, we follow the traditional usage of the Hennessey Formation for convenience because the majority of the paleontological field work is conceived in the framework of the traditional view of this geological unit (Vaughn, 1958; Olson, 1967; Olson, 1970).
DESCRIPTION
General
The skull conforms to the general pattern of caseids, with an anteriorly tilted snout and a strikingly broad skull roof which has a low lateral profile (Figures 4, 5). Except for the slender anterior tip of the snout, every other region of the skull has a broad cross-sectional outline, with the lateral width far exceeding its height. Total skull length is ca. 20 cm, which is ca. 10% of the snout-vent length using the skeletal reconstruction of Stovall et al. (1966, fig. 17).
[image: Drawing of a dinosaur skull and jaw, with three views: a lateral view of the full skull, and lateral views of the upper and lower jaws separately. The skull shows distinct openings for the eyes and detailed teeth structure.]FIGURE 4 | Cotylorhynchus romeri. Skull reconstruction in left lateral view, and medial and lateral views of mandible.
[image: Four detailed illustrations of skulls from prehistoric amphibians show varying shapes and structures. The top two images display different species' skulls from above, highlighting bone patterns and openings. The bottom two images show side views with intricate tooth and jaw formations.]FIGURE 5 | Cotylorhynchus romeri. Skull reconstruction in dorsal, ventral, posterior and anterior views.
As in other caseids, the external naris is unusually large and its outer margins extend onto the external surface of the surrounding bones. This results in the formation of large shelves on the premaxilla, the maxilla, the lacrimal, and a smaller shelf on the nasal. The combined narial shelves of the nasal, the lacrimal, and the maxilla form a massive posteromedial shelf of the naris (Figures 4, 5), a feature that is also present in Ennatosaurus tecton and Euromycter rutenus, and is probably also present in other large caseids, but are not well preserved. In the small, more basal taxa like Oromycter (Reisz, 2005), the maxilla lacks the distinct narial shelf seen in the larger more derived taxa, as is the case with the maxilla of Martensius (Berman et al., 2020). It is probable that this greatly enlarged narial opening may be related to the forward tilting of the snout, resulting in the formation of a slight rostrum. It is clear, however, that the great narial enlargement is exaggerated in the more derived caseid taxa, and that the narial shelf evolved within the clade. The overall result of the greatly enlarged external naris has also resulted in the shortening of the lacrimal bone in derived caseids and of the antorbital region of the cheek. In Cotylorhynchus romeri the external edges of this naris form a surface area that is nearly equal to that of the orbit, and approximately equal to that of the temporal fenestra, a feature which also characterizes the other, more derived caseids. In contrast to the very large external naris, the orbit is relatively small, and is underlain by a deep surborbital ramus. The temporal fenestra is relatively larger than in the smaller caseids, and this size is mainly at the expense of the squamosal bone posteriorly, and the subtemporal bar ventrally, both being reduced in size. The broad skull table is pierced by a very large pineal foramen, just posterior to the deep orbital emarginations.
One of the most striking features of the skull is related to ornamentation of the outer surface of the dermal skull roof (Figures 3, 5). In contrast to the rather smooth lateral surfaces of the skull roof and the mandible, the dorsal surface of the skull table is deeply pitted by strongly developed pattern of ornamentation. This pattern is characterized by the presence of distinct, round pits and short grooves that cover the preserved surfaces of the skull table and dorsal surface of the snout. This ornamentation extends on to the dorsal surface of the postorbital, prefrontal, and nasal, but not to their lateral surfaces. The squamosal seems to represent an exception to this pattern, in that its dorsal portion, close to its suture to the supratemporal and the postorbital is gently ornamented, but this is clearly part of the lateral surface of the skull roof. Compared to Euromycter rutenus, and similar to the skull roof of Ennatosaurus tecton (q.v. Maddin et al., 2008), the interorbital region of the skull roof is distinctly waisted by the medial protrusion of the orbits in Cotylorhynchus romeri; however, the condition in Ennatosaurus tecton is more pronounced because of the wide separation of the prefrontal and the postfrontal, which results in the frontal making a greater contribution to the orbital margin than in either Cotylorhynchus romeri and Euromycter rutenus (Sigogneau-Russell and Russell, 1974).
The occipital region is characterized by the wide occipital plate and similarly broad exoccipitals on either side of the foramen magnum (Figures 2, 5). The supraccipital-opisthotic complex is framed above and laterally by the slender, delicate postparietal, and the hatchet-shaped tabular. Both the paroccipital plate and the posttemporal fenestra are unexpectedly large for a synapsid, but comparison with other caseids reveals that this is a characteristic feature of this clade. The massive, relatively stubby appearance of the stapes is another unusual feature of the occiput, as is the relatively small, ventrally facing occipital condyle.
The palatal surface of the skull is broad (Figures 3, 5), as indicated by the large mediolateral dimensions of all palatal bones. This surface is also characterized by the presence of unexpectedly large, slender teeth that are arranged in rows across the posterior edge of the transverse flange of the pterygoid, along the medial edges of the pterygoid and the vomer. The teeth not only form discrete fields on the body of the transverse flange and along the pterygoid-palatine suture, but are also present on the parasphenoid, and many of these teeth are tall and relatively slender. A few of the palatal teeth are preserved at the tip, and they have the same distal morphology as the marginal teeth, showing three small cuspules.
The mandible is short and massive, with a large ventrally expanded mandibular symphysis, and a well-developed coronoid eminence that rises above the level of the tooth row, and well above the level of the jaw articulation (Figures 1, 2, 4). There is only a single coronoid bone that extends far anteriorly, nearly to the level of the symphysis. Although there is no evidence of dental occlusion, the articular surface of the mandible is broader and much longer than the corresponding quadrate condyles, raising the possibility of propalinal movement of the mandible. The pterygoideus process, formed by the prearticular and articular bones, is massive and extends far medially.
Skull Roof
The premaxilla is a relatively large element that forms the anteroventral portion of the snout (Figures 2–8). It consists of a ventral alveolar region that supports three teeth and an anterodorsally extending ramus that forms the anterior margin of the external naris. The ventral portion is the thickest region of the element. In ventral aspect the ventral portion arches slightly anterolaterally to form the anterior-most part of the upper dental arcade. Posteriorly this portion of the premaxilla forms an anteroposteriorly short but dorsoventrally deep scarf contact with the maxilla; the anterodorsal corner of the ventral portion of the premaxilla was slightly overlapped by the septomaxilla. The lateral surface of the bone is bifaceted and consists of a ventral, slightly laterally leaning wall and a dorsal narial shelf that curves anterodorsally to form the deep portion of the anterodorsal ramus. The lateral surface proper is largely flat and featureless apart from the presence of several small foramina, a couple of which appear to be supralabial foramina. Terminating along a broadly sigmoidal suture with the maxilla just posterior to the midpoint of the external naris, the ventral ramus is intermediate in length between the short ramus described for Ennatosaurus tecton and the relative long one documented in Euromycter rutenus. The lateral (or facial) surface of the ventral portion of the bone merges seamlessly with the anterior surface of the anterodorsal ramus, which curves posterodorsally at the approximate mid-height of the external naris to deeply overlap the anterodorsal surface of the nasal. Together the paired anterodorsal processes of the premaxillae form a narrow internarial bar. Relative to the ventral portion of the bone, the internarial bar of Cotylorhynchus romeri is approximately as narrow as the internarial bars in Ennatosaurus tecton and Euromycter rutenus. A substantial part of the premaxilla is deep to the superfical, facial part of the bone, forming a shelf that extends medially from the ridge that marks the narial border. The medial surface of the ventral portion of the premaxilla is exposed in the holotype, revealing that the premaxilla is thickest along the dorsal margin of the alveolar portion of the bone. The latter leans strongly medially (mesially) and is sculpted with shallow, arch-like fossae that are associated with each tooth position, and the fossa associated with the second tooth position also features a circular resorption pit. Anteriorly the medial surface contacting the contralateral element conforms to the roughly lenticular cross section of the ventral portion of the premaxilla. The palatal ramus of the premaxilla is little more than a slight swelling immediately lateral to the symphysis that is marked with a roughened surface for contacting the vomer. The first premaxillary tooth is damaged in both specimens, but the second and third are well preserved and reveal that the crown of each is largely conical in structure, twice the height of basal (mesial-distal) diameter, with a tip that curves slightly lingually and bears three small cuspules aligned mesiodistally. Judging from what remains of its base, the first premaxillary tooth was subcircular in cross section, as is the second premaxillary tooth. The base of the third tooth is, however, oval in cross section, being slightly compressed mesiodistally compared to the preceeding teeth. All teeth are protothecodont in implantation, and judging by the position of the resorption pit for the second premaxillary tooth in the holotype (Figure 4), the root is no more than half the height of the crown.
The maxilla of Cotylorhynchus romeri (Figures 4, 6, 7) is triangular in lateral aspect and closely resembles the low, triangular elements illustrated for Ennatosaurus tecton and Euromycter rutenus (Sigogneau-Russell and Russell, 1974; Maddin et al., 2008). The maxilla forms an acute triangular dorsal process in the narrow facial region between the external naris and the orbit, and reaches its greatest height along the posterior margin of the external naris. Judging from the medial and lateral views of the anterior facial region of OMNH 00637 (Figure 1), the dorsal process of the maxilla extends sightly dorsal to the midpoint of the height of the antorbital portion of the lacrimal, and so is roughly comparable with the conditions seen both in Ennatosaurus tecton (q.v. Maddin et al., 2008) and Euromycter rutenus (Sigogneau-Russell and Russell, 1974). Posteriorly the maxilla tapers to an acute tip that ends just anterior to the level of the midpoint of the lateral temporal opening. The ventral margin is very shallowly convex throughout its length, contrasting with the faintly sigmoidal ventral margin in Euromycter rutenus and the more conspicuous anterior convexity that forms the anterior two thirds of the ventral margin of this bone in Ennatosaurus tecton. As documented in all caseids in which this element is preserved, the lateral surface of the maxilla is perforated by numerous foramina. Most of these small openings are aligned along a line that parallels the ventral margin at the height of the ventral margin of the external naris, and presumably are supralabial foramina. In medial aspect the maxilla features a ridge that arises anteriorly along its contact with the premaxilla and extends posteriorly and dorsally along the alveolar portion of the element. Judging from the extent of roughened bone, this ridge appears to have contacted the palatine at a point directly ventral to the posterior-most extent of the external naris, posteriorly along the medial ridge to a point dorsal to the 10th or 11th maxillary tooth (approximately midway between the orbital mid-point and the postorbital process). The alveolar ridge supports 17 teeth in OMNH 00637 (Figure 1) and 13 teeth in (the left maxilla) of OMNH 04329 (Figures 6, 7). This range in the number of teeth in Cotylorhynchus romeri is slightly more than that in Casea rutena (11 teeth) and substantially more than in Casea broilii (9 teeth) and Ennatosaurus (8 teeth). The maxillary teeth are very similar to the premaxillary teeth in morphology. The anterior-most maxillary tooth is subequal to the posterior-most premaxillary tooth, and the maxillary teeth decrease progressively in size posteriorly. In contrast to the posterior-most premaxillary tooth, the crowns of the maxillary teeth are more compressed mesiodistally. The tips of the well preserved crowns exhibit three closely grouped cuspules that are aligned mesiodistally.
[image: Illustration of a carchtosaurid skull in lateral view with labeled diagram. The top image shows an artistic rendering of the skull structure, displaying visible teeth and bone details. The bottom diagram labels various parts of the skull, including features like the premaxilla (pm), maxilla (m), and jugal (j), with a scale indicating 5 centimeters for size reference.]FIGURE 6 | Cotylorhynchus romeri, OMNH 04329, referred specimen. Skull in right lateral view. Abbreviations used in Panel 6, Figures 7–9: an, angular; ar, articular; bo, basioccipital; co, coronoid; d, dentary; ec, ectopterygoid; ex, exoccipital; f, frontal; j, jugal; l, lacrimal; lj, lower jaw; m, maxilla; n, nasal; o, opisthotic; p, parietal; pp, postparietal; pal, palatine; pf, postfrontal; pm, premaxilla; po, postorbital; pp, postparietal; pra, prearticular; prf, prefrontal; ps, parasphenoid; pt, pterygoid; q, quadrate; qj, quadratojugal; s, stapes; sm, septomaxilla; so, supraoccipital; sp, splenial; sph, sphenethmoid; sq, squamosal; st, supratemporal; su, surangular; t, tabular; v, vomer.
[image: Illustration of a mammalian skull in two views: the top image shows a detailed, shaded side view highlighting the texture and contours of the bones. The bottom image is a line drawing labeling various parts of the skull with abbreviations.]FIGURE 7 | Cotylorhynchus romeri, OMNH 04329, referred specimen. Skull in left lateral view. Abbreviations as in Figure 6.
Nothing more than fragments of the septomaxilla are preserved in OMNH 04329 (Figures 6, 7). The left element is marginally better preserved and shows that it is comprised of an expanded ventral base that contacted the narial shelves of the premaxilla and the maxilla, and supported what appears to be a slightly narrower dorsal component. The latter is damaged on both sides and the full extent and the nature of the contacts with the circum-narial bones, if any, cannot be determined.
The nasals of OMNH 04329 (Figures 6–8) are better preserved than the partial element in OMNH 00637 (Figure 1) and together afford a complete view of this bone. The greater part of the nasal is an anterodorsally arching, triangular plate of bone that roofs nearly the entire rostral region. In dorsal aspect the nasal forms a slightly rounded internarial bar with the premaxilla. It expands in transverse breadth posteriorly, reaching its broadest extent where it makes a narrow contact with the lacrimal. Judging from the sutures with the prefrontal and the lacrimal in OMNH 00637, the nasal is overlain by the anterior tip of the prefrontal and the posterolateral margin of the nasal most likely continues posteromedially from the external suture with the lacrimal to the posterolateral corner of the bone where it makes contact with the frontal just medial to the prefrontal. The posterior portion of the nasal is damaged but the lateral suture with the prefrontal was roughly straight whereas the posterior suture with the frontal appears to have been coarsely serrate. This is roughly comparable to the organization of the nasal for Euromycter rutenus in one of the two interpretations of Sigogneau-Russell and Russell (1974); the sutural relationships of these elements in Ennatosaurus tecton remain conjectural (Maddin et al., 2008). Broad, shallow dimples and shallow, short furrows sculpt the dorsal surface of the bone. The anteriorly narrowing portion of the nasal arches anteroventrally, forming an extensive scarf joint with the dorsal process of the premaxilla. Deep to the free edge of the bone, the nasal forms a curving, medially sloping narial emargination that forms most of the dorsal margin of the external naris (Figure 7).
[image: Illustration of a fossilized skull viewed from above and below, shown in both realistic and diagrammatic styles. The top row features detailed textures, while the bottom row outlines key anatomical features with labeled parts. A scale bar indicates the size.]FIGURE 8 | Cotylorhynchus romeri, OMNH 04329, referred specimen. Dorsal and ventral views of skull. Abbreviations as in Figure 6.
