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Klastomycter conodentatus, gen et sp. nov., a small early
Permian parareptile with conical teeth from Richards Spur,
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A small, pristinely preserved specimen recently discovered from the Dolese Brothers
limestone quarry near Richards Spur, Oklahoma provides evidence for the presence of a
new early Permian parareptile at this locality. The specimen includes an articulated, nearly
complete skull roof, and with the right premaxilla, right quadratojugal, most of the right
palate, as well as the right epipterygoid and the sphenethmoid preserved inside. Although
similar in many respects to the other contemporary parareptiles Acleistorhinus,
Delorhynchus and Colobomycter, it can be distinguished from other acleistorhinids by the
presence of a number of autapomorphies related to its dentition. Phylogenetic analysis
places it closer to Delorhynchus and Colobomycter within Acleistorhinidae than to
Acleistorhinus pteroticus. Unique aspects of the present specimen include the pronounced
anterior extension of the lacrimal bone, largely homodont dentition composed of simple
conical crowns with slight recurvature in the premaxillary and anterior maxillary teeth, and
simple conical crowns in posterior maxillary dentition. The discovery of this new
parareptile along with the surprisingly large number of acleistorhinids at Richards Spur
highlights the importance of the unique ûssure and vertical cave system at this site. No
other early Permian site has provided such a wide diversity of parareptilian taxa, part of a
complex community of terrestrial vertebrates. The present specimen highlights the ûne
niche partitioning that appears to have been present among reptiles of this region.
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16 Abstract
17 A small, pristinely preserved specimen recently discovered from the Dolese Brothers limestone 

18 quarry near Richards Spur, Oklahoma provides evidence for the presence of a new early Permian 

19 parareptile at this locality. The specimen includes an articulated, nearly complete skull roof, and 

20 with the right premaxilla, right quadratojugal, most of the right palate, as well as the right 

21 epipterygoid and the sphenethmoid preserved inside. Although similar in many respects to the 

22 other contemporary parareptiles Acleistorhinus, Delorhynchus and Colobomycter, it can be 

23 distinguished from other acleistorhinids by the presence of a number of autapomorphies related 

24 to its dentition. Phylogenetic analysis places it closer to Delorhynchus and Colobomycter within 

25 Acleistorhinidae than to Acleistorhinus pteroticus. Unique aspects of the present specimen 

26 include the pronounced anterior extension of the lacrimal bone, largely homodont dentition 

27 composed of simple conical crowns with slight recurvature in the premaxillary and anterior 

28 maxillary teeth, and simple conical crowns in posterior maxillary dentition. The discovery of this 

29 new parareptile along with the surprisingly large number of acleistorhinids at Richards Spur 

30 highlights the importance of the unique fissure and vertical cave system at this site. No other 

31 early Permian site has provided such a wide diversity of parareptilian taxa, part of a complex 

32 community of terrestrial vertebrates. The present specimen highlights the fine niche partitioning 

33 that appears to have been present among reptiles of this region.

34

35 Introduction
36

37 The Dolese Brothers Limestone Quarry near Richards Spur, Oklahoma preserves a complex 

38 cave system that has yielded since the early 20th century a vast number of terrestrial tetrapod 

39 fossils dating back to the early Permian (289 Ma.) (MacDougall et al. 2017a). Over 30 taxa have 

40 been identified at this locality, making it the most taxonomically rich site for Paleozoic terrestrial 

41 tetrapods yet discovered (Sullivan et al., 2000; MacDougall et al. 2017). The fossil preservation 

42 observed at Richards Spur is, in part, a result of large crevices in the rock which were open to the 

43 ground surface during the Lower Permian (Olson, 1991). This vertical cave system was likely 

44 detrimental to many of the terrestrial tetrapods of the time, as the crevices could reach a depth of 

45 more than 30 metres (Olson, 1991; Sullivan et al., 2000). Remains of animals who either 

46 suffered a fatal accident, inhabited the areas around the openings of the crevices and were 

47 washed in by monsoonal rainfall or somehow ended up in the crevices by other means became 

48 preserved through geological time as clay and other Permian sediments filled the caves (Sullivan 

49 et al., 2000; MacDougall et al., 2017). This natural trap has allowed for the preservation of small 

50 Permian tetrapods in a way which has not been seen anywhere else. What were once large 

51 crevices often acting as natural traps for terrestrial vertebrates are now exposed to us as fissures 

52 at Richards Spur through excavations for the surrounding Ordovician limestone where the caves 

53 first developed (Sullivan et al., 2000; MacDougall et al., 2017). 

54 Among the many terrestrial tetrapods found at Richards Spur are those belonging to 

55 Parareptilia, a group of enigmatic reptiles that were relatively rare during the early Permian but 

56 became very common towards the end of that period (Reisz et al., 2014). The importance of 
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57 Richards Spur cannot be overestimated as it has provided us with most of the early Permian 

58 parareptiles that represent the initial stages of diversification of this clade. Genera found at 

59 Richards Spur include two species of Colobomycter, three species of Delorhynchus, 

60 Feeserpeton, Bolosaurus, Microleter and Abyssomedon (Vaughn, 1958; Fox, 1962; Daly, 1969; 

61 Reisz et al., 2002; Tsuji et al., 2010; MacDougall & Reisz, 2012; Rowe et al., 2021). The 

62 discovery of this small partial skull, which is described here, adds another genus to this list. This 

63 fossil specimen includes an articulated skull roof and several palatal elements. The superficial 

64 similarity of this specimen to that of Acleistorhinus pteroticus, a parareptile found at another 

65 locality in Oklahoma, provides support for the idea that this animal is an acleistorhinid (deBraga 

66 & Reisz, 1996). While these two specimens closely resemble one another at first glance, several 

67 key features can be identified which support the identification of this parareptile as a new genus 

68 separate from that of Acleistorhinus pteroticus. 

