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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.
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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: Figure 1]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: Figure 2]FIGURE 2 | Cotylorhynchus romeri, OMNH 04329, referred specimen. Photographs in lateral and occipital views.
[image: Figure 3]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: Figure 4]FIGURE 4 | Cotylorhynchus romeri. Skull reconstruction in left lateral view, and medial and lateral views of mandible.
[image: Figure 5]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: Figure 6]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: Figure 7]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: Figure 8]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: Figure 9]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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