Between both OMNH 00637 and OMNH 04329 the morphology of the lacrimal of Cotylorhynchus romeri can be fully documented (Figures 1, 6, 7). The lacrimal spans the anterior cheek between the external naris and the orbit, forming the greater part of the “orbitonarial bar” sensu Maddin et al. (2008). The lacrimal is bounded anterodorsally by the nasal, directly dorsally by the prefrontal, directly ventrally by the maxilla, and posteroventrally by the jugal. The contact with the nasal in OMNH 04329 is conspicuously greater than that seen in OMNH 00637, suggestive of either individual variability in the extent of this suture or, given the greater size of the latter specimen, an ontogenetic difference. The suture with the prefrontal is a coarsely meandering, overlapping contact. The medial aspect of the lacrimal in OMNH 00637 indicates that the lateral surface is deeply overlain by the dorsal process of the maxilla. The facial surface of the lacrimal has an irregular, hourglass-shaped outline. The anterior margin of the bone thins medially to form a crescentic narial shelf that is continuous with those of the nasal and the maxilla. The posterior region of the lacrimal thickens medially to create a transversely deep, posterolaterally facing antorbital buttress. Two lacrimal puncti are present here, aligned with and positioned immediately medial (deep) to the ridge that marks the transition from the facial portion of the bone to the sloping, posterior surface of the antorbital margin. In lateral view the facial portion of the lacrimal thins posteroventrally and makes a point contact with the jugal. The medial aspect of OMNH 00637 reveals that the antorbital portion of the lacrimal transitions to a thick, medial ridge with a slightly deeper contact with the jugal medially than is evident laterally, and it extensively overlaps the medial surface of the maxilla ventral to the anteroventral corner of the orbit (Figure 1). In overall morphology, the lacrimal of Cotylorhynchus romeri is closely comparable to those of Ennatosaurus tecton and Euromycter rutenus, except that the lacrimal has a greater facial extent in Ennatosaurus tecton (q.v. Maddin et al., 2008) and the narial shelf in Euromycter rutenus is more developed ventrally (Sigogneau-Russell and Russell, 1974).
The prefrontal of Cotylorhynchus romeri conforms with the general morphology of this bone among other basal synapsids (Figures 1, 6–8). In lateral aspect it forms the anterodorsal corner of the orbit. The facial portion of the bone can be divided into a dorsal contribution to the skull table that contacts the frontal and the nasal, and an anterior portion that contacts the lacrimal. The entire skull table portion of the prefrontal is ornamented with the same pattern of broad, shallow divots and sulci seen on the nasal and the other skull table elements. This contrasts with the reduced sculpturing seen in Euromycter rutenus (Sigogneau-Russell and Russell, 1974, Figure 1) and Ennatosaurus tecton (q.v. Maddin et al., 2008). The skull table portion of the prefrontal features a relatively small lappet that extends posteromedially into an embayment in the anterolateral margin of the frontal. In this regard the prefrontal of Cotylorhynchus romeri is similar to that of Euromycter rutenus; Ennatosaurus tecton appears to lack this extension of the prefrontal and this condition is presumably an autapomorphy of that species. Deep to the facial portion of the bone, the prefrontal forms an extensive, sloping orbital shelf that merges smoothly with the antorbital buttress of the lacrimal ventrally. The medial aspect of OMNH 00637 clarifies that the antorbital portion of the prefrontal is a thin, transversely deep process that extends ventrally to a point that is midway between the dorsal surface of the prefrontal and the ventral margin of the skull.
OMNH 04329 preserves nearly complete frontals in almost perfect articulation with each other and with neighboring elements (Figures 6–8). Each frontal is, like that of Ennatosaurus tecton, a distinctly rectangular structure in dorsal aspect. Unlike the frontal of Ennatosaurus tecton, with its broad contribution to the orbital margin, and similar to the frontal of Euromycter rutenus, that of Cotylorhynchus romeri exhibits a tiny lateral lappet that makes a commensurately tiny contribution to the orbital margin. The lateral lappet of Cotylorhynchus romeri is, however, smaller than that of Euromycter rutenus relative to the rest of the bone. With respect to the lateral lappet, the anterior portion of the frontal is roughly equal in anteroposterior extent to the posterior portion of the bone. The significance of these proportions are difficult to compare with the frontal of Ennatosaurus tecton, which is autapomorphic in the absence of the lateral lappet and its conspicuous contribution to the dorsal margin of the orbit (Maddin et al., 2008), as well as to the frontal of Euromycter rutenus, in which the anterior extent of the bone is uncertain (Sigogneau-Russell and Russell, 1974). The suture with the nasal is damaged but what is present suggests that it was broadly interdigitated. Anterolaterally the frontal met the prefrontal along a slightly sigmoidal contact. Posteriorly, the suture with the parietal is weakly interdigitated, and the frontal received the postfrontal in a broadly curving posterolateral embayment. The dorsal surface of the frontal is richly ornamented with the same system of shallow dimples and sulci present on the surrounding skull-roof elements. What little is visible of the ventral surface of the frontals of OMNH 04329 indicates that they are smoothly finished (Figures 6, 7).
The jugal of Cotylorhynchus romeri is a slender triradiate element (Figures 1, 6–8). The dorsal ramus of the jugal is an acute triangle of bone that contacts the ventral process of the postorbital and with that element forms the relatively slender postorbital bar. The anterior suborbital process has a narrowly acute profile in lateral aspect and a slightly deeper profile in medial view (Figure 4). The jugal makes a narrow contact with the lacrimal and extends farther anteriorly than that in Euromycter rutenus (Sigogneau-Russell and Russell, 1974), but not as far anteriorly as the jugal of Ennatosaurus tecton (q.v. Maddin et al., 2008). The suborbital process of the jugal thickens ventromedially (Figure 1) and protrudes a thin medial process that contacts the palatine anteriorly and the ectopterygoid posteriorly (Figure 8). The subtemporal process of the jugal extends posteriorly and slightly ventrally as a narrow, tongue-like process that overlies the posterior tip of the maxilla and makes a narrow overlapping suture with the subtemporal process of the quadratojugal, which in turn contacts the maxilla to exclude the jugal from the ventral margin of the skull. As in other caseids in which the temporal region is well preserved (Sigogneau-Russell and Russell, 1974; Maddin et al., 2008), the jugal does not contact the squamosal.
The parietal is a broad element in Cotylorhynchus romeri that forms the greater part of the posterior skull table (Figure 8). In dorsal aspect it is more similar to that of Ennatosaurus tecton (q.v. Maddin et al., 2008) than that of Euromycter rutenus (Sigogneau-Russell and Russell, 1974), primarily because the parietals of the two larger caseids exhibit a distinct lateral lappet that is interposed between the postfrontal, postorbital, and supratemporal bones; the lateral lappet of the parietal of Cotylorhynchus romeri is, however, anteroposteriorly narrower than that of Ennatosaurus tecton. The anterior margin of the bone forms a tightly serrate sutures with the frontal and the postfrontal. Laterally the parietal meets the postorbital via a butt-like contact, and posterolaterally it receives the supratemporal in a deep and broad embayment. The posterior margin of the parietal is shallowly to moderately concave and receives the dorsal margin of the postparietal; the parietal does not contact the tabular as in Euromycter rutenus or as inferred for Ennatosaurus tecton. The pineal foramen is positioned anteriorly along the interparietal suture. It is transversely broader than it is anteroposteriorly long, as in Ennatosaurus tecton, but in contrast to the subcircular opening in Euromycter rutenus. The dorsal surface is ornamented with the pits and furrows seen on most of the other roofing elements.
The postfrontal of Cotylorhynchus romeri is a broadly crescentic plate of bone that forms the posterodorsal corner of the orbit (Figures 6–8). Compared to the surrounding roofing elements, the postfrontal of Cotylorhynchus romeri is intermediate in relative size compared to the relatively larger postfrontal of Euromycter rutenus and the reduced postfrontal of Ennatosaurus tecton. As in the last caseid, the postfrontal of Cotylorhynchus romeri is almost entirely restricted to the dorsal skull table apart from a ventrally extending process that contributes to the postorbital bar. Although slightly separated from the prefrontal by the frontal dorsally, the anterior tip of the postfrontal closely approaches the prefrontal ventral to the frontal, and on the right side of OMNH 04329 makes a point contact with the prefrontal. The dorsal surface of the postfrontal is entirely ornamented with subcircular pits and furrows.
None of the available postorbitals are complete but together they afford a full appreciation of the morphology of this element (Figures 1, 6–8). The postorbital can be subdivided into an anterior portion that lies ventral to the postfrontal and forms the greater part of the posterior margin of the orbit and the upper half of the postorbital bar, and a larger, tongue-like temporal portion that forms the upper margin of the temporal opening, contacts the parietal and the supratemporal along an irregularly sigmoidal medial margin, and overlaps the anterodorsal corner of the squamosal. In these general respects it resembles the postorbitals of Euromycter rutenus and Ennatosaurus tecton. The dorsal surface of the postorbital is sculpted with the same system of pits and furrows seen on the surrounding skull table elements.
As in Euromycter rutenus and Ennatosaurus tecton, the supratemporal of Cotylorhynchus romeri is a relatively large, subrectangular plate of bone that is aligned anteromedially in the posterolateral corner of the skull roof (Figures 6–9). It is primarily a skull roof element, with a minor contribution to the posterodorsal rim of the occiput. It has its most extensive contacts with the parietal anteromedially and the postorbital laterally. Posterolaterally it overlaps the dorsal margin of the squamosal, and directly posteriorly it overlaps the tabular laterally and forms a short, slightly curving suture with the postparietal medially. Its dorsal surface bears a sparser complement of the shallow pits and furrows that ornament most of the other skull roof elements.
[image: Illustration of a dinosaur skull viewed from above. The top portion shows a detailed drawing of the fossilized skull with rough textures. The bottom portion is a line drawing labeled with anatomical terms, such as "bo," "pt," and "ex." A scale bar indicates the width as five centimeters.]FIGURE 9 | Cotylorhynchus romeri, OMNH 04329, referred specimen. Occipital view of skull. Abbreviations as in Figure 6.
OMNH 04329 preserves both postparietals (Figures 8, 9). It is a distinct, paired element, as in Ennatosaurus tecton (q.v. Maddin et al., 2008), versus the apparently single, median postparietal that is interpreted for Euromycter rutenus (Sigogneau-Russell and Russell, 1974). The postparietal of Cotylorhynchus romeri is autapomorphic among caseids in being transversely broad: it extends laterally from the midline, making an extensive suture with the posterior margin of the parietal and extending beyond the parietal to make a rather extensive contact with the supratemporal that aligns with the occipital rim. In both dorsal or occipital views the postparietal has a pennant-like profile, narrowing progressively laterally from its greatest height at the midline. It is entirely an occipital element. The smooth occipital surface of the postparietal parallels the curvature of the occipital rim and slopes posteroventrally from the rim to overlap the dorsal margin of the supraoccipital from the midline to the post-temporal opening. Directly dorsal to this opening, the postparietal shares a short, straight suture with the tabular (Figure 9).
The squamosal is a tall, quadrangular element that forms the posterodorsal corner of the temporal region of the skull (Figures 6–9). Whereas Maddin et al. (2008) ascribed a short anterior ramus and a long ventral ramus to the squamosal of Ennatosaurus tecton, the squamosal of Cotylorhynchus romeri narrows slightly from its maximum breadth dorsally along its contacts with the postorbital, the supratemporal, and the tabular. Its shallowly concave anterior margin froms the posterior border of the temporal fenestra. The posterior margin of the squamosal drops vertically from its contact with the tabular at the posterodorsal corner of the temporal region and extends ventrally down to the condylar region of the skull. Ventrally the squamosal overlaps the posterodorsal margin of the quadratojugal, but neither element in OMNH 04329 is well preserved in this area and we have tentatively reconstructed the ventral margin of the squamosal as a faintly convex, obliquely aligned edge of bone. Whereas the dorsal third of the lateral surface of the squamosal bears the dermal sculpturing seen on most skull-roofing elements, the remainder of the lateral surface of the bone is smooth.
The morphology of the tabular of Cotylorhynchus romeri is quite distinct from that of other caseids in which this element is known. It is tall, curved, crescent of flat bone that forms the posterodorsal rim of the occiput (Figures 8, 9). Dorsally it is a narrow, attenuating triangle of bone that underlies the supratemporal and the postparietal and forms the dorsal margin of the post-temporal opening. The bone widens as it curves posteroventrally, completing the occipital rim laterally and making extensive overlapping contacts with the squamosal laterally and the supraoccipital medially. Thus, the tabular of Cotylorhynchus romeri is more extensive than this element in either Ennatosaurus tecton or Euromycter rutenus, which has been interpreted as relatively small occipital elements that lie entirely dorsal to the post-temporal opening (Ennatosaurus tecton) or slightly broader and contacting the supratemporal and the paraoccipital process of the supratemporal (Euromycter rutenus). However, neither makes a conspicuous lateral contact with the squamosal as the tabular does in Cotylorhynchus romeri.
The quadratojugal of Cotylorhynchus romeri is triangular element (Figures 1, 6–8) that closely resembles that of Euromycter rutenus. It forms the posteroventral corner of the skull roof and the greater part of the subtemporal bar. The posterior portion of the quadratojugal is an extensive, slightly curving plate of bone that contacts the quadrate medially and is extensively overlapped by the ventral tip of the squamosal. A distinctive feature of the quadratojugal is an acuminate occipital process that extends medially from the ventrolateral corner of the facial part of the bone to overlie the posterodorsal surface of the condylar portion of the quadrate. Such an occipital process of the quadratojugal is not present in Ennatosaurus tecton, and although its presence is indeterminate in Euromycter rutenus, no other early amniote exhibits this quadratojugal morphology and thus we interpret this feature as an autapomorphy of Cotylorhynchus romeri. The right elements of OMNH 00637 (Figure 1) and OMNH 04329 (Figures 6, 7) together indicate that the quadratojugal extended dorsally under the squamosal at least as far as the midpoint of the temporal fenestra, a feature that is also noted to be present in Euromycter rutenus and in Eocasea martini. Anterior to its contact with the squamosal, the quadratojugal narrows progressively anteriorly, forming the posterior portion of the subtemporal bar and farther anteriorly to form scarf joints with the jugal and the maxilla. Medial to the maxilla, the quadratojugal extends anteriorly almost as far as the base of the postorbital bar. Together with the maxilla, the quadratojugal excludes the jugal from the ventral margin of the skull.
Palate
The vomer is preserved only in OMNH 04329. Although it is not completely exposed in palatal aspect (Figure 8) because of the occluded lower jaws, an oblique view of the palate reveals that the vomer is a paired bone. Each bears a short row of three large gently recurved teeth, taller than any other teeth on the palatal surface.