69

70 Materials and Methods
71

72 Non-destructive, thermal-neutron microtomographic measurement of specimen 

73 BMRP2008.3.3 was performed using the DINGO thermal neutron 

74 radiography/tomography/imaging station, located at the 20 MW Open- Pool Australian 

75 Lightwater (OPAL) reactor housed at the Australian Nuclear Science and Technology 

76 Organisation (ANSTO), Lucas Heights, New South Wales, Australia.

77 For this study, DINGO was equipped with an Iris 15 sCMOS camera (16-bit, 5056 × 2960 

78 pixels) coupled with a Makro Planar 100 mm Carl Zeiss lens and a 20 ¿m thick terbium-doped 

79 Gadox scintillator screen (Gd2O2S:Tb, RC Tritec AG) to yield a pixel size of 14.5 × 14.5 ¿m 

80 and field of view was of 43 x 73 mm2.  DINGO was operated in high-flux mode, with a 

81 collimation ratio (L/D) of 500 was used, where L is the neutron aperture-to-sample length and D 

82 is the neutron aperture diameter, supplying a flux at sample of 4.75 × 107n;cm-2s-1 (Garbe et al., 

83 2015). The tomographic scan consisted of a total of 1000 equally spaced angle shadow-

84 radiographs obtained every 0.18° as the sample was rotated 180° about its vertical axis, which 

85 was positioned 20 mm from the detector face. Both dark (closed shutter) and beam profile (open 

86 shutter) images were obtained for calibration before initiating shadow-radiograph acquisition. To 

87 reduce anomalous noise, a total of four individual radiographs with an exposure length of 15 s 

88 were acquired at each angle (Mays et al., 2017). Total scan time was 18 hours.

89 Neutron activation of the specimen was measured by surface contact using an appropriate 

90 hand-held dosimeter, 1 h upon completion of the scan, at 3 days, and one week post-scan. The 

91 recordings were 35, 3 and 0 ýSv/h respectively. At 2.5 weeks post-scan, no detectable counts 

92 per second above background were recorded; the specimen was issued a radiation clearance 

93 certificate and cleared for return to the authors.

94 The individual radiographs were summed in post-acquisition processing using the Grouped 

95 ZProjector function, and anomalous white-spots removed using a threshold filter in ImageJ 

96 v.1.51h. Normalisation and tomographic reconstruction of the 16-bit raw data were performed 

97 using Octopus Reconstruction v.8.8 (Inside Matters NV), yielding virtual slices perpendicular to 
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98 the rotation axis. Once the scanned specimen was available, the obtained images were first 

99 refined using ImageJ and then inputted into Avizo Lite for segmentation. Figures were then 

100 assembled in Adobe Photoshop Elements 8.0 and Adobe Illustrator. The phylogenetic analysis 

101 conducted in this study follows the methodology of Rowe et al. (2023), with the analysis 

102 performed in PAUP 4.0a169 and the matrix updated in Mesquite.

103 The electronic version of this article in Portable Document Format (PDF) will represent a 

104 published work according to the International Commission on Zoological Nomenclature (ICZN), 

105 and hence the new names contained in the electronic version are effectively published under that 

106 Code from the electronic edition alone. This published work and the nomenclatural acts it 

107 contains have been registered in ZooBank, the online registration system for the ICZN. The 

108 ZooBank LSIDs (Life Science Identifiers) can be resolved and the associated information viewed 

109 through any standard web browser by appending the LSID to the prefix http://zoobank.org/. The 

110 LSID for this publication is: urn:lsid:zoobank.org:pub:20C50EBB-182E-4A9D-9559-

111 4F518034AFBB. The online version of this work is archived and available from the following 

112 digital repositories: PeerJ, PubMed Central SCIE and CLOCKSS.

113

114 SYSTEMATIC PALEONTOLOGY:

115 Clade Parareptilia Olson, 1947

116 Node Ankyramorpha deBraga & Rieppel, 1996

117 Superfamily Lanthanosuchoidea Ivachnenko, 1980

118 Family Acleistorhinidae Daly, 1969

119 Genus Klastomycter gen. nov.

120 Species conodentatus sp. nov.

121

122 Diagnostic Features: Parareptile characterized by the following apomorphies: presence of 

123 conical homodont dentition which is slightly recurved apically, and presence of a sphenethmoid 

124 with pronounced medial curvature of the dorsal processes. Can be distinguished from 

125 Colobomycter by the the presence of a shallowly concave lateral skull margin and four 

126 premaxillary teeth, a nearly straight nasal-frontal suture, a wide contribution of the postorbital to 

127 the temporal fenestra. Differs from Delorhynchus by the fewer number of maxillary teeth, a 

128 triradiate jugal; absence of tuberosities on the dorsal skull roof excluding the orbital region, 

129 absence of an anterolateral palatine process, and an open orbitonasal foramen. Can be 

130 distinguished from Acleistorhinus by the presence of a straight posterior orbital margin, a pointed 

131 anterior process of the quadratojugal, an enlarged vomerine tooth, a tooth field extending to the 

132 lateral margin of the palatine, and an extension of the palatal process of the pterygoid reaching to 

133 the middle of the vomer.

