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Abstract. Tritylodon longaevus is one of the most common members of the Lower Jurassic 25 

faunas of the Karoo Basin. The cranial and dental anatomy of this taxon is well known, but its 26 

postcranium has not been previously addressed in detail. Our analysis shows that T. longaevus 27 

shares many postcranial features with other tritylodontids that distinguish them from other 28 

non-mammaliaform cynodonts. The correlation between taxon size and postcranial 29 

anatomical traits is briefly explored among tritylodontids, showing that few morphological 30 

differences among species correlate with size. Analysis of the purported oldest remains of 31 

Tritylodon, from the Norian Los Colorados Formation of Argentina, suggests that they cannot 32 

be unambiguously assigned to this taxon, circumscribing the record of Tritylodon to African 33 

localities.  34 

Key words. Postcranium. Eucynodontia. Tritylodon longaevus. Lower Jurassic. 35 

 36 

Resumen. EL ESQUELETO POSTCRANEANO DE TRITYLODON LONGAEVUS DEL 37 

JURÁSICO INFERIOR DE ÁFRICA DEL SUR. Tritylodon longaevus es uno de los taxones 38 

más comúnmente representados en las faunas del Jurasico Inferior de la Cuenca del Karoo. 39 

Este taxón es únicamente conocido a través de su anatomía craneana y dentaria mientras que 40 

su esqueleto postcraneano no ha sido previamente descripto en detalle. El presente estudio 41 

muestra que T. longaevus comparte con otros tritilodóntidos varios rasgos postcraneanos que 42 

los diferencian de otros cinodontes no mamaliaformes. También se explora aquí la correlación 43 

entre el tamaño corporal y a las variaciones en la anatomía postcraneana observadas en los 44 

tritilodóntidos, encontrándose que sólo unas pocas diferencias morfológicas entre especies se 45 

correlacionan con el tamaño. El re-análisis de los supuestos registros más antiguos (Noriano) 46 

de Tritylodon, procedentes de la Formación Los Colorados de Argentina, indica que estos 47 

restos no pueden asignarse sin ambigüedades a este taxón, circunscribiendo la distribución 48 

geográfica de Tritylodon a localidades de África. 49 
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Palabras clave. Esqueleto postcraneano. Eucynodontia. Tritylodon longaevus. Jurásico 50 

Inferior. 51 

 52 

53 
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TRITYLODONTIDS represent the last experiment in diversification among herbivorous non-54 

mammaliaform cynodonts (Clark and Hopson, 1985; Kemp, 2005, Watabe et al., 2007). This 55 

group was exceptionally well represented in Laurasia and, although sparsely recorded, was 56 

also present in Gondwana. A possible reason for their success is their masticatory apparatus, 57 

very similar to that of allotherians and rodents, characterized by the lack of canines and the 58 

presence of two or more longitudinal rows of cusps in the postcanines (Parrington, 1981; 59 

Kemp, 2005). Tritylodontids thus represent the oldest cynodonts in which there is evidence of 60 

predominant propalinal jaw movements during chewing, although propaliny has been 61 

proposed to have been a common mechanism among toothless dicynodonts (Crompton and 62 

Hotton, 1967; Angielczyk, 2004). 63 

Tritylodontids are remarkably diverse, with at least 20 recognized species (Tab. 1) in 64 

~80 million years of existence (Norian to Hauterivian). Particularly well-represented in 65 

Jurassic terrestrial ecosystems, tritylodontids are known from the Lower Jurassic of South 66 

Africa and Lesotho (Owen, 1884; Broom,1910; Broili and Schröder, 1936; Ginsburg, 1962), 67 

the Upper Triassic and the Lower and Middle Jurassic of Europe, the Lower Jurassic of 68 

western North America and Antarctica, the Middle Jurassic of Mexico, the Lower to Upper 69 

Jurassic of China (Young, 1940, 1947, 1982; Kühne, 1956; Sun, 1984; Kermack, 1982; Clark 70 

and Hopson, 1985; Sun and Li, 1985; Lewis, 1986; Sues, 1986, Luo and Wu, 1994; Maisch et 71 

al., 2004; Watabe et al., 2007; Hammer and Smith, 2008), and the Lower Cretaceous of 72 