Both palatines are preserved in articulation with surrounding palatal and skull-roof elements in OMNH 04329. The holotype OMNH 00637 preserves a smoothly finished bone fragment that may be the remains of the right palatine. The right palatine of OMNH 04329 is well exposed in palatal aspect (Figures 3, 8), and both palatines can be viewed through the orbits in dorsal aspect (Figures 3, 8). In palatal aspect the palatine is a flat element that is deeply incised anteriorly by the internal naris and features an anteroposteriorly aligned cluster of palatal teeth on a slightly swollen mound of bone. As in other early synapsids, the palatine contacts the vomer anteriorly, the pterygoid posteromedially, the ectopterygoid posterolaterally, and both the maxilla (ventrally) and the lacrimal (dorsally) laterally. The anterior end of the palatine forms a thin, tongue-like process that overlaps the posterior end of the vomer. The suture with the pterygoid is broadly sigmoidal (Figures 3, 8). Immediately lateral to the suture with the pterygoid the posterolateral margin of the palatine angles anterolaterally and narrowly overlaps the anteromedial edge of the ectopterygoid along a relatively straight line of contact (Figures 3, 8). The palatine contacts the skull roof along a relatively straight anterolateral margin, which sutures to a ventromedial process of the lacrimal and, directly ventrally, shares a more extensive anteroposterior contact with the medial surface of the maxilla (Figure 5). Ten subconical teeth are present on the slightly thickened region of bone adjacent to the middle part of the suture shared with the pterygoid, the palatine’s contribution to the pterygo-palatine tooth cluster that is usually present on the palate of most early amniotes.
The ectopterygoid is a flat tongue of bone positioned at the anterior end of the subtemporal fossa. Its anteromedial margin is entirely sutured to the palatine anteriorly (Figures 3, 8), and the medial end of the ectopterygoid forms an overlapping contact with the pterygoid (Figure 8). The approximate lateral two-thirds of the posterior margin of the ectopterygoid contributes to the palatal margin of the subtemporal fossa. Laterally the ectopterygoid has straight sutures with the jugal (dorsally) and the maxilla (ventrally). The dorsal surface of the ectopterygoid is flat and featureless, and the ventral surface is devoid of teeth (Figures 3, 8).
OMNH 04329 preserves both pterygoids in complete articulation with the surrounding palatal, skull roof, and palatoquadrate regions (Figures 3, 8). In ventral aspect, each pterygoid is a triradiate element with a broadly triangular anterior portion, an acutely triangular quadrate process that extends posterolaterally, and between them a quadrangular mass of bone that forms the basicranial recess medially and transverse process laterally. The anterior portion has an extensive contact laterally with the palatine and makes smaller contacts with the vomer directly anteriorly and the contralateral bone anteromedially. Posterior to the last contact, the medial margin of the pterygoid extends posteriorly and slightly laterally to the basicranial region, and together the paired pterygoids form a narrow interpterygoid vacuity. The palatal surface of the pterygoid bears teeth in four identifiable groupings: a medial cluster that borders the interpterygoid vacuity, a smaller grouping of teeth that contributes to the pterygo-palatine tooth cluster, a posterolateral cluster of small teeth on the transverse flange, and a discernible row of large teeth that borders the posterior margin of the transverse flange and extends medially to the basicranial region. The medial tooth cluster is similar to those of Euromycter rutenus and Ennatosaurus tecton, but features some of the largest palatal teeth, positioned irregularly up to three teeth across anteriorly, with the cluster narrowing posteriorly to teeth aligned in a single row posterior to the approximate midpoint of the interpterygoid vacuity. The teeth of the pterygo-palatine cluster are largest anteriorly and progressively diminish in size posteriorly to the degree that the smallest teeth are roughly one-third the basal diameter of the largest teeth anteriorly; Ennatosaurus tecton differs in that teeth of varying sizes are implanted randomly throughout the cluster. Approximately 20 small teeth form an anteromedially aligned, elliptical grouping on the transverse flange, akin to a similar cluster of small teeth in Euromycter rutenus (Sigogneau-Russell and Russell, 1974, Figure 5); Ennatosaurus tecton does not exhibit this cluster of small teeth (Maddin et al., 2008). A row of 14 teeth (plus one alveolus) extends along the posterior margin on the transverse flange on the well exposed right pterygoid (Figure 6). The largest teeth in this row are implanted opposite the base of the quadrate flange, and the teeth progressively diminish in size (basal diameter) both medially at the basicranial recess and laterally towards the apex of the transverse flange. This condition contrasts with the double row of transverse flange teeth documented for Euromycter rutenus, and the narrow cluster of teeth of varying size described for Ennatosaurus tecton (q.v. Maddin et al., 2008).
Although technically not an element of the palate, the quadrate is described here because it bridges the palate proper to the posterior of the skull roof. The left quadrate of OMNH 04329 is reasonably well exposed because of the loss of most of the quadratojugal and the squamosal on that side (Figures 7, 8). Here the quadrate is seen to be normally developed for an early synapsid in being comprised of a compact condylar region and a plate-like lamella. The condylar region is broader transversely than it is anteroposteriorly long. Although the mandible is tightly occluded and as a result the articulating surface for the jaw joint is not exposed, the contact with the articular suggests that the articulating surface of the quadrate is approximately 33% broader transversely than long anteroventrally. In this respect the dimensions of the articulating surface of the quadrate of Cotylorhynchus romeri is notably narrower (in anteroposterior dimension) than the articulating surface of the quadrate of Ennatosaurus tecton (q.v. Maddin et al., 2008, Figure 1C). In posterior aspect the condylar portion of the quadrate is overlain by the ventral part of the quadratojugal, which extends a pennant-like process directly medially across the posterodorsal surface of the condylar portion; immediately dorsal to the base of this medial process of the quadratojugal is the posterior opening of the quadrate foramen. Immediately anterodorsal to the condylar region the quadrate narrows transversely and expands dorsoventrally as it transitions to the plate-like dorsal lamella. In ventral aspect the dorsal lamella is aligned anteromedially, contacts the quadrate flange of the pterygoid for most of its length, and extends anteriorly beyond the transverse flange of the palate to make a slight overlapping contact with the epipterygoid (Figure 7). The posterior margin of the dorsal lamella is aligned subvertically and forms narrow contacts with the quadratojugal and the squamosal.
Braincase
The following description of the braincase elements of Cotylorhynchus romeri is based on that of OMNH 04329, which preserves an articulated and nearly complete braincase. As in most early amniotes, the parasphenoid and the basisphenoid are fused together indistinguishably and is here referred to as the parabasisphenoid. Both prootics are presumably preserved in OMNH 04329, but neither is exposed and are not described in this work. Nothing of the braincase of OMNH 00637 is known.
The parabasisphenoid of OMNH 04329 is well preserved but is accessible primarily in ventral aspect (Figure 8). Its ventral profile resembles more closely that of Euromycter rutenus than that of Ennatosaurus tecton and this is largely due to the wing-like cristae ventrolaterale. Anteriorly the parabasisphenoid projects a broad-based cultriform process of indeterminate length. The ventral surface of the cultriform process houses several teeth that form an irregular row along the midline of the process and extend posteriorly on a ventral swelling of bone to a point level with the neck of the parabasisphenoid. Cotylorhynchus romeri appears to differ from other caseids, including C. hancocki and Angelosaurus romeri, in having few teeth on the parasphenoid. In particular, this feature appears to distinguish the two large species of Cotylorhynchus (Olson, 1968).
Whereas the left basipterygoid process is totally obscured by the left pterygoid, the right basipterygoid process is partly exposed in ventral aspect, but little can be said about this process beyond the observation that is relatively broad in anteroposterior dimension. Measured slightly obliquely from the posterior margin of the basipterygoid process to the point at which the parasphenoid emerges anterior to the basipterygoid recess of the pterygoid, the anteroposterior breadth of right basipterygoid process is about one-third the maximum width of the parabasisphenoid, as measured across the cristae ventrolaterale. Immediately posterior to the basipterygoid processes the bone narrows to a distinctive neck and then expands laterally posteriorly to produce the paired, wing-like cristae ventrolaterales. In ventral aspect, each crista ventrolateralis forms a low, rounded ridge that gradually swells in size posterolaterally, and between the paired cristae lies a shallow, triangular fossae. The posterior margin of each crista is a slightly sigmoidal free edge of bone that merges medially with the main body of the element. Unlike the conditions in either Euromycter rutenus or Ennatosaurus tecton, the main body of the parabasisphenoid extends slightly posterior to the cristae ventrolaterale to form a coarsely sigmoidal contact with the basisphenoid.
In contrast to the conditions in both Euromycter rutenus and Ennatosaurus tecton, the basioccipital of Cotylorhynchus romeri is a relatively broad element, being 25% greater in transverse dimension than anteroposteriorly long (Figure 8). Anteriorly the basioccipital contacts the parabasisphenoid across a slightly swollen contact, narrows slightly posteriorly, and then progressively extends laterally towards the posterolateral corner of the bone where the basioccipital contributes to the jugular foramen. In ventral aspect, the posterior margins of the bone form a very obtuse angle that is interrupted medially by the lozenge-shaped occipital condyle, which extends anteriorly on the ventral surface of the basioccipital as a triangular swelling that merges with the surrounding ventral surface about half way to the anterior margin. The basioccipital forms a butt contacts with the opisthotics laterally, and posteriorly it underlies the paired exoccipitals, which form the dorsal rim of the occipital condyle (Figures 8, 9). The openings for the hypoglossal nerves (cranial nerve XII) are not discernible.
The opisthotic is an irregular bone with a large medial portion that contacts the basioccipital, the exoccipital, the supraoccipital, and the stapes, and a lateral, plate-like paroccipital process (Figures 8, 9). The ventral surface of the medial portion exhibits a thick ridge that receives the medial rim of the stapedial head; little else can be said of the ventral surface of the bone in this region because of overlying elements and surrounding matrix. Directly medially the opisthotic is bounded by the exoccipital and dorsomedially is fused indistinguishably to the supraoccipital. The greater part of the opisthotic exposed in posterior (occipital) aspect is the paroccipital process. Dorsally, this process forms the ventral margin of the posttemporal opening, and dorsolaterally its forms an extensive contact with the tabular. At the ventrolateral tip of the contact with the tabular, the lateral margin of the paroccipital process extends directly ventrally to the level of the condyle, and then the ventral margin of the process curves slightly dorsally to end medially where the opisthotic is notched at the point this element contributes to the jugular foramen. The occipital surface of the paroccipital process is shallowly scooped out (Figure 9), presumably for the former attachment of rectus capitis muscles.
The paired exoccipitals form a robust horseshoe-shaped structure in occipital aspect that forms the greater part of the foramen magnum (Figures 8, 9). The exoccipitals sit atop the posterior quarter or so of the basioccipital and contact each other ventrally along the midline and form the dorsal portions of the occipital condyle. The exoccipitals floor at least 1 cm of the cavum cranii judging from what can be seen of the contributions of the exoccipitals through the foramen magnum in dorsal aspect (Figures 3, 8). Lateral to the condylar portion the ventral portion each exoccipital extends dorsolaterally and expands in height. Ventrally the exoccipital extends laterally slightly beyond the contact with the basioccipital to make a small contribution to the rim of the jugular foramen and contact the base of the paroccipital process of the paroccipital process. The exoccipital exhibits its greatest transverse breadth between the floor of the braincase and the ventral-most point of contact with the opisthotic. The exoccipital gradually narrows dorsally and then, at a point level roughly level to the midpoint of the foramen magnum, the bone narrows progressively to an acuminate tip. The exoccipital of Ennatosaurus tecton is not known. The exoccipitals of Euromycter rutenus are fused to each other and to the basioccipital, and the exoccipitals appear to be autapomorphic in being widely separated dorsally across the foramen magnum (Sigogneau-Russell and Russell, 1974, Figure 6).
The supraoccipital is a low, wide plate of bone that is bounded dorsally by the postparietals, laterally by the posttemporal openings, and ventrally by the opisthotics, the exoccipitals, and the foramen magnum (Figures 8, 9). The occipital surface is excavated by a pair of fossae, presumably for the former attachment of rectus capitis muscles, that are separated at the midline by a swelling of bone that attenuates dorsally. The supraoccipital of Ennatosaurus tecton is not known well enough for comparison. That of Euromycter rutenus is relatively taller and slightly narrower in occipital view and appears to have a relatively greater contribution to the dorsal margin of the foramen magnum that does the supraoccipital of Cotylorhynchus romeri.
Stapedial morphology is poorly documented for caseids. Fortunately, both stapes are preserved in OMNH 04329 (Figures 8, 9). As in most early amniotes, the stapes of Cotylorhynchus romeri consists medially of an expanded footplate and laterally of a posteroventrally-directed shaft. The footplate contacts the parabasisphenoid, the basioccipital, and the opisthotic; we cannot determine if the footplate also contacts the prootic because both the latter bone and the dorsal part of the footplate are inaccessible. The shaft of the stapes is lenticular to quadrangular in cross section, with a thickened, middle portion that thins more dorsally than ventrally. The dorsal process arises from the thinning dorsal surface of the shaft of the left stapes, but because of the overlying paroccipital process of the left opisthotic, nothing else of the dorsal process can be described; the dorsal process of the right stapes is not accessible. Opposite the dorsal process, a low, keel-like flange extends along the ventral margin of the shaft. This keel-like flange has not been described heretofore among caseids, and may represent an attachment point for connective tissue that, in life, extended to the hyoid apparatus.
Mandible
The dentary is a low tooth-bearing element that occupies approximately two-thirds of the length of the lateral surface of the lower jaw (Figures 1, 6–8). It is roughly rectangular anteriorly, gradually expanding in height posterior to the symphysial region and reaching its greatest height immediately anterior to the contact with the angular. Posterior to the 11th tooth position, and concomitant with the contact with the angular, the bone curves posterodorsally, reaching its highest point at the point where it contacts the coronoid and the surangular, and posterior to which the dentary attenuates conspicuously to a sharp posterior tip that overlaps the lateral surface of the surangular. The lateral surface is smooth and featureless apart from the presence of a few labial foramina. The ventral margin of the element is entirely excluded from the ventral margin of the mandible by the splenial. The dentary forms the greater part of the mandibular symphysis. The symphysial pad of the dentary has a robustly lenticular or pyriform profile in medial aspect (Figure 4). Immediately posterior to the symphysis, the dentary, together with the splenial, is excavated medially for the foramen intermandibularis medius. Ventral to the fifth tooth position, the splenial closes off the foramen intermandibularis medius and overlaps the alveolar portion of the dentary. The medial exposure of the dentary is progressively diminished posteriorly as the splenial increases in height, and then is reduced to a narrow strip of bone dorsal to the elongate coronoid. The right dentary of OMNH 00637 exhibits 19 tooth positions, and we estimate that the dentaries of OMNH 04329 each supported approximately 16 teeth. These teeth exhibit the same morphology as the teeth in the upper jaw and, like those teeth, exhibit a progressive decrease in size posteriorly.