134 Description

135 General cranial and postcranial proportions: The skull of holotype and only known specimen 

136 is approximately 29.4 mm in length, with an orbital length of 9.0 mm resulting in a ratio of skull 

137 length to orbital length of 3.25 (Fig. 1, 2).
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138

139 Figure 1: Holotype of Klastomycter conodentatus. (A) Dorsal, (B) right lateral and (C) left 

140 lateral views.  Abbreviations: epi = epipterygoid, f = frontal, j = jugal, la = lacrimal, m = 

141 maxilla, p = parietal, pal = palatine, pf = postfrontal, pm = premaxilla, po = postorbital, prf = 

142 prefrontal, pt = pterygoid, qj = quadratojugal, sph = sphenethmoid.

143

144 Figure 2: Klastomycter conodentatus in ventral view. (A) Full specimen in ventral view and 

145 (B) ventral skull roof. Abbreviations: epi = epipterygoid, pal = palatine, pt = pterygoid, qj = 

146 quadratojugal, sph = sphenethmoid, v = vomer.

147

148 Skull Roof: In this specimen the left premaxilla is completely preserved, albeit disarticulated, 

149 while the right premaxilla is only present as a thin fragment of the dorsal process articulating 

150 with the nasal (Fig. 3). The premaxilla is slender rather than broad, with the angle between the 

151 midline of the premaxilla and the lateral edge being smaller than that of other comparable 

152 species, indicative of an unusually narrow snout. Anteriorly, the rostral end of the premaxilla is 

153 rounded in a similar fashion to that of Acleistorhinus pteroticus rather than the pointed condition 

154 of Colobomycter pholeter (deBraga & Reisz, 1996; MacDougall et al., 2017b). The premaxilla 

155 has a thin, curved dorsal process which would connect to the nasal to form the medial border of 

156 the external nares. Compared to A. pteroticus, the dorsal process is slender and more closely 

157 resembles the condition of C. pholeter. Anteriorly, the base of the dorsal process possesses a 

158 small indentation, which may have been a foramen for a premaxillary nerve canal. The tip of the 

159 dorsal process has a small groove on its lateral surface, which would have most likely connected 

160 to the nasal. Dorsally, the premaxilla is V-shaped with a palatal process projecting 

161 posteromedially that is half the length of the premaxillary contribution to the alveolar margin. 

162 This palatal process is fairly robust, with a bifurcated tip that would have most likely contacted 

163 the anterior vomer. The alveolar margin possesses the same sutural surfaces for the maxilla and 

164 septomaxilla as C. pholeter.  There are four tooth positions on the right premaxilla of this 

165 species, as in Acleistorhinus. Unfortunately, the tooth belonging to the first position is missing, 

166 but by the size of the remaining cavity it can be inferred that it was approximately the same size 

167 as the second tooth. This cavity suggests that the tooth was somewhat larger than the teeth 

168 occupying the maxilla, although not as exaggerated as the fangs seen in C. pholeter (MacDougall 

169 et al., 2017b). The slightly larger size of the premaxillary teeth compared to the maxillary teeth 

170 differs from what is seen in A. pteroticus in which the largest tooth present is present on the 

171 maxilla (deBraga & Reisz, 1996). Each of the three premaxillary teeth which have been 

172 preserved in this specimen are conical and compressed in shape with little to no recurvature. The 

173 shape and number of premaxillary teeth are poorly known in acleistorhinids, only the holotype of 

174 Acleistorhinus has this part of the snout preserved.

175

176 Figure 3: Right premaxilla of Klastomycter conodentatus. (A) Medial view, (B) ventral view 

177 and (C), lateral view. 

178

179 Both elements of the maxilla are present, and it remains in proximity with almost all the 

180 surrounding skull roof elements (Fig. 1B, 1C). This dentigerous element is mostly complete on 

181 both sides, with the exception of the right premaxillary process. The overall morphology of the 

182 maxilla closely resembles Delorhynchus cifellii (Reisz, Macdougall & Modesto, 2014), although 

183 the anterior portion of the dorsal process connects directly to the nasal instead of the anterior part 
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184 of the lacrimal exposure. The anterior part of the maxilla possesses several supralabial foramina, 

185 the largest of which is the anterolateral maxillary foramen (Reisz at al., 2014). This increased 

186 size of the anterolateral maxillary foramen, compared to other maxillary foramina, is a shared 

187 trait among parareptiles (deBraga & Reisz, 1996). The preserved premaxillary process in this 

188 specimen closely resembles the morphology of Delorhynchus, while in Colobomycter and 

189 Acleistorhinus it is more robust. As with other acleistorhinids, the maxillary portion of the 

190 external nares is bordered ventrally by the premaxillary process and posteriorly by the dorsal 

191 lamina. The dorsal lamina of the maxilla in the current specimen is semirectangular, whereas in 

192 Acleistorhinus the dorsal process is rounded (deBraga & Reisz, 1996). While not as prominent as 

193 in Delorhynchus, an anterodorsal projection of the dorsal lamina contributes to the posterodorsal 

194 part of the external nares. Several wide, shallow pits are located on the dorsolateral region of the 

195 dorsal lamina as a form of skull ornamentation. These pits are also scattered on the lateral 

196 surfaces of all other preserved elements of the skull roof excluding the quadratojugal. In 

197 comparison to other acleistorhinids, Klastomycter lacks pronounced tuberosities on the dorsal 

198 skull roof which matches the original description of Acleistorhinus (Daly, 1969). This specimen 

199 has nineteen tooth positions on each maxilla. The overall number of tooth positions therefore 

200 resembles Acleistorhinus most closely, which possesses seventeen teeth on each maxillary 

201 element (deBraga & Reisz, 1996). In contrast, D. cifellii possesses twenty-four maxillary tooth 

202 positions, while C. pholeter has only thirteen tooth positions due to its enlarged caniniform teeth 

203 (Reisz, Macdougall & Modesto, 2014; MacDougall et al., 2017). The anterior maxilla has a tall 

204 dorsal process which forms the posterior margin of the external nares and connects dorsally to 

205 the nasal, lacrimal and prefrontal, similar to what is seen in both Delorhynchus and 

206 Colobomycter. Posteriorly, the maxilla contributes to the ventral margin of the orbits and extend 

207 past their posterior margin, terminating in a thin triangular process. Based on morphology of the 

208 jugal and quadratojugal, the posterior end of the maxilla would form a point contact with the 

209 quadratojugal. In contrast to what is seen in Acleistorhinus, the tooth bearing region of the 

210 maxilla does not extend past the posterior orbital margin (deBraga & Reisz, 1996). 