Russia and Japan (Tatarinov and Matchenko, 1999; Matsuoka and Setoguchi, 2000; Lopatin 73 

and Agadjanian, 2008; Matsuoka et al., 2016). This diversity and distribution demonstrate that 74 

these non-mammaliaform cynodonts were remarkably ubiquitous when therapsid dominance 75 

in Mesozoic ecosystems was near its end. 76 

Considering the notable diversity of the group, it is not surprising that tritylodontids 77 

are among the non-mammaliaform cynodont groups for which a considerable amount of 78 
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postcranial information is available (Tab. 1). Almost complete skeletons are known for three 79 

taxa: Oligokyphus major Kühne, 1956, Bienotheroides Young, 1982 (see Sun and Li, 1985), 80 

and Kayentatherium wellesi Kermack, 1982 (see Sues and Jenkins, 2006). In addition, 81 

postcranial elements of Bienotherium yunannense Young, 1940 (see Young, 1947), 82 

Bienotheroides ultimus Maisch et al., 2004, and an indeterminate tritylodontid (Sullivan et al., 83 

2013) have also been described. The South African Tritylodontoideus maximus Fourie, 1962, 84 

represented by negative moulds on two rock slabs, also preserves a large portion of the 85 

skeleton, although the postcranium was never described in detail (Fourie, 1962, 1963). 86 

Postcranial elements of Dinnebitodon amarali Sues, 1986, from the Kayenta Formation 87 

(Early Jurassic, North America) have been reported but remain mostly undescribed (Sues, 88 

1986; Sues and Jenkins, 2006). 89 

Tritylodon longaevus Owen, 1884 is one of the most common members of the Lower 90 

Jurassic faunas of the Karoo Basin (Kitching and Raath, 1984; Smith and Kitching, 1997). 91 

The skull and dentition of this taxon are fairly well known (Owen, 1884; Broom, 1910; 92 

Ginsburg, 1962, Gow, 1986, 1991). On the other hand, studies considering its postcranium are 93 

purely histological in nature (De Ricqlès, 1969; Botha, 2002; Ray et al., 2004; Chinsamy and 94 

Hurum, 2006; Botha-Brink et al., 2012) except for Broili and Schröder’s (1936) description of 95 

a distal portion of a humerus. Thus, the main aim of the present study is to provide a complete 96 

description of the known postcranial remains of Tritylodon longaevus. Additionally, possible 97 

correlations between taxon size and various postcranial anatomical features in tritylodontids 98 

will be explored in view of the recognition of different sized forms with known postcranium 99 

(Tab. 1). We also re-describe the oldest putative remains of tritylodontids, namely isolated 100 

postcranial elements from the Norian Los Colorados Formation of Argentina (Bonaparte, 101 

1971), in order to assess their taxonomic identity.  102 

 103 
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Institutional Abbreviations. BP, Evolutionary Studies Institute (formerly Bernard Price 104 

Institute for Palaeontological Research), University of the Witwatersrand, Johannesburg, 105 

South Africa; CXPM-C, Chuxiong Prefectural Museum, Chuxiong, China; IVPP-V, Institute 106 

of Vertebrate Paleontology and Paleoanthropology, Chinese Academy of Sciences, Beijing, 107 

China; MCZ, Museum of Comparative Zoology, Harvard University, Cambridge, U.S.A.; 108 

PVL, Instituto Miguel Lillo, Universidad Nacional de Tucumán, Tucumán, Argentina. 109 

 110 

MATERIALS AND METHODS 111 

Tritylodon is diagnosed on the basis of craniodental features whereas postcranial 112 

evidence has been neglected. Accordingly, the specimens available to us (Tab. 2) were 113 

referred to Tritylodon and incorporated into our study only if they either included diagnostic 114 

craniodental elements in addition to postcranial bones, or could be established as belonging to 115 

Tritylodon based on size, provenance and detailed morphological comparisons to specimens 116 

of both Tritylodon and other tritylodontids that did include diagnostic elements. Taxonomic 117 

revision of the genus Tritylodon is long overdue in view of the discovery of hundreds of new 118 

South African tritylodontid specimens in the last 30 years, several of which include complete 119 

skulls; however, such a revision is beyond the scope of this paper. Hence, we provisionally 120 

consider this genus monospecific and refer the studied postcranial elements to Tritylodon 121 

longaevus, the only tritylodontid species currently recognized in the Upper Elliot Formation. 122 