Between OMNH 00637 and OMNH 04329 there are three splenials that together afford a nearly complete understanding of this element (Figures 1, 8, 9). In lateral aspect the symphysial portion of the splenial forms a distinct chin, as in Ennatosaurus tecton, and the splenial narrowly attenuates posteriorly to a point contact with the angular. In medial aspect, the symphysial pad of the splenial has a comma-shaped outline. The medial surface of the splenial curves laterally and then posteriorly, forming the ventral half of the foramen intermandibularis medius. At the level of the third tooth position, the splenial thickens to give rise to dorsally directed flange that forms the posterior margin of the foramen intermandibularis medius and gradually rises in height to make contact with and underlie the coronoid. Ventrally the splenial continues posteriorly to form the ventral margin of the mandible and the bone pinches out ventral to the level of the foramen intermandibularis caudalis (“Meckelian foramen” of Reisz and Scott, 2002; Maddin et al., 2008). The splenial is deeply bisected by the prearticular in medial aspect, and presumably the former element is deeply overlain by the latter.
As noted by previous workers (Romer and Price, 1940; Laurin and Reisz, 1995; Maddin et al., 2008), Cotylorhynchus romeri exhibits a single coronoid in each mandibular ramus (Figures 1, 8). The coronoid is a crescentic blade of bone that caps the coronoid eminence and extends anteriorly as far as the seventh mandibular tooth position. The dorsal margin descends from the coronoid eminence to border the ventral margins of the resorption pits of the posterior-most 13 dentary teeth. From the acuminate anterior end of the bone, the ventral margin of the coronoid extends posteriorly over a small portion of dentary, the splenial, and the approximate middle third of the prearticular. The posterior margin of the coronoid is conspicuously notched where it forms the anterior end of the adductor fossa, and the remainder of the posterior margin meanders dorsally along the contact with the surangular to finally join the free margin of the bone at the coronoid eminence. The coronoid has a very narrow lateral exposure at the apex of the coronoid eminence. In contrast to Casea broilii and Ennatosaurus tecton, which exhibit coronoid dentition to various degrees (Williston, 1910; Romer and Price, 1940; Maddin et al., 2008), the medial surface of the coronoid of Cotylorhynchus romeri is smooth and featureless.
The surangular of Cotylorhynchus romeri is distinctive among caseids in overlapping the posterodorsal tip of the dentary and excluding the latter bone from the coronoid eminence (Figures 1, 6, 7). The anterodorsal corner of the surangular forms the base of the coronoid eminence in lateral aspect. Anteroventrally the surangular extends slightly farther anteriorly than anterodorsally, and shares an overlapping contact with the dentary along a slightly irregular, weakly convex suture. In lateral aspect, the surangular of Cotylorhynchus romeri appears to extend as far ventrally as the surangular of Euromycter rutenus, in contrast the relatively low surangular of Ennatosaurus tecton (q.v. Maddin et al., 2008). In neither specimen is the suture between the surangular and the angular clear, but what is preserved suggests that laterally the contact was roughly straight and parallel to the ventral margin of the mandible. Posteriorly the surangular sheathed the lateral surface of the articular. The surangular is thickest dorsally where it forms the dorsal margin of the adductor fossa. The dorsal margin descends and thins gradually posteriorly from a high point at the coronoid eminence. At the three-quarter mark, the dorsal margin of the surangular expands medially to abut the anterior end of the articular; in lateral aspect this manifests as a small, rounded protuberance immediately anterior to the jaw articulating surface (Figure 7).
The angular forms the posterventral portion of each lower jaw and is the second largest element of the mandible after the dentary (Figures 1, 8). Posteriorly it overlaps the lateral surface of the articular and from there extends anteriorly as a trough-like structure. The lateral portion of the trough extends dorsally as a low flange that contacts the surangular posteriorly along a roughly straight, horizontal contact, and the dentary anteriorly via an overlapping contact that results in the angular attenuating in height and pinching out in lateral aspect where it contacts the splenial. In ventral and medial views (Figures 1, 8) the medial portion of the angular trough extends dorsally to form the base of the medial wall of the adductor fossa and its contacts the prearticular along almost its entire dorsal margin. The contact between the angular and the prearticular is interrupted by a low, elliptical foramen intermandibularis caudalis. The formation of the foramen intermandibularis caudalis by only the angular and the prearticular is seen also in Ennatosaurus tecton (q.v. Maddin et al., 2008) among caseids, and in Aerosaurus wellesi (q.v. Langston and Reisz, 1981) and Ophiacodon (Romer and Price, 1940) among other early synapsids. Ventral to the contact with the prearticular anterior to the foramen, the angular forms a widely sigmoidal suture with the splenial in medial aspect.
The prearticular is a long, low, plate of bone on the medial surface of the lower jaw (Figure 1). In ventral aspect the bone has a subtriangular profile where it sheathes most of the ventral surface of the articular. Anterior to the contact with the articular, the prearticular transitions to a vertically aligned plate of bone that, in medial aspect, forms the dorsal margin of the medial wall of the adductor fossa and overlies the angular. Anterior to the midpoint of adductor fossa, the prearticular gradually increases in height, makes contact with the coronoid at the anterior end of the adductor fossa, and underlies the latter bone as it continues anteriorly for a couple of centimeters until it reaches the dorsal part of the splenial. Ventrally, the prearticular forms a relatively small foramen intermandibularis caudalis with the angular and continues anteriorly beyond that to finally make contact with the ventral portion of the splenial. Anteriorly the prearticular sheathes the medial surface of the splenial and progressively attenuates to an acuminate tip almost directly ventral to the anterior-most point of the coronoid.
Both articulars are present in OMNH 04329, but only the left element is preserved well enough for description (Figures 6–9). It is a low, blocky structure sandwiched into its position at the posterior end of the mandibular ramus by the prearticular, the surangular, and the angular. The dorsal surface, although not fully exposed because of the articulated quadrates, is clearly dominated by the articulating surface for the jaw joint. In posterior view the articulating surface is a rounded W-shape, forming rounded fossae for the condyles of the quadrate and bounded by a sharp lip of bone. In the left lateral view the intercondylar ridge can be seen to rise anterodorsally to meet the medial protuberance of the surangular. Compact bone has been eroded from the posterior surfaces of both articulars, but what remains suggests that the articular supported a modest retroarticular process.
DISCUSSION
Evolution
As one of the first described and best represented large caseids, Cotylorhynchus romeri has factored into every consideration of the evolutionary history of the family Caseidae (Stovall et al., 1966; Olson, 1968; Maddin et al., 2008; Reisz and Fröbisch, 2014; Romano and Nicosia, 2015; Romano et al., 2017). In the strict consensus trees of the most inclusive phylogenetic systematic investigations of Caseidae (e.g., Maddin et al., 2008; Reisz and Fröbisch, 2014; Romano and Nicosia, 2015; Romano et al., 2017), Cotylorhynchus romeri forms polytomies with its congeners Cotylorhynchus bransoni and Cotylorhynchus hancocki, with Angelosaurus romeri (and Angelosaurus dolani when included), and with Alierasaurus ronchii (when included).
Upon undertaking an anatomical description of the cranial anatomy of Cotylorhynchus romeri, we anticipated the discovery of additional characters of phylogenetic usefulness that might help to resolve the uncertainties that continue to dog the interrelationships of the largest caseids. We were gratified to discover several apomorphic features of the skull of Cotylorhynchus romeri and we collated them as autapomorphies for this species (see Diagnosis). However, we recognize that these characters are ambiguous autapomorphies for Cotylorhynchus romeri because cranial materials are sparse or totally unknown for Cotylorhynchus bransoni, Cotylorhynchus hancocki, Angelosaurus dolani, Angelosaurus romeri, and Alierasaurus ronchii. For this reason, we feel that the new anatomical information gleaned in our description of the cranial skeleton of Cotylorhynchus romeri does not warrant a new phylogenetic analysis of Caseidae at this time beyond what has been recently published (Berman et al., 2020). However, going forward the new data will be very useful for considerations of amniote and synapsid phylogenetic analyses. For example, the presence of a well developed dorsal process of the quadratojugal extending beneath the squamosal is present in Cotylorhynchus romeri, a feature that is absent in non-synapsid amniotes and stem amniotes. This potential synapsid character is also known to be present in Ophiacodon, Edaphosaurus, and Dimetrodon. The distribution of this character among caseids is currently unknown and merits investigation.
Paleobiology
Cotylorhynchus romeri long has been regarded as one of the largest terrestrial herbivores of the early Permian (e.g., Romer and Price, 1940). This animal has been estimated to have reached a maximum length of about 4.5 m and a mass of 330 kg (Stovall et al., 1966). Whereas Romer and Price (1940, p. 377) described the marginal teeth as blunt, the tips of the crowns bear several cuspules, as do the marginal teeth of its more recently described relatives Euromycter rutenus and Ennatosaurus tecton (Sigogneau-Russell and Russell, 1974; Maddin et al., 2008). The observation that the marginal teeth of Cotylorhynchus romeri each bear only a few cuspules suggests that this species was adapted to a different fodder (or range of fodder) than Euromycter rutenus and Ennatosaurus tecton (Sigogneau-Russell and Russell, 1974; Maddin et al., 2008).
An intriguing feature of the dentition of the known Cotylorhynchus romeri specimens is that the tooth rows lack replacement gaps. Typically, Permo-Carboniferous amniotes have multiple gaps in their dentition as a result of polyphyodonty, their continual, relatively rapid tooth replacement pattern. The presence of gaps in the tooth row is in part a reflection of the nature of fossil preservation, with fully ankylosed marginal teeth being preserved whereas replacement teeth are frequently lost because they were not yet ankylosed to the jaw elements. Cotylorhynchus romeri appears not to show this pattern, with no discernable gaps in the marginal dentition, a pattern that appears to be also present in other caseids (Olson, 1968; Sigogneau-Russell and Russell, 1974; Maddin et al., 2008). This may be a reflection of two aspects of caseid paleobiology: reduced rates of tooth replacement and increased longevity of functional teeth. Histological sections of caseid marginal dentition may help determine the reason for this potential adaptation to herbivory.
The discrepancy between the articulating surface on the quadrate condyles and the receiving cotyles on the articular hints at the possibility of fore-and-aft translation of the mandible, but the lack of conspicuous wear on the marginal teeth and the absence of tooth plates argues against the kind of oral processing inferred for edaphosaurid synapsids (Modesto, 1995) and moradisaurine reptiles (Dodick and Modesto, 1995). Moreover, the presence of tall, relatively slender palatal teeth in Cotylorhynchus romeri is puzzling. These teeth must have worked against a presumably tough tongue. We tentatively propose that Cotylorhynchus romeri used its marginal teeth to crop mouthfuls of plant matter, and then used the tongue to press mouthfuls of food against the palate in order to perforate the food with the tall palatal teeth, an action that may have served to enhance cellulolytic fermentation of the food in the gut.
Cotylorhynchus romeri is the largest member of a predominantly terrestrial fauna of the Hennessey Formation of Oklahoma. Specimens of the lysorophid Brachydectes elongatus (Lysorophus tricarinatus of Olson, 1967), the captorhinid reptile Captorhinikos parvus, and nectridean Peronedon primus are abundant in this formation (Olson, 1967; Olson, 1970; Haglund, 1977). The captorhinid reptile Captorhinikos chozaensis and the microsaurs Rhynchonkos stovalli, Aletrimyti gaskillae, and Dvellecanus carrolli are known from single specimens (Vaughn, 1958; Szostakiwskyj et al., 2015). Finally, a partial skull, a partial tooth plate, and indeterminate cranial remains of the lungfish genus Gnathorhiza were listed by Olson (1967). Specimens of the captorhinid reptile Labidosaurikos meachami and the sphenacodontid Dimetrodon giganhomogenes have been reported from the Hennessey Formation (e.g., Seltin, 1959) but according to Olson (1967) these specimens were collected from what he termed a 15-m-thick “transitional zone” that conformably overlies the Garber Formation and is not part of the “Hennessey proper” (Olson, 1967, p. 84). Thus, Cotylorhynchus romeri is the largest tetrapod of a terrestrial fauna that, in the words of Olson (1967), is “odd” because of the total absence of large carnivorous vertebrates.
Recently, Lambertz et al. (2016) challenged the view that Cotylorhynchus romeri and other large caseids were terrestrial. On the basis of postcranial histology (“osteoporotic” cancellous bone structure), they proposed that Cotylorhynchus romeri and other large caseids were aquatic. A critical appraisal of Lambertz et al.’s (2016) osteohistology is beyond the scope of this work (a description of the cranial skeleton of Cotylorhynchus romeri), but we find it remarkable that the gross anatomy of the entire skeleton of Cotylorhynchus romeri exhibits not a single unequivocal adaptation to an aquatic lifestyle.
In support of their argument that large caseids were aquatic, Lambertz et al. (2016) argued that, despite their remains being preserved in strata that have traditionally been interpreted as recording an arid upland habitat, large caseid burials were entirely allochthonous, i.e. they did not live where they were buried. However, Lambertz et al. (2016) argument here is not circumspect. Stovall et al. (1966, p. 3) remarked that the preservation of specimens of Cotylorhynchus romeri in the Hennessey Formation was quite different to that of Texas redbeds localities, where tetrapods are usually found disarticulated and when articulated remains are found, they “appear to have undergone decomposition in a variety of poses” that those authors attribute to rivers or streams transporting the remains and depositing them in back eddies. In contrast, several specimens of Cotylorhynchus romeri were found in the Hennessey Formation dorsal up with their limbs spread outwards as though the animals “were bogged down and entombed in swamps” (Stovall et al., 1966, p. 3), burials that are clearly autochthonous. This preservational mode accords well with the geology and the taphonomy of the formation if Cotylorhynchus romeri is a terrestrial tetrapod that lived in a hot, dry environment that was punctuated periodically by monsoons and subjected to occasional massive flooding events. The red mudrocks (“shales”) of the Hennessey Formation have traditionally been interpreted as having been deposited in hot, dry conditions (Olson, 1967). A monsoon climate is suggested by the abundant skeletons of the aestivator Brachydectes, which Olson (1967) noted is preserved in nodules in such great numbers that Olson (1967) described them as “swarms,” and by the scarce remains of the lungfish Gnathorhiza, another well-known aestivator. Together, the presence of terrestrial reptiles and microsaurs, the presence of aestivators (Gnathorhiza, Brachydectes) and the absence of obligatorily aquatic vertebrates strongly suggests that the Hennessey fauna lived in a dry habitat that was periodically (presumably seasonally) punctuated by monsoons. It seems highly improbable that evolution would produce a large caseid, one which exhibits no gross anatomical aquatic adaptations for an aquatic lifestyle, that was a primarily aquatic, very large tetrapod in a monsoonal habitat. It is much more likely that Cotylorhynchus romeri was a terrestrial animal that had to endure monsoonal rains and the concomitant flooding of low-lying areas, with some individuals occasionally succumbing to major flooding events (to be preserved as articulated skeletal remains).
The “osteoporotic” cancellous bone structure of caseids described by Lambertz et al. (2016) is intriguing, but we feel that further comparative osteohistology among early tetrapods is needed before a thorough understanding of the differences in cancellous bone structure can be assessed for paleobiological implications.
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Ichnotaxon N Tr Formation Age State FL FW FL/FW psL psW IL L WL IVL VL divl-ll divll-lll divIll-IV divIV-V div