211 The generally homodont marginal dentition in the present specimen differs from that of 

212 Colobomycter pholeter and Acleistorhinus pteroticus in that this species has much smaller, more 

213 uniformly shaped teeth. As in Delorhynchus cifellii, this species does not have pronounced 

214 caniniform teeth. The premaxillary teeth are the largest of the marginal dentition, followed 

215 closely by the maxillary teeth occupying positions 1-4. After this point, the teeth slightly shrink 

216 in size with slightly larger teeth reappearing to occupy positions 7-10. The teeth are conical and 

217 compressed with only a very slight amount of recurvature. The tips of the teeth form a sharp 

218 point as opposed to the more rounded condition seen in D. cifellii and A. pteroticus. This 

219 dentition is distinctive in that even the largest teeth are conical in shape rather than tubular. The 

220 teeth on this specimen are most reminiscent to that of D. cifellii because of the generally 

221 homodont dentition, but the conical shape of the teeth seen in this species is unique and differs 

222 from that of other acleistorhinids, including D. cifellii, A. pteroticus and C. pholeter.

223 The anterior portion of the nasal forms the dorsal margin of the external nares and is 

224 connected to the anterodorsal process of the maxilla by its ventrolateral edge (Fig 1A, 2B). It is 

225 connected dorsolaterally to the prefrontal, dorsally to the frontal and ventrolaterally to the 

226 anterior process of the lacrimal. The outline of the nasal forms a quadrangular shape and, as is 

227 seen in Acleistorhinus pteroticus, the nasal of this specimen is wider posteriorly rather than 

228 anteriorly. However, similarly to A. pteroticus, the nasal of this species forms a nearly straight 
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229 suture with the frontal, rather than a jagged suture as is seen in Colobomycter pholeter and 

230 Delorhynchus cifellii.

231 The lacrimal has a long anterior process which lays on the medial surface of the dorsal 

232 process of the maxilla and meets the ventrolateral edge of the nasal (Fig. 1B, 1C). This anterior 

233 process is partially hidden in lateral view, in contrast to the more exposed anterior process seen 

234 in Delorhynchus cifellii. In addition, the anterior process terminates at the posterolateral corner 

235 of the nasal, instead of the partial separation found in D. cifellii (Reisz et al., 2014). The lateral 

236 surface of the lacrimal is bordered ventrally by the maxilla, anteriorly by the posterodorsal 

237 process of the maxilla and dorsally by the prefrontal and nasal. The posterolateral exposure of 

238 the lacrimal is semilunar in shape and makes up the anteroventral corner of the orbit (Figure 3C), 

239 which is bordered dorsally and medially by the prefrontal. Posteroventrally, the lacrimal also has 

240 an elongated, thin process which lays against the medial surface of the maxilla and is not visible 

241 in lateral view. This thin process ends in a point contact with the anterior process of the jugal 

242 much like what is seen in D. cifellii and Colobomycter pholeter. In contrast, A. pteroticus has a 

243 more substantial contact between the lacrimal and jugal (deBraga & Reisz, 1996). Posteriorly, 

244 there are two foramina on the posterior surface of each lacrimal, with the more dorsal foramen 

245 being larger than the ventral foramen. These foramina differ from what is seen in D. cifellii, 

246 where the ventral foramen is larger than the dorsal foramen. 

247 While parts of the prefrontal are missing in this specimen, the dorsal and posterior regions are 

248 still preserved (Fig. 1). The dorsal face of the prefrontal connects medially to the frontal, 

249 anteromedially to the nasal, anterolaterally to the posterior of the dorsal process of the maxilla 

250 and laterally to the lacrimal. Anteriorly, the dorsal surface of the prefrontal is thin and tapered 

251 like in Delorhynchus cifellii, unlike the wide anterior prefrontal seen in Acleistorhinus pteroticus 

252 (deBraga & Reisz, 1996; Reisz at al., 2014). The posterior surface of the prefrontal makes up the 

253 anterior orbit and the anterior first third of the dorsal orbit. Much of this posterior surface sits 

254 along the medial surface of the dorsal lacrimal, and these two elements makes up the entire 

255 anterior orbit. A thin antorobital wall projects from the ventral surface of the prefrontal, suturing 

256 onto the lacrimal as in Colobomycter pholeter and C. vaughni with the contribution of the 

257 prefrontal resembling the latter more closely (MacDougall et al., 2016; MacDougall et al., 2017).