Three of the Tritylodon specimens analyzed here (BP/1/4782, BP/1/5167, and 123 

BP/1/5269) are interpreted to be juveniles on the basis of craniodental features and the 124 

relatively small size as judged from the basal skull length (defined as the distance between the 125 

anteriormost tip of the snout and the posteriormost end of the occipital condyles). The 126 

descriptions of certain postcranial elements were based entirely on these juvenile specimens. 127 
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When both juvenile and adult examples of a particular element were available for description, 128 

any morphological differences between them have been highlighted.  129 

In order to analyze possible correlations between body size and postcranial features, 130 

we estimated the body mass of the tritylodontids for which postcranial elements are known 131 

(Tab. 3). In this task, we employed equations based in modern mammals (van Valkenburgh, 132 

1990; Anyonge, 1993) that we believe are the best proxies available. Nevertheless, the results 133 

obtained might not be completely accurate due to differences in body proportions between 134 

tritylodontids and the extant forms employed to produce the formulas. Equations that would 135 

result in estimations suitable for “all carnivores” were used for being more taxonomically 136 

(and morphologically) comprehensive than other available formulas that would apply for less 137 

inclusive groups (see Fariña et al., 1998). Although many formulas are available to estimate 138 

the body mass (Fariña et al., 1998), we preferred an equation (1) based on skull length (van 139 

Valkenburgh, 1990) considering that it is available for most of the taxa surveyed. Otherwise, 140 

femur and humerus length (Anyonge, 1993) based formulas (2, 3) were employed. 141 

 142 

(1) Log (body mass) = 3.13log(skull length in millimetres) – 5.59  143 

 144 

(2) Log (body mass) = 2.92log(femur length in millimetres) – 5.27 145 

 146 

(3) Log (body mass) = 2.93log(humerus length in millimetres) – 5.11 147 

 148 

DESCRIPTION 149 

Axial Skeleton 150 

The description of the axial skeleton of Tritylodon is based on specimens BP/1/4782, 151 

BP/1/4785, BP/1/4965, BP/1/5089, and BP/1/5167. In some cases, specimens were labeled 152 
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with a lower case letter following the collection number in order to identify isolated and 153 

groups of associated or articulated vertebrae that belong to the same specimen. Most of these 154 

lower case letters were assigned previous to our analysis of Tritylodon specimens thus the 155 

alphabetical order does not necessarily correlates with the inferred vertebral order. In 156 

addition, the letters are not always correlative and not all the letters have been employed to 157 

label the vertebral elements (Tab. 4). 158 

Atlas-axis. The atlas-axis centrum is present in two juvenile individuals of Tritylodon, namely 159 

BP/1/4782 and BP/1/5167 (Fig. 1), and in the adult BP/1/4965 (Fig. 2). The atlanto-axial 160 

centrum is almost complete with only part of the neural spine missing in BP/1/4782 (Fig. 1.3–161 

4, 7–8, 11–12), whereas most of the neural spine is lacking, the centrum is broken, and clear 162 

signs of distortion are observed in BP/1/5167 (Fig. 1.1–2, 5–6, 9–10). The atlas-axis centrum 163 

is complete but only can be observed ventrally in BP/1/4965 (Fig. 2). There is no record of 164 

the atlas neural arch or intercentrum.  165 

Prezygapophyses are absent whereas postzygapophyses are relatively well developed 166 

with the postzygapophysal facets oriented latero-ventrally (Fig 1.5–8). The dorsal margin of 167 

the incomplete neural spine of BP/1/4782 suggests that the missing dorsal portion of the spine 168 

was very thin. The transverse processes, completely preserved in BP/1/5167, show straight 169 

anterior and posterior margins and are directed laterally, posteriorly and ventrally (Fig. 1.5–6, 170 

9–10). The distal end of the processes is flattened and slightly concave. The orientation of the 171 

transverse process is different on the two sides of the specimen BP/1/5167 due to 172 

deformation. In BP/1/4782, what is preserved of the transverse processes points to a 173 

posteroventral orientation (Fig. 1.7–8, 11–12), suggesting that the left transverse process in 174 

BP/1/5167 is likely to be closer to its original orientation. The dorsoventrally compressed 175 

centrum is ellipsoid in posterior view and has an anteroposterior length of 14.8 mm in 176 

BP/1/4782, 17.9 mm in BP/1/5167, and 22.1 mm in BP/1/4965 (Tab. 5), although it has to be 177 
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considered that the atlas-axis centrum of BP/1/5167 is visibly deformed. The dens is notably 178 

distinct from the centrum, forming a hemispheric surface encircled laterally and ventrally by 179 

well-developed convex articulation facets for the atlantal arches and atlas intercentrum (Fig 180 