Dromopus NSM 009 GF Cape John Gzhelian- Nova Scotia 43.8 35.7 1.2 141 234 31.8 17.2 38 16.2 44.3
lacertoides 012 Asselian
YPM 519 Howard Gzhelian Kansas 752 673 1.1 192 249 224 268 372 542 33 19.3 271 23.6 62.6 132.6
Limestone
Varanopus NSM 997 GF Cape John Gzhelian- Nova Scotia 249 266 09 85 133 8 112 155 179 124 213 18.3 17.4 39.6 96.6
microdactylus ~ 30.6 Asselian
NSM 99 GF Cape John Gzhelian- Nova Scotia 363 307 1.2 131 179 91 13.7 196 234 149 189 11.9 105 452 86.5
34b Asselian
Notalacerta USNM 7321 Chanute Late Missouri 24,0 303 08 10.7 147 7.3 101 14.1 182 10.7 35.1 14.9 19.8 40.8 1105
missouriensis Kasimovian
NMMNH P McAlester Late Moscovian Oklahoma 202 227 08 6.4 124 59 83 120 152 104 199 26.5 19.4 36.9 102.7
31705
NMMNH P McAlester Late Moscovian Oklahoma 17.6 222 08 61 89 54 83 109 140 100 275 15.7 24.4 26.9 94.5
31746-7
NMMNH P McAlester Late Moscovian Oklahoma 179 202 09 6.0 106 50 75 104 139 89 319 21.4 282 31.0 1075
31749
NMMNH P McAlester Late Moscovian Oklahoma 14.8 191 0.8 39 68 92 122 83 242 28.7 27.4 31.4 111.7
31751
NMMNH P McAlester Late Moscovian Oklahoma 162 206 08 50 99 49 79 110 139 91 25.4 21.2 21.4 31.9 99.9
31759-61
NSM Joggins Late Bashkirian Nova Scotia 30 31.3 1.0 124 16.8 85 138 1741 31.58 26.57 6.43
008GF031.068
KGS 1381 Lee Late Bashkirian Kentucky 38.1 314 12 T4 95 152 212 299 202 188 10.6 131 24.5 67.0
UGKU 1914 Pottsville Late Bashkirian Alabama 18.8 158 1.2 75 95 66 7.7 108 12 92 128 13.3 35.4 55.9 117.6
JL-NN 1 1 Pottsville Late Bashkirian Alabama 19.9 185 14 6.1 124 55 7 112 145 124 135 12.6 10.7 38.6 75.4
2 215 207 1.0 61 119 61 7.7 127 161 141 126 14.2 10.2 425 79.5
209 18.9 1.1 6.1 72 82 111 152 127 1441 24.2 182 38.8 90.3
Hylopus SGM SA Sulzbach Early Germany 106.7 84.4 1.3 502 481 29 407 564 625 442 75 8.5 206 65.3 101.9
hardingi Moscovian
NSM Joggins Late Bashkirian Nova Scotia 483 602 08 185 3561 11.6 204 299 312 261 227 9.3 28.7 20.2 80.9
008GF039.039
NSM Joggins Late Bashkirian Nova Scotia 40.3 53 0.8 9.7 11.4 244 325 7743 12183 16.51
010GF045.051
NBMG 14143 Grande Anse Late Bashkirian  New Brunswick 58  55.7 1.0 22 362 17.6 227 258 332 242 309 16.7 28 16.3 90.9
NBMG 3060 Parrsboro early Bashkirian Nova Scotia 388 323 12 17.3 194 92 148 199 252 174 143 20 19.5 38.1 91.9
MCZ 267 West Bay Late Nova Scotia  102.1 941 14 576 &7.8 30.6 413 55 356 33.8 13.4 54.4
Mississippian
YPM-PU 16983 West Bay Late Nova Scotia 489 63.7 08 17.8 359 125 242 264 327 219 -1986 19.11 2242 64.56 859
Mississippian
YPM-PU 18828 Pomquet Late Nova Scotia 447 562 0.8 17 298 143 17.7 234 30.3 23.7 5418 17.03 8.44 57.34 137.0
Mississippian
ANSP 22651 Mauch Chunk  Late Pennsylvania 246 33 0.7 102 172 103 149 168 192 151 -0.6 16.8 20.8 54.9 91.9
Mississippian
NMMNH Mauch Chunk Late Pennsylvania 52.9 64.2 0.8 234 359 157 212 284 336 275 258 221 1.7 40.2 99.8
P-64276 Mississippian
NMMNH Mauch Chunk Late Pennsylvania 30.2 31 1.0 139 194 10 115 172 229 188 173 13.3 17.9 21.6 70.1
P-64282 Mississippian
NMMNH Mauch Chunk Late Pennsylvania 41.4 30.3 1.4 146 263 11.3 146 246 288 15.28 235 9.9
P-64311 Mississippian
RPM 1011 Mauch Chunk Late Pennsylvania 48.6 67.7 0.7 208 273 174 242 287 385 2983 2053 21.05 31.99 51.83 1254
Mississippian
RPM B13 Mauch Chunk Late Pennsylvania 35.8 46.9 0.8 20.2 258 104 149 18 217 189 207 29.9 12.6 63.4 126.6
Mississippian
RPM H26B Mauch Chunk Late Pennsylvania 41.3 55.3 0.7 179 257 162 18 247 343 20.2 49.81 19.88 27.51 1729 1145
Mississippian
SMP-IP 8789 Mauch Chunk Late Pennsylvania 54.7 63.6 0.9 245 40.7 219 228 302 345 28 -—2.61 13.9 18.1 378 66.7
Mississippian
VP &SU 77.2 Bluefield Late West Virginia 46.2 47.7 1.0 252 408 131 204 218 7.49 33.19 14.63
Mississippian