258 Most of the frontal is preserved in Klastomycter conodentatus, with only the anterior portion 

259 of the left frontal missing. This element comprises a large portion of the skull roof, connecting 

260 anteriorly with the nasal, anterolaterally with the prefrontal, posterolaterally with the postfrontal 

261 and posteriorly with the parietal (Figure 1A). The frontal possesses lateral transverse flanges 

262 which make up approximately one third of the dorsal orbit and separate the prefrontal and 

263 postfrontal bones. Compared to Acleistorhinus pteroticus, the frontal of this species extends 

264 farther posteriorly and are more alike to the condition seen in Delorhynchus cifellii and 

265 Colobomycter pholeter (deBraga & Reisz, 1996). Additionally, as with these two taxa, the 

266 frontal of the current specimen forms a slanted, somewhat jagged connection to the parietal. This 

267 is different from the straighter yet gently rounded connection seen in A. pteroticus. Ventrally, the 

268 antorbital ridge continues onto the frontal, decreasing in height posteriorly as in D. cifellii (Rowe 

269 et al., 2023).

270 The postfrontal has a triangular outline in dorsal view and is connected medially to the 

271 frontal, posteriorly to the parietal and posterolaterally to the postorbital (Figure 1A). 

272 Anterolaterally, the slightly curved edge of the postfrontal comprises the posterior third of the 

273 dorsal orbit. The postfrontal of the current specimen does not extend posteriorly, and rather than 

274 wedging between the parietal and postorbital as in Acleistorhinus pteroticus it terminates just 
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275 before the connection between these two elements (deBraga & Reisz, 1996). This is reminiscent 

276 of what is seen in Colobomycter pholeter and Delorhynchus cifellii but with less jagged sutures 

277 than that of the latter. 

278 The jugal is a triradiate element connected anteriorly to the lacrimal, ventrally to the maxilla, 

279 dorsally to the postorbital and likely posteroventrally to the quadratojugal (Fig. 1B, 1C). The 

280 anterodorsal edge of the jugal forms the posterior two thirds of the ventral orbit and part of the 

281 posterior orbit. Much like Acleistorhinus pteroticus and Colobomycter pholeter, the triradiate 

282 shape of the preserved jugal confirms that this parareptile had a single lateral temporal fenestra 

283 on either side of the skull. However, the reduced dorsal process of the jugal as compared to A. 

284 pteroticus suggests that the lateral temporal fenestrae were bordered by the jugal, postorbital, 

285 squamosal and quadratojugal, as is seen in Delorhynchus cifellii and C. pholeter. If the dorsal 

286 process were taller, as in A. pteroticus, the postorbital would not be included in the border of the 

287 lateral temporal fenestrae. More support for this idea comes from the fact that the jugal of this 

288 specimen is most similar to that of C. pholeter, where a single lateral temporal fenestra is 

289 bordered by these four elements.  Unfortunately, because the squamosal was not preserved in this 

290 specimen, its contribution to the temporal fenestra is not certain. Medially, the jugal has a short 

291 ramus which projects towards the midline of the skull, as in Delorhynchus cifellii (Rowe et al., 

292 2023.

293 Some damage has occurred to each side of the postorbital but their contribution to the ventral 

294 and posterior orbit is still evident (Fig. 1). The postorbital is connected ventrally to the jugal, 

295 dorsally to the parietal and anterodorsally to the prefrontal. If the squamosal were preserved, the 

296 postorbital would likely be connected to it by the posterior end of its ventral edge, as is seen in 

297 Colobomycter pholeter and Delorhynchus cifellii. This differs significantly from Acleistorhinus 

298 pteroticus, in which the postorbital does not contact the parietal as it is separated from this 

299 element by the postfrontal and supratemporal. Additionally, the similarity of the postorbital 

300 morphology to C. pholeter suggests that it contributed to the border of the lateral temporal 

301 fenestrae. and the squamosal likely did not wrap around the ventral edge of the postorbital to 

302 connect to the jugal. This would prevent this element from contributing to the lateral temporal 

303 fenestra as is seen in Acleistorhinus pteroticus.

304 The parietal is a broad, flat element making up the posterior border of the skull roof. In dorsal 

305 view, the anterior portion of the parietal forms a rounded point where it meets with the frontal 

306 (Figure 1B). The parietal connects anterolaterally to the prefrontal and laterally to the postorbital, 

307 and potentially the supratemporal if it were preserved. The groove on the parietal where the 

308 supratemporal would have fit can be clearly seen on the posterolateral portion of the element, 

309 and suggests that the bone was large, as in other acleistorhinids. In this species, the pineal 

310 foramen is in the middle of the two parietal elements. This can be contrasted to Acleistorhinus 

311 pteroticus, in which the pineal foramen is displaced anteriorly, closer to the frontoparietal suture. 

312 The condition displayed here is common to both Colobomycter pholeter and Delorhynchus 

313 cifellii and is believed to be the primitive condition of the trait (deBraga & Reisz, 1996). The 

314 shallow dimpling present on all skull roof elements is concentrated around the pineal foramen. 

315 While the left quadratojugal is disarticulated, it is still present and complete (Fig. 4). It is 

316 likely that this posterior skull roof element contacted the jugal and maxilla anteriorly and the 

317 squamosal dorsally. This placement means that the quadratojugal contributed to the ventral and 

318 posteroventral margin of the lateral temporal fenestra. The shape of the quadratojugal in this 

319 species is very similar to that of Acleistorhinus pteroticus, with a concave dorsal edge differing 

320 from the condition seen in Colobomycter pholeter where the dorsal edge of the quadratojugal 
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321 forms a rounded edge. This distinction is important as it indicates that the squamosal in this 

322 species likely did not have a ventral process curving around the quadratojugal. Instead, the 

323 squamosal likely had a slightly rounded but overall flat dorsal edge which connected with the 

324 quadratojugal, as is seen in Acleistorhinus pteroticus. Laterally, the quadratojugal is rugose as in 

325 C. pholeter and Delorhynchus cifellii (Macdougall et al., 2014; MacDougall et al., 2017), while 

326 lacking the shallow pits seen elsewhere on the skull roof.