1). The dens is even more distinct in the adult BP/1/4965 (Fig. 2). The dorsal surface of the 181 

dens is horizontal and appears as a flat facet. In ventral view, the centrum has an isosceles 182 

trapezoid outline with the anterior margin, limited by the ventral border of the articulation 183 

facets, clearly more expanded laterally than the posterior one in the juvenile specimens (Fig. 184 

1.9–12). On the other hand, the atlas-axis centrum of the adult specimen is approximately 185 

rectangular in ventral aspect (Fig. 2). A noteworthy feature in the middle portion of the 186 

ventral face of the centrum is a pair of rounded tubercles, interpreted as parapophyses, which 187 

extend onto the lateral surface of the centrum (Fig. 1.5–12). It is possible to observe a rib 188 

articulating with the parapophysis of this vertebra in the adult specimen. In BP/1/4965, a 189 

strong crest, transverse to the long axis of the centrum and connecting the parapophyses, is 190 

interpreted as the boundary between the atlantal and axial centra. The suture between atlantal 191 

and axial centra is hinted in the juvenile specimens by a weakly developed crest in BP/1/5167 192 

(Fig. 1.9–10) and a broad blunt crest in BP/1/4782 (Fig. 1.11–12). Unlike BP/1/4965, the 193 

centrum is constricted behind the parapophyses in BP/1/4782 and BP/1/5167 (Fig. 1.9–12). A 194 

well developed mid-ventral keel is present on the ventral surface of the atlas-axis centrum in 195 

BP/1/4965. This keel is limited to the posterior (i.e., axial) portion of the centrum, behind the 196 

parapophyses in BP/1/4782 (Fig. 1.11–12) whereas in BP/1/5167 it continues anteriorly (i.e., 197 

onto the atlantal centrum) but without reaching the margin of the facet for the atlantal 198 

intercentrum (Fig. 1.9–10). 199 

Postaxial cervical vertebrae. The first four articulated postaxial cervical vertebrae (c3-6) are 200 

present and articulated in BP/1/4965, although only poorly exposed (Fig. 2). Additionally, a 201 

series of five cervical vertebrae from the juvenile specimen (BP/1/4785), preserved in two 202 
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separate articulated sets (BP/1/4785a and b), are interpreted as the first 5 postaxial vertebrae 203 

(c3-4 in BP/1/4785a and c5-7 in BP/1/4785b; Fig. 3.1–6, 9–10, 13–18). Although the 204 

continuity between these sets is not certain, we assume that there are no missing elements 205 

based on the regularly increasing anteroposterior length of these centra (Tab. 5). The 206 

observable features of the articulated cervical vertebrae (c3-c5) of the adult specimen 207 

BP/1/4965 agree with those seen in the putatively corresponding cervicals of BP/1/4785, 208 

supporting the vertebral number identifications postulated for the latter specimen. 209 

The cervical centra are platycoelous and rectangular in ventral view (Fig. 3.3–4). In 210 

BP/1/4965, until the sixth vertebra, the centra bear a keel and are rectangular (Fig. 2; Tab. 5), 211 

with a posteriorly decreasing the length to width ratio. On the other hand, in BP/1/4785, the 212 

third and fourth vertebrae are remarkably wider than long (length/width ratio is 0.58 and 0.59, 213 

respectively) (Fig. 3.3–4; Tab 5) whereas in more posterior cervicals (c5 to c7) the length to 214 

width ratio is higher (0.68, 0.68, and 0.79, respectively) (Fig. 3.9–10; Tab. 5). The centra of 215 

the three anteriormost vertebrae are wider than tall, with an oval to triangular shape in anterior 216 

or posterior view (Fig. 3.5–6). On the other hand, the centrum of the last preserved cervical 217 

vertebra (c7) is less dorsoventrally compressed in posterior aspect. Although broken in the 218 

first postaxial cervical vertebra (c3), well developed parapophyses on the ventroanterior 219 

portions of the centra of the three anteriormost cervical vertebrae (c3 to c5) project 220 

ventrolaterally (Fig. 3.3–4, 9–10, 15–18). In c6 and c7, the reduced parapophyses are 221 

displaced dorsally, lying on the anterior rims of the centra in lateral view (Fig. 3.15–18). 222 