N, specimen number; Tr, trackway number; FL, foot length; FW, foot width; psL, sole length; psW, sole width; L, free length of digit; div, divergence; |-V, digit numbers. Length measures in mm, angular measures in
degrees, values are averages.
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FL
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13.8
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29.9

25
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45.6
38.1
29.6

59.5

34.8

29.3

40

25.3

43.3

26.3

36.1

448

29.9

32.9

41.6

34.8

26.6

FW

27.3

43.8

24.5

28.7

24.4

15.4

16.3

16.3

14.3

14.6

27.6

22.3
16.5
13.3
16.1
211
46.9

33.5

40.6

291

41.8

441
37.7
31.9

78.2

39.6

422

401

28.8

50.3

24

32.5

50.6

30.2

49.8

37.7

27.9

0.9

0.9

0.8

0.9

0.8

1:2
1.0
1.0
0.9
0.7
1.0

0.6

0.7

0.9

0.9

1.0
1.0
0.9

0.8

0.9

0.7

1.0

0.9

0.9

Tl

T

0.9

1.0

0.8

0.8

0.9

1.0

psL

7.2

13

6.8

10.6

7.6

5.5

5.1

4.4

3.8

9.7

11
5.5
5.6
4.9
5.8

8.6

10.3

18.3

17.4
13.6
1.2

25.2

9.5

13.3

18.3

16.5

16.9

7.2

psW IL L WL IVL VL divl-ll divll-lll divIll-IV divIV-V div
1.4 92 131 19.8 248 1563 23 31.8 18 91.2 164.0
17.4 15 189 29.6 421 204 199 21.2 24.8 74.6 1405
109 83 104 123 139 79 197 25.2 27.3 48 120.2
15 6.6 11.2 145 19.4 109 23.1 " 19.1 413 945
85 79 106 13.0 16.6 105 26.5 30.0 1.2 50.8 1185
78 45 6.7 101 119 614 222 20.0 23.6 39.2  104.9
86 31 61 99 107 49 193 26.9 17.5 47.3 111.0
60 41 66 91 102 65 372 29.8 16.2 51.0 134.2
48 59 67 69 38 276 23.8 30.9 45.8 12841
73 32 57 82 95 46 462 25.7 17.6 521 1416
1834 69 89 13 164 11.7 298 221 321 42 126.0
144 6.1 112 1683 19 9 20.9 8.2 20.8 33 82.9
88 61 73 10 12 6.8 94 281 18.1 49.6  105.2
79 29 49 77 96 6.6 464 9.4 11.4 35.4 102.6
87 338 54 86 108 65 271 16.5 25 38.2 106.8
10 66 68 75 75 67 2116 289 0 61.31 1114
14.7 249 301 27.8 26.2 251 18
247 6.6 10.7 131 1567 9.7 3496 14.51 40.17 40.89 130.5
19 88 142 208 26 188 13.78 33.58 36.57 37 119.9
124 51 103 16 185 10.8 52.68 253 37.34 51.72 167.0
246 128 142 187 239 148 285 36.2 32.5 34.4 131.6
26.7 10.5 14.7 20.4 295 17.1 249 1.4 18.7 51.9 106.9
164 97 194 247 275 174 168 26.4 34 44 121.2
20 6.3 109 174 21.7 98 6.7 16.5 19.8 34.1 77A
44.4 149 30.6 36.7 431 27.8 145 39.1 31.7 39.3 124.6
25,6 12.2 16,5 195 22.1 16.1 288 9.19 23.75 67.95 129.7
222 94 1562 19.8 253 40.57  21.71 38.23
30.7 13.1 14.8 20.3 26.8 21.3 18.4 26
149 9.1 105 142 175 116 112 25.7 26.9 38.2 102.0
29.6 12.7 186 26 326 152 202 16.6 29.4 45.8 1120
124 85 108 135 17.8 82 164 28 14 322 90.6
186 10.6 123 17.7 262 167 214 37.3 271 19.6 105.4
234 125 215 255 334 247 199 20.6 35.64 40.57  116.7
13 185 235 85 15.9 29.2 50.9
11.7 162 20 259 18.6  36.04 31.92
285 132 16.6 224 29 185 283 25.2 23.4 37.7 114.6
193 94 99 182 253 16.3 589 41.8 32.7 36.8 169.2
135 563 10.7 16.8 19.4 129 35 31.7 19.3 32.1 11841

FLp/FLm

1.2

1.3

1.3

1.3

1.0

1.3

1.3

1.3

1.3

1.3

1.3

1.4
1.2
1.4
1.5
1.5
2.3

1.6

1.0

1.3

1.3
1

1.1

N, specimen number; Tr, trackway number; FL, foot length; FW, foot width; psL, sole length; psW, sole width; L, free length of digit; div, divergence; |-V, digit number; FLp/FLm, foot length pes/foot length manus ratio.
Length measures in mm, angular measures in degrees, values are averages.
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N Tr Formation Age State SLp PLp PAp LPp WPp DIVp SLm PLm PAm LPm WPm DIVm Dmp BL SLp/FL WPp/FL BL/FL