327

328 Figure 4: Left quadratojugal of Klastomycter conodentatus. (A) Lateral view and (B) medial 

329 view. 

330

331 Palate & Braincase:

332 Of the five dentigerous elements noted in other acleistorhinids, only the vomer, palatine and 

333 pterygoid have been preserved in this specimen with a significant portion of the ventral surface 

334 covered by tooth fields (Fig. 5). Ventrolaterally, the choana extends through the palatine and the 

335 pterygoid, and would most likely extend through the ectopterygoid as in Delorhynchus cifellii 

336 (Rowe et al., 2023). However, the channel of the choana is separated from the dentigerous 

337 portion of the palatine by a thin ridge.

338

339 Figure 5: Right palate of Klastomycter conodentatus. (A) Dorsal view, (B) lateral view and (C) 

340 ventral view. Abbreviations: epi = epipterygoid, pal = palatine, pt = pterygoid, v = vomer.

341

342 In palatal view, the vomer is an elongate triangular element (Fig. 5). Posteriorly, the vomer 

343 increases in width before narrowing as it wedges between the palatine and pterygoid. The vomer 

344 is connected by the posterior portion of its medial edge to the pterygoid and by its posterolateral 

345 edge to the palatine. If the paired vomer elements were present, the two would likely meet 

346 anteriorly along their medial edge, forming the anterior midline of the palate. The posterior 

347 medial edge of the vomer would be separated from its pair by the anterior tip of the pterygoid. 

348 The anterior vomer is angled ventrally, as can be seen in lateral view. More than half of the 

349 ventral surface of the vomer is covered in teeth. The largest tooth occupies the anteriormost tip 

350 of the vomer, a condition shared by Delorhynchus cifellii and Colobomycter pholeter, and is the 

351 largest tooth on the palatal surface. Behind the enlarged tooth is a field of teeth located medially 

352 which spans the length of this element. This tooth field extends onto the pterygoid and is three 

353 teeth wide at its widest extent. The vomer of the current specimen shows similarities to that of C. 

354 pholeter, Acleistorhinus pteroticus and D. cifellii in terms of its triangular shape. However, the 

355 tooth fields in this specimen closely resemble D. cifellii, and are distinct from C. pholeter and A. 

356 pteroticus (deBraga & Reisz, 1996; Modesto & Reisz, 2008; Rowe et al., 2023). On its dorsal 

357 surface, the vomer possesses an alar flange extending posterolaterally onto the palatine towards 

358 the anterior edge of the posterior external nares. The vomer is slightly disarticulated here, as it 

359 would connect to the orbitonasal ridge of the palatine and form the medial wall of the choana as 

360 in D. cifellii. However, the alar flange is comparatively more delicate in Klastomycter 

361 conodentatus (Rowe et al., 2023).

362 The palatine is a quadrangular element which connects anteriorly to the vomer and medially 

363 to the pterygoid (Fig. 5). In full articulation, it would also connect laterally to the maxilla and 

364 dorsally to the lacrimal and prefrontal. One large tooth field occupies the palatine, starting 

365 approximately one third from the anteriormost end at the mediolateral midline of the element and 

366 continuing posteromedially across it. This diagonal tooth field then continues across the 
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367 posteromedial corner of the palatine and continues on to the pterygoid. The anterior end of this 

368 tooth field starts as what appears to be a single tooth row, widening to accommodate up to three 

369 rows before reducing to two rows on the pterygoid. This differs from Acleistorhinus pteroticus in 

370 that this tooth field continues farther anteroventrally onto the palatine in Klastomycter 

371 conodentatus, and the tooth field accommodates three rows of teeth rather than two. Compared 

372 to Delorhynchus cifellii, the palatine of K. conodentatus has a smaller concentration of teeth. In 

373 contrast to the condition in K. conodentatus, in Colobomycter pholeter, the pterygopalatal tooth 

374 field is focused more on the palatine rather than on the pterygoid, and becomes larger as it 

375 extends onto the pterygoid. The dorsal surface of the palatine possesses an orbitonasal ridge 

376 extending laterally towards the posterior edge of the posterior external nares. Comparisons to A. 

377 pteroticus and C. pholeter are not currently possible, but D. cifellii possesses a similar set of 

378 dorsal ridges. The orbitonasal ridge is open dorsally, unlike D. cifellii, where the orbitonasal 

379 ridge is enclosed. In addition, unlike the condition in D. cifellii and C. pholeter, there is no 

380 anterolateral process of the palatine that would border the choana laterally (MacDougall et al., 

381 2017; Rowe et al., 2023). 

382 As with many other early Permian amniotes, the pterygoid is a large triangular element 

383 composed of an elongated palatal process, a wide transverse process and a posterior quadrate 

384 ramus (Fig. 5A, 5C). The palatal process of the pterygoid borders the posteromedial edge of the 

385 vomer anteriorly and terminates in a sharp point, and contacts the palatine laterally. There are 

386 three distinct tooth fields on the ventral surface of the palatal process, with the first tooth field 

387 originating at the posteromedial corner of the palatal process and continuing anteriorly along the 

388 medial border of the pterygoid. This tooth field becomes smaller in both the number of tooth 

389 rows and the size of individual teeth until it disappear entirely about halfway along the medial 

390 edge of the palatal process. The second tooth field on the palatal process of the pterygoid 

391 continues onto the pterygoid from the vomer, located along the longitudinal axis of the palatal 

392 process of the pterygoid and disappearing about a third of the way from the posterior edge of this 

393 element. The last tooth field located on the ventral surface of the pterygoid is a continuation of 

394 the tooth field of the palatine and is composed of two rows of teeth that extend diagonally across 

395 the pterygoid before terminating just before the quadrate ramus. The locations of the tooth fields 

396 on the palatal process of the pterygoid are similar to that seen in Acleistorhinus pteroticus but the 

397 fields themselves are much larger, consisting of more rows of teeth and larger teeth. Overall, the 

398 tooth fields on the current specimen take up a larger proportion of the ventral surface area of the 

399 pterygoid than in A. pteroticus. This condition also differs from that seen in Colobomycter 

400 pholeter and Delorhynchus cifellii as the teeth occupying this region in these species seem to be 

401 more numerous yet more spread out. 