Dromopus NSM 009 GF Cape John Gzhelian- Nova Scotia  189.5 123.7 99.57 94.6 79 —20.4 1815 1247 983 973 769 -—-14 328 1126 43 1.8 2.6
lacertoides 012 Asselian
YPM 519 Howard Gzhelian Kansas 315.3 193.1 107.9 156.4 1131 —7.3 314.6 190.1 108.3 152.7 1124 4.3 46.3 216.7 4.2 1.5 2.9
Limestone
Varanopus NSM 997 GF Cape John Gzhelian- Nova Scotia  106.7 79.2 84 524 59 43 973 805 743 483 637 174 298 80.6 4.3 24 3.2
microdactylus  30.6 Asselian
NSM 99 GF Cape John Gzhelian- Nova Scotia  130.8 93.1 90.3 67.1 63.6 4 1334 86.2 1028 675 502 51 379 109 3.6 1.8 3.0
34b Asselian
Notalacerta NMMNH P McAlester Late Moscovian ~ Oklahoma 748 517 920 36.7 372 16 740 536 840 358 398 39 189 5655 3.7 1.8 2.7
missouriensis 31705
NMMNH P McAlester Late Moscovian ~ Oklahoma 69.2 425 1078 343 248 7.8 740 46.3 1043 365 282 11.1 202 56.6 3.9 14 3.2
31746-7
NMMNH P McAlester Late Moscovian ~ Oklahoma 634 473 926 333 332 -84 582 403 905 283 286 43 17.0 50.7 3.5 1.9 2.8
31749
NMMNH McAlester Late Moscovian ~ Oklahoma 639 41.0 1022 318 258 -0.7 640 416 968 309 278 64 163 480 43 1.7 3.2
P-31751
NMMNH McAlester Late Moscovian Oklahoma 671 432 1026 33.7 26.8 42 66.1 443 98.1 337 287 80 234 56.7 41 1.7 3.5
P-31759-61
NSM Joggins Late Bashkirian ~ Nova Scotia  756.8 66.9 70.7 41 518 —-132 858 58 978 442 37 117 288 715 25 1.7 24
008GF031.068
KGS 1381 Lee Late Bashkirian Kentucky 102.4 90.1 69 512 732 —18.8 1002 689 932 495 474 -04 248 749 27 1.9 2.0
UGKU 1914 Pottsville Late Bashkirian Alabama 629 50 781 3283 374 —441 615 442 889 31.7 298 -—-27 142 494 38 2.0 2.6
JL-NN 1 1 Pottsville Late Bashkirian Alabama 66.4 524 779 314 409 —-105 66 434 1008 323 28 17 142 444 3.3 2.1 2.2
2 58.1 482 766 302 37.8 —188 634 422 982 314 276 102 142 433 27 1.8 2.0
3 532 434 792 32 259 -83 458 335 938 275 174 23 14 397 2:5 1.2 1.9
Hylopus SGM SA Sulzbach Early Germany 3748 206 1309 187.4 857 9.4 331.7 207.5 102.5 159.7 130.8 —18.7 1455 3424 3.5 0.8 3.2
hardingi Moscovian
NSM Joggins Late Bashkirian ~ Nova Scotia  756.8 66.9 70.7 41 518 —-132 858 58 97.8 442 37 117 288 715 25 1.7 2.4
008GF031.068
NSM Joggins Late Bashkirian ~ Nova Scotia 146.5 125.9 70.7 73.2 102.3 —39.1 132.8 103.3 80.1 66.7 79.4 —-19.4 485 117.3 3.0 24 2.4
008GF039.039
NSM Joggins Late Bashkirian ~ Nova Scotia 96.9 67.2 921 484 46.7 1563 17.8
008GF039.336
NSM Joggins Late Bashkirian ~ Nova Scotia  149.2 122.3 74.7 732 975 -7.8 152.1 928 1106 76.6 519 23 505 1298 3.7 2.4 3.2
010GF045.051
NBMG 14143 Grande Anse Late Bashkirian New Brunswick 168.1 154.1 66.2 85.1 127.8 —32.2 174.7 1404 766 87 109.5 —13.7 71.1 159.1 2.9 2.2 2.7
UCM 263 JT Pottsville Late Bashkirian Alabama 149.3 103 93 74.7 70.7 131.8 85,5 1145 719 46.1 143 432 1189
NBMG 3060 Parrsboro early Bashkirian ~ Nova Scotia  140.1 89 106 719 518 1.3 142 943 1002 743 575 105 26.8 101.7 3.6 13 2.6
MCZ 267 West Bay Late Nova Scotia 205.1 187.3 82.3 -158 232.2 193.7 128 2 37.9 0.8
Mississippian
YPM-PU 18828 Pomquet Late Nova Scotia  192.2 111.8 1185 959 56.6 —10 183.2 1082 1156 91.7 56.8 11.7 16.3 1063 4.3 1.8 2.4
Mississippian
NBMG 10128 Enrage Late New Brunswick 127.6 130.1 1.7 3741
Mississippian
ANSP 22651 Mauch Chunk  Late Pennsylvania 106.3 73.4 108.6 59.8 42.7 —-15 1055 66.3 1274 59 293 284 259 638 4.3 1.7 2.6
Mississippian
NMMNH Mauch Chunk  Late Pennsylvania 233.5 151.6 100.1 117.6 93.6 —12.8 237 1456 108 1191 827 9.4 46.1 167.3 4.4 1.8 3.2
P-64276 Mississippian
NMMNH Mauch Chunk  Late Pennsylvania 113.2 74.1 109.4 60.1 429 -2.3 109.1 635 122 553 306 44 226 836 3.7 1.4 2.8
P-64282 Mississippian
NMMNH Mauch Chunk  Late Pennsylvania 139.9 924 972 706 575 -75 142 97 932 723 613 169 27.7 1018 34 1.4 25
P-64311 Mississippian
RPM B13 Mauch Chunk  Late Pennsylvania 138.7 85.5 106.2 68.4 512 —-11.4 1239 80.6 101.6 629 492 13 33.1 100 3.9 1.4 2.8
Mississippian
RPM H26 Mauch Chunk  Late Pennsylvania 181.2 125 93.8 90.5 833 -7.3 1653 1102 96.9 827 721 101 174 1046 4.4 2.0 2.5
Mississippian
SMP-IP 8789 Mauch Chunk  Late Pennsylvania 1561.5 120.8 83.6 80.3 89.5 -6.4 158.7 110.7 921 812 73.7 86 46.1 1381 28 1.6 25
Mississippian
VP &SU 77.1 Bluefield late West Virginia 176.2 1145 99.7 879 732 —16.2 1741 966 1276 86.2 432 325 393 1149 38 1.6 25
Mississippian
cf. Hylopus isp. ALMNH Pottsville Late Bashkirian ~ Alabama  118.1 85.1 86.3 585 61.7 118.7 70.7 11394 593 384 6.8 357 875
P.985.1.7.

N, specimen number; Tr, trackway number; p, pes; m, manus; SL, stride length; PL, pace length; PA, pace angulation; LF, length of pace; WP, width of pace; DIV, divarication from midline (inward positive, outward
negative); Dmp, distance manus-pes; BL, calculated body length; FL, foot length of the pes. Length measures in mm, angular measures in degrees, values are averages.
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Specimen Skull height Frontal length Orbit length (at
widest point)

OMNH 73107 9 mm 6.5 mm 5mm
ROMVP 86541 8 mm 6 mm 5mm
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Clade Age (Ma) Assigned TMs

A. Temnospondyli 314 1+2+3

B. Lepospondyli 323 6+7

C. Reptiliomorpha 350 4+B5+(@+7)+((B+©O+(10+11 +12+ (13 + 14)) + (15... 22))
D. Batrachosauria 347 5+(@B+7)+(B+©OQ+(10+11+12+ (13 + 14)) + (15... 22)

E. (unnamed reptiliomorph clade) 344 BG+7)+(B+O+(10+11+12+ (13 + 14)) + (15... 22))

F. Cotylosauria 326 B+©@+(10+11 +12+ (13 + 14)) + (15...22)

G. Diadectomorpha 320 8+©Q+(10+11+12+ (13 + 14))

H. Diadectidae 317 9+(10+11 +12+ (13 + 14))

|. (unnamed diadectid clade) 314 10+11+12+ (13 + 14)

J. (unnamed diadectid clade) 299 13 +14

K. Amniota 323 (15+(16+17)+ (18 +(19+20) + (21 +22) OR (15 + 17) + 18 + (19 + 20) + (21 + (22 + 16))*
L. Synapsida 320 15+(16+17)OR15 + 17*

M. (unnamed synapsid clade) 317 16 +17

N. Reptilia 320 18 + (19 +20) + (21 + 22)) OR 18 + (19 + 20) + (21 + (22 + 16))*

O. Eureptilia 317 (19 +20) + (21 + 22) OR (19 + 20) + (21 + (22 + 16))*

P. Captorhinidae 299 19 +20

Q. Romeriida 314 21 +220R 21 + (22 + 16)*

R. Diapsida* 311 22 +16

The asterisk marks clade compositions for an alternative phylogenetic tree (tree B, Figure 4B).
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Cl. Max. pL [mm] Drag traces plV [mm] Pp/pL Sp/pL Gp/pL Pap [°]

A 36.4 36.1 0.10 0.10 18.3 18.2 3.163 3.161 4.166 4.163 2.348 2.347 85.9 85.8
B 21.6 21.7 0.64 0.65 14.6 14.6 2.247 2.246 2.525 2.522 1.805 1.806 68.3 68.2
C 48.6 48.7 0.45 0.45 241 24.1 2.680 2.676 3.610 3.598 1.925 1.926 84.9 84.6
D 48.6 48.7 0.59 0.60 234 23.4 2.646 2.641 3.500 3.486 1.927 1.928 83.0 82.7
E 47.5 47.7 0.64 0.65 241 24.1 2.586 2.581 3.371 3.354 1.902 1.902 81.4 81.0
F 82.1 83.3 0.30 0.32 44.2 44.5 2.504 2.488 3.285 3.286 1.821 1.823 82.9 81.8
G 116.1 116.6 0.30 0.32 61.3 61.5 2.560 2.554 3.160 3.143 1.960 1.961 78.5 78.2
H 119.9 120.2 0.02 0.02 59.9 60.0 2.450 2.447 3.258 3.247 1.781 1.7883 85.9 85.7
| 122.9 123.0 0.02 0.01 59.7 59.7 2.336 2.335 3.360 3.354 1.588 1.590 93.9 93.7
J 116.3 116.3 0.03 0.03 60.6 60.6 2.427 2.427 3.474 3.473 1.664 1.665 93.5 93.5
K 75.2 76.9 0.45 0.50 41.3 41.8 2.463 2.439 3.334 3.265 1.738 1.741 85.3 83.8
L 93.6 - 0.45 0.50 495 49.6 2.290 2.238 3.084 2.933 1.609 1.614 83.2 80.3
M 93.4 94.9 0.31 - 48.2 - 2.380 - 3.347 - 1.610 - 87.8 -
N 55.4 87:5 0.51 0.47 32.1 33.0 2.594 2.593 3.634 3.625 1.786 1.787 89.7 89.3
O 44.9 47.3 0.61 0.55 272 28.4 2.549 2.570 3.655 3.705 1.725 1.725 93.5 94.1
P 43.8 44.3 0.00 0.00 24.8 25.0 2.882 2.887 3.944 3.955 2.052 2.052 92.6 92.8
Q 36.5 39.4 0.80 0.72 234 25.0 2.446 2.492 3.625 3.741 1.608 1.606 97.5 99.2
R - 45.3 - 0.00 - 28.8 - 2.520 - 3.867 - 1.575 - 102.4

By means of a bootstrapping approach, character distributions for all nodes and characters have been inferred (see distribution ranges in Supplementary Material 2).
For maximum pes length (Max.pL), probability of body/tail drag traces, pedal digit length IV (plV), normalized pedal pace length (Pp/pL), normalized pedal stride length
(Sp/pL), normalized pedal gauge width (Gp/pL), normalized pace angulation for the pes imprints (Pap), mean values of these distributions are listed below. Results for tree
B are set in italic.





OPS/images/fevo-09-674779/fevo-09-674779-t004.jpg
Cl. Pam [°] (Gp-Gm)/pL GAD/pL Dpm/pL Oap [] Oam [°]

A 94.4 94.4 0.424 0.426 3.159 3.158 1.011 1.012 3.0 3.0 171 16.9
B 87.9 87.9 0.490 0.333 3.192 3.192 2.012 2.015 —24.2 —24.2 0.2 0.2
C 96.0 95.7 0.327 0.319 2.965 2.965 1.181 1.192 -10.9 —10.8 10.7 10.7
D 94.5 94.2 0.333 0.490 2.974 2.974 1.243 1.255 —-12.0 —-12.0 10.1 10.1
E 92.8 924 0.319 0.327 2.977 2978 1.313 1.328 -13.0 —12.9 8.5 8.5
F 85.8 84.8 0.085 0.084 2.810 2812 1.153 1.195 -9.4 -9.2 5.4 54
G 79.8 79.4 0.056 0.056 2.888 2.888 1.309 1.324 -15.5 -155 3.8 3.8
H 85.6 85.3 0.011 0.010 2.758 2.758 1.139 1.148 —-11.8 —11.8 7.9 7.9
I 91.1 91.0 —0.053 —0.053 2.633 2.634 0.971 0.976 -10.0 -9.9 10.2 10.2
J 934 934 —0.003 —0.003 2.574 2574 0.916 0917 7.9 7.9 24.2 24.2
K 87.8 86.3 0.062 0.060 2.745 2.747 1.049 1.109 -5.7 -55 5.7 5.8
L 85.4 82.5 0.020 0.017 2.538 2.555 0.945 1.094 -5.2 —4.5 3.3 3.7
M 88.9 - -0.014 - 2.585 - 0.798 - -6.0 - 2.3 -
N 92.1 91.7 0.082 0.080 2.886 2.875 1.050 1.039 -2.6 -28 8.4 8.1
O 95.3 95.8 0.064 0.062 2.927 2.901 1.089 1.007 -0.8 —14 9.0 8.4
P 95.6 95.7 0.132 0.131 3.220 3.214 1.236 1.216 4.0 3.9 14.7 14.6
Q 98.4 100.0 0.034 0.031 2.915 2.872 1.103 0.938 0.0 —1.0 8.6 7.6
R —— 103.8 —-— 0.032 —-— 2.754 —-— 0.680 —-— —4.1 - — 6.3

By means of a bootstrapping approach, character distributions for all nodes and characters have been inferred (see distribution ranges in Supplementary Material 2). For
pace angulation of the manus imprints (Pam), normalized difference between pedal and manual gauge width (Gp-Gm/pL), normalized glenoacetabular distance (GAD/pL),
normalized distance between subsequent manus and pes imprints (Dpm/pL), orientation angles for the pes imprints (Oap) and manus imprints (Oam, negative: outward
rotation), mean values of these distributions are listed below. Results for tree B are set in italic.
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Taxonomic units Age [Ma] Max. pes Body or Producer group
length tail drag
[mm] traces
(1) Batrachichnus isp. TM (McAlester Fm, Oklahoma, United States) 307-311 (Moscovian) 286 0/4 Temnospondyli
(2) Batrachichnus salamandroides TM (Thuringian Forest, Thuringia, Germany) 290-298 (Asselian-Sakmarian) 21.0 111 Temnospondyli
(8) Limnopus vagus TM (Pittsburgh Fm/Howard Fm, Ohio/Kansas, 299-304 (Gzhelian) 124.0 1/3 Temnospondyli: Eryopidae
United States)
(4) Hylopus isp. TM (Mauch Chunk Fm, Pennsylvania, United States) 223-331 (Serpukhovian) 57.0 01 Reptiliomorpha: Embolomeri or
Gephyrostegidae
(5) Amphisauropus kablikae TM (Thuringian Forest, Thuringia, Germany) 288-300 (Gzhelian-Artinskian) 71.0 20/46 Seymouriamorpha
(6) Matthewichnus caudifer TM (Pottsville Fm, Alabama, United States) 318-319 (Bashkirian) 18.7 3/3 Lepospondyli
(7) Matthewichnus caudifer TM (Robledo Mts. Fm, New Mexico, United States) 287-290 (Artinskian) 193 2/2 Lepospondyli
(8) Ichniotherium praesidentis TM (Bochum Fm, North Rhine-Westphalia, 314-315 (Moscovian) 150.3 0/1 Diadectomorpha (non-diadectid)
Germany)
(9) Ichniotherium sphaerodactylum TM (Thuringian Forest, Thuringia, Germany) 286-291 128.3 1/33 Orobates pabsti
(Sakmarian-Artinskian)
(10) Ichniotherium cottae TM (Salop Fm, West Midlands, United Kingdom) 308-312 (Moscovian) 117.8 01 Diadectidae
(11) Ichniotherium cottae TM (Pittsburgh Fm, Ohio, United States) 299-304 (Gzhelian) 157.9 0/2 Diadectidae
(12) Ichniotherium cottae TM (Maroon Fm, Colorado, United States) 290-299 (Asselian-Sakmarian) 130.7 0/3 Diadectidae
(13) Ichniotherium cottae TM (Gottlob-Birkheide type, Thuringian Forest, 290-299 (Asselian-Sakmarian) 133.0 0/5 Diadectidae
Thuringia, Germany)
(14) Ichniotherium cottae TM (Bromacker type, Thuringian Forest, Thuringia, 286-291 84.0 112 Diadectes absitus
Germany) (Sakmarian-Artinskian)
(15) Dimetropus isp. TM (Bochum Fm, North Rhine-Westphalia, Germany) 314-315 (Moscovian) 140.3 01 Synapsida
(16) Tambachichnium schmidti TM (Thuringian Forest, Thuringia, Germany) 286-291 93.0 0/3 Synapsida: Varanopidae or
(Sakmarian-Artinskian) Diapsida
(17) Dimetropus leisnerianus TM (Thuringian Forest, Thuringia, Germany) 286-291 92.0 5/8 Synapsida
(Sakmarian-Artinskian)
(18) Erpetopus willistoni TM (Choza Fm, Texas, United States) 275-277 (Kungurian) 14.0 0/6 Parareptilia
(19) Varanopus microdactylus TM (Thuringian Forest, Thuringia, Germany) 286-298 (Asselian-Artinskian) 30.0 0/5 Captorhinidae or Parareptilia
(20) Hyloidichnus bifurcatus TM (Rabejac Fm, Languedoc, France/Hermit Fm, 284-287 (Artinskian) 85.0 0/3 Captorhinidae
Kansas, United States)
(21) Notalacerta missouriensis TM (McAlester Fm, Oklahoma, United States) 307-311 (Moscovian) 23.0 3/3 Eureptilia: Protorothyrididae
(22) Dromopus lacertoides TM (Thuringian Forest, Thuringia, Germany) 288-299 (Asselian-Artinskian) 58.5 0/30 Diapsida
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Slope Elevation
Pairwise ANCOVA F P F p
Non-therapsid synapsids vs. therapsids 0.647 0.42829 0.04 0.84331
Non-therapsid synapsids vs. mammals 0.976 0.327 0.001 0.973
Therapsids vs. mammals 4.346 0.0419 0.072 0.79
Non-therapsid synapsids vs. birds 1.978 0.163 0.577 0.449
Therapsids vs. birds 5.896 0.0167 0.157 0.693
Non-therapsid synapsids vs. varanids 1.694 0.207 1.071 0.312
Therapsids vs. varanids 0.435 0.5182 2.264 0.14977
Non-therapsid synapsids vs. non-varanid ectotherms 0.327 0.571 36.48 6.84E-07
Therapsids vs. non-varanid ectotherms 2.386 0.133 27.98 1.03E-05

Statistically significant results in bold script indicate that the distribution trends of our studied non-mammalian synapsids are statistically distinguishable from non-varanid

ectothermic amniotes.
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Q; vs. body mass intercept

Phylogenetic ANCOVA F P
Among groups (mammals vs. 15.13 <0.001
varanids vs. non-varanid

ectotherms)

Mammals vs. non-varanid 2.186 0.144

ectotherms | varanids vs.
non-varanid ectotherms

Mammals vs. varanids | 0.101 0.752
non-varanid ectotherms
Varanids vs. non-varanid 27.297 <0.001

ectotherms | mammals

Statistically significant results in bold script indicate that varanids are statistically
distinguishable from other ectothermic amniotes under phylogenetic correction.
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Taxon Lower limit Maximum Upper limit
(mL O2 metabolic (mL Oy
h-1g-0-67) rate (mL Oy h-1g-9-67)
h-1g-067)
Dimetrodon natalis 23.8 33.7 47.7
Dimetrodon limbatus 28.3 39.7 559
Dimetrodon grandis 43.0 63.9 94.8
Dimetrodon giganhomogenes 249 35.1 49.5
Dimetrodon sp. 1 23.8 33.6 47.6
Dimetrodon sp. 2 24.6 34.7 49.0
Dimetrodon milleri 24.6 34.7 48.9
Dimetrodon limbatus 2 28.8 40.5 57.0
Angelosaurus romeri 225 31.9 45.3
Clepsydrops collettii 23.0 32.6 46.2
Ophiacodon retroversus 251 35.4 49.9
Ophiacodon uniformis 325 46.0 65.1
Ophiacodon sp. 37.8 54.5 78.7
Ophiacodon mirus 26.7 37.6 52.9
Varanosaurus acutirostris 24.6 34.8 491
Varanosaurus sp. 27.9 39.3 55.2
Edaphosaurus sp. 37.3 53.6 77.2
Edaphosaurus pogonias 23.3 33.1 46.8
Gorgonopsidae indet. 1 25.3 35.7 50.3
Gorgonopsidae indet. 2 23.0 32.6 46.3
Gorgonopsidae indet. Nyasa 42.7 63.3 93.8
Gorgonopsidae indet. B35 41.3 60.7 89.3
Sauroctonus parringtoni 24.4 34.4 48.6
Galesaurus sp. 25.3 35.6 50.2
Diademodon sp. 40.6 59.5 87.2
Chiniquodon theotonicus 271 38.2 53.7
Scalenodon sp. 24.2 34.2 48.3
Dicynodontia indet. 68.9 12381 2201
QOudenodon sp. 24.9 35.2 49.6
Lystrosaurus sp. 225 31.9 45.3
Dinodontosaurus pedroanum 22.6 32.2 45.7
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Taxon Location Holotype and
referred specimens

Bullacephalus jacksoni  Karoo Basin, South Africa BP/1/5387

Burnetia mirabilis Karoo Basin, South Africa NHMUK R5397

Isengops luangwensis,  Luangwa Basin, Zambia NHCC LB363

gen. et sp. nov.

Leucocephalus Karoo Basin, South Africa SAM-PK-K11112

wewersi

Lemurosaurus pricei Karoo Basin, South Africa BP/1/816, NMQR
1702,
SAM-PK-K10906

Lende chiweta Chiweta beds, Malawi MAL 290

Lobalopex mordax Karoo Basin, South Africa CGS/1/61

Lophorhinus Karoo Basin, South Africa SAM-PK-K6655

willodenensis

Mobaceras Mid-Zambezi Basin, Zambia ~ NHCC LB133, NHCC

zambeziense LB593

Niuksenitia sukhonensis ~ Sukhona River Basin, Russia  PIN 3159/1

Pachydectes elsi Karoo Basin, South Africa BP/1/5735
Paraburnetia Karoo Basin, South Africa SAM-PK-K10037
sneeubergensis

Proburnetia viatkensis Vyatka River Basin, Russia PIN 2416/1

Data on other biarmosuchians can be found in Sidor (2015), Kammerer (2016), and
Day et al. (2016). Sidor et al. (2015) mentioned the occurrence of burnetiamorphs
in the Mid-Zambezi Basin of Zambia, but only one species has been named and
described thus far (Kammerer and Sidor, 2021).
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