402 The transverse process of the pterygoid extends ventroposterolaterally from the posterolateral 

403 edge of the palatal process of the pterygoid. In ventral view the transverse process is triangular in 

404 shape, and nearly the entirety of the ventral surface of this process is covered in teeth. These 

405 teeth make up the fourth tooth field present on the pterygoid of this species, bordering the 

406 posterior edge of the transverse process and continuing medially onto the raised ventral edge of 

407 the quadrate ramus. Laterally, this tooth row wraps around the posterolateral corner of the ventral 

408 face of the transverse process. The teeth located on this lateral edge are some of the largest 

409 present on the palate, with four teeth on the posterior transverse process that are nearly as large 

410 as the single large tooth occupying the anteriormost tip of the vomer. In addition to the distinct 

411 row of teeth on the transverse process, there is a large cluster of smaller teeth which cover the 

412 rest of the ventral surface of this process. At its widest point, the tooth field on the transverse 
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413 process is made up of five rows of teeth. This tooth field is much larger and wider than that seen 

414 in Acleistorhinus pteroticus, in addition to the fact that the teeth themselves making up this field 

415 are much larger in Klastomycter conodentatus. The transverse process of the pterygoid is more 

416 similar to that seen in Colobomycter pholeter and Delorhynchus cifellii. 

417 Posteriorly, the quadrate ramus of the pterygoid is a large semiconical sheet of bone which 

418 extends posterodorsally from the posterior edge of the dorsal surface of the palatine process (Fig. 

419 5). As it extends dorsally this process widens into a thin sheet culminating in a dorsal point. In 

420 lateral view, this process resembles a wing attached to the posterior end of the dorsal surface of 

421 the palate. The morphology of the quadrate ramus is very similar to that of Delorhynchus cifellii, 

422 but cannot be compared to Colobomycter pholeter or Acleistorhinus pteroticus due to the current 

423 lack of information. 

424 The right epipterygoid has also been preserved in association with this specimen, and is 

425 slightly disarticulated from the quadrate ramus of the pterygoid (Figure 5B) This element 

426 consists of a ventral footplate which is broad, oval shaped and elongated anteroposteriorly, and a 

427 thin dorsal process with modest posterior curvature. The morphology of this element closely 

428 resembles the condition of Delorhynchus cifellii (Rowe et al., 2023) and indicates the probable 

429 presence of a suborbital foramen.

430 The sphenethmoid is a large, Y-shaped element in anterior and posterior view which has been 

431 very well-preserved (Figure 6). In this specimen, it has shifted out of place, but is still relatively 

432 close to its articulating position on the ventral surface of the frontal (Figure 3B; Figure 4A). 

433 Dorsally, this element bifurcates into two processes curving medially which form the trough of 

434 the sphenethmoid (Figure 6) (MacDougall et al., 2019). The morphology of the dorsal processes 

435 differs significantly from that seen Delorhynchus cifellii, where the dorsal processes do not curve 

436 medially (Rowe et al., 2023). While the sphenethmoid of Colobomycter pholeter is not fully 

437 visible, it appears to possess a more modest curvature than Klastomycter conodentatus (Modesto 

438 & Reisz, 2008). In Feeserpeton, the dorsal processes of the sphenethmoid lack curvature and 

439 diverge laterally (MacDougall et al., 2019). The posterior end of the sphenethmoid curves 

440 downward into a short lip where the dorsal processes meet. Ventrally, the sphenethmoid has a 

441 long, straight, bladelike keel which widens slightly towards its tip. This keel extends anteriorly 

442 past the dorsal processes and terminates in a sharp point above the contact between the dorsal 

443 processes.

444

445 Figure 6: Sphenethmoid of Klastomycter conodentatus. (A) Anterior view, (B) posterior view 

446 and (C) left lateral views.
447

448 Phylogenetic analysis
449 In order to determine the relationship of Klastomycter to other members of Parareptilia, and 

450 acleistorhinids specifically, we included it in the phylogenetic analysis conducted in Rowe et al. 

451 (2023). The only change to that matrix was the addition of character states for Klastomycter. 

452 Given the narrow scale of this study we did not include a broad range of taxa, or compare the 

453 results to Ford & Benson (2020) and Simoes et al. (2022). While it is important to evaluate the 

454 relationships between Parareptilia and other early amniotes, we do not consider this study to be a 

455 suitable place for such an undertaking.

456

457 Figure 7: Strict consensus of 14 most parsimonious cladograms of parareptile relationships.

458
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459 A strict consensus of 14 most parsimonious cladograms of parareptile relationships is 

460 displayed as Figure 7. The tree length in a heuristic is 633 steps, with 1000 replicates, and 

461 73882182 rearrangements tried,  and has a consistency index (CI) of 0.348, a rescaled 

462 consistency index (RC) of 0.564. Homoplasy index (HI) is 0.652, while the RC index is 0.196. 

463 Despite some of the more pronounced similarities of Klastomycter to Acleistorhinus, such as the 

464 lack of skull roof tuberosities, this new taxon is resolved as a sister taxon to Delorhynchus. 

465 Lanthanosuchus and Acleistorhinus form a clade as sister to the other so-called acleistorhinids, 

466 while Feeserpeton and the clade Bolosauridae are sister taxa to them. This pattern is the same as 

467 the previous analysis of parareptile interrelationships, but with Klastomycter closely related to 

468 Delorhynchus and Colobomycter. However, it must be noted that this pattern of relationship is 

469 weakly supported, and it only takes one extra step to collapse most basal parareptilian clades, 

470 with the exception of the clade formed by Klastomycter, Delorhynchus, Colobomycter. In view 

471 of that weakness, we refrain from changing the higher level designations until a better resolution 

472 to the patterns of relationships can be achieved. Thus, the family Acleistorhinidae was erected by 

473 Daly in 1969, when the parareptilian identity of Delorhynchus (Fox, 1962) and Colobomycter 

474 (Vaughn, 1958) were unknown. Similarly, the order and family designation of 

475 Lanthanosuchoidea (Efremov, 1946) was erected when the Acleistorhinidae were unknown. 

476

477 Conclusions

478

479 Acleistorhinid diversity at the Richards Spur locality has continued to expand with the 

480 addition of this new taxon. Much of the diversity appears to be centered around the dentition, and 

481 its effect on the cranial anatomies of these small predators. As previously suggested, the Dolese 

482 Brothers Limestone Quarry locality and its cave deposits provide an unprecedented record of 

483 fine resource partitioning, with different but closely related taxa apparently using different types 

484 of dentition for food capture and possible processing. The latest member of this clade of small 

485 predators appears different from other acleistorhinids in the unusual conical shape of the teeth, 

486 but otherwise resemble most closely the more commonly found Delorhynchus. 

487 In addition to the six acleistorhinid taxa found at this locality, other small parareptiles 

488 also show startling dental diversity. Notable among these are three taxa of parareptiles, 

489 Bolosaurus, Microleter, and Abyssomedon. These taxa fall outside Acleistorhinidae, and 

490 demonstrate that there was both an early diversification of this clade, and a broader diversity of 

491 early parareptiles not normally preserved (with the exception of Bolosauridae) in the Permo-

492 Carboniferous sediments of Laurasia. This absence speaks to the overall limited knowledge of 

493 the fossil record of small amniotes in the initial stages of terrestrial vertebrate evolution, and that 

494 localities that represent natural traps provide a glimpse of this fundamental part of amniote 

495 history. 

496 The Richards Spur locality underscores this lack of information, with the excellent 

497 preservation of unusual closely related taxa of small amniotes among the hundreds of thousands 

498 of known isolated and fragmentary bones, and the hundreds of skulls, partial skulls, and partial 

499 skeletons that have been recently uncovered. The new parareptile described here is a rare 

500 element of this community, as are some of the other parareptiles listed above, with Delorhynchus 

501 and Colobomycter being more frequently encountered in recently opened caves in Richards Spur. 

502 This fine level of resource partitioning as recorded at the Richards Spur locality is not 

503 restricted to the parareptiles, but is also found among the captorhinid eureptiles, and is unknown 

504 elsewhere among Paleozoic terrestrial tetrapod localities. This is in great part because the cave 
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505 deposits here, excavated as part of a large limestone quarry operation for nearly a century, 

506 represents by far the richest fossil locality for the. The current evidence seems to indicate that 

507 other members of this paleocommunity preserved at this locality do not duplicate this level of 

508 taxic diversity, or this level of resource partitioning, although there are a couple of currently 

509 recognized small recumbirostran microsaurs. Similarly, the larger dissorophids are currently 

510 represented by three taxa, while trematopids appear to be restricted to a single taxon. New, 

511 ongoing research is likely to change this pattern, as new taxa are expected to be uncovered and 

512 incorporated into the expanding knowledge of this unique early Permian terrestrial tetrapod 

513 community. 

514
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Figure 1
Holotype of Klastomycter conodentatus.

(A) Dorsal, (B) right lateral and (C) left lateral views. Abbreviations: epi = epipterygoid, f =
frontal, j = jugal, la = lacrimal, m = maxilla, p = parietal, pal = palatine, pf = postfrontal,
pm = premaxilla, po = postorbital, prf = prefrontal, pt = pterygoid, qj = quadratojugal, sph

= sphenethmoid.
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Figure 2
Klastomycter conodentatus in ventral view.

(A) Full specimen in ventral view and (B) ventral skull roof. Abbreviations: epi =
epipterygoid, pal = palatine, pt = pterygoid, qj = quadratojugal, sph = sphenethmoid, v =
vomer.
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Figure 3
Right premaxilla of Klastomycter conodentatus.

(A) Medial view, (B) ventral view and (C), lateral view.
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Figure 4
Left quadratojugal of Klastomycter conodentatus.

(A) Lateral view and (B) medial view.
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Figure 5
Right palate of Klastomycter conodentatus.

(A) Dorsal view, (B) lateral view and (C) ventral view. Abbreviations: epi = epipterygoid, pal
= palatine, pt = pterygoid, v = vomer.

PeerJ reviewing PDF | (2024:06:101822:0:1:NEW 26 Jun 2024)

Manuscript to be reviewed



PeerJ reviewing PDF | (2024:06:101822:0:1:NEW 26 Jun 2024)

Manuscript to be reviewed



Figure 6
Sphenethmoid of Klastomycter conodentatus.

(A) Anterior view, (B) posterior view and (C) left lateral views.
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Figure 7
Strict consensus of 14 most parsimonious cladograms of parareptile relationships.
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