There is a low mid-ventral keel in c3 and c4 (Fig. 3.3–4). In c5, the ventral surface of the 223 

centrum is flat and broad whereas in c6 and c7 this surface is spool-shaped (Fig. 3.9–10). The 224 

transverse process is almost at the level of the posterior margin of the centrum in c3, but it is 225 

slightly displaced anteriorly in c4, although still at the same level relative to the 226 

postzygapophyses as in c3 (Fig 3.1–4). The transverse process becomes progressively more 227 
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anterior in the subsequent cervical vertebrae, and approaches the anterior margin of the 228 

centrum in c7 (Fig. 3.9–10, 13–18). These processes are incompletely preserved in all the 229 

cervical vertebrae, but it can be ascertained that they were mainly laterally directed. The 230 

transverse process is compressed anteroposteriorly in c3, but dorsoventrally flat in c4 (Fig. 231 

3.1–2). On the other hand, the transverse processes of c5 to c7 are cylindrical and become 232 

more robust posteriorly (Fig. 3.15–18). The prezygapophyses are missing in c3 and c5. In c4, 233 

they project anteriorly to the level of the transverse process of the preceeding vertebra, 234 

whereas in c6 and c7 they are much shorter, only reaching the posterior margin of the centrum 235 

of the preceding vertebra (Fig. 3.1–2, 15–18). In c3-c4, the postzygapophyses extend beyond 236 

the neural spine and bear flat, oval articular surfaces inclined approximately 30º to the 237 

horizontal plane. In c6, the postzygapophyses do not projected so far posteriorly beyond the 238 

neural spine. Moreover, they are much more vertical (about 70º to the horizontal plane) and 239 

the notch separating them from the centrum is broader than in c3 and c4. The zygapophyses 240 

become progressively closer to the sagittal plane posteriorly. The distance between the 241 

prezygapophyses, measured between the external margins of the left and right 242 

prezygapophyseal articular surfaces, is almost the same in c4 and c7 (approximately 13 mm to 243 

13.5 mm apart). The neural arch and part of the dorsoposteriorly directed neural spine (4.7 244 

mm tall) are preserved in c6 (Fig. 3.15–18). 245 

BP/1/4782b is a very small (Tab. 5), partially preserved cervical vertebra missing most 246 

of the neural arch. It is interpreted as a c4 by comparison to specimen BP/1/4785 due to the 247 

presence of: mid-ventral keel; robust, anteroventral parapophyses that project ventrolaterally; 248 

and transverse process only slightly displaced anteriorly from the posterior margin of the 249 

centrum. 250 

A postaxial cervical vertebra interpreted as c4 is the smallest element in specimen 251 

BP/1/5167x (Fig 3.7–8, 11–12). The platycoelus centrum is very compressed 252 
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anteroposteriorly and broad laterally (Tab. 5). There is a very prominent mid-ventral keel, 253 

which is much better developed than in any other of the cervical vertebrae available. The 254 

parapophyses are anteroventrally placed, project lateroventrally and slightly posteriorly, and 255 

are less robust than in BP/1/4785. The transverse processes are slightly more anteriorly placed 256 

than in the c4 of BP/1/4785. They are directed laterally and slightly ventrally, and situated 257 

approximately at the mid-length of the vertebra in lateral view, roughly beneath the 258 

postzygapophyses (Fig. 3. 7–8, 11–12). The diapophyseal facets are at the tips of the 259 

transverse processes, and face mainly laterally but also posteriorly and ventrally. The neural 260 

arch is inclined anteriorly, so that the prezygapophyses extend beyond the anterior border of 261 

the centrum whereas the postzygapophyses do not reach the posterior one. The pre- and 262 

postzygapophyses are at the same distance from the sagittal plane and well set apart (12.7 263 

mm, measured between the external margins of the left and right zygapophyseal articular 264 

surfaces), approximately above the lateral margins of the centrum in anterior/posterior view. 265 

The zygapophyses are inclined about 30º - 40º from the horizontal (Fig. 3.7–8, 11–12). The 266 

articular surfaces of the postzygapophyses are flat, but the articular surfaces of the 267 

prezygapophyses are obscured by matrix. The neural spine is relatively short and slightly 268 

dorsally directed. The neural canal is large (7.45 mm wide; approximately 69% of the width 269 

of the centrum) (Fig. 3.11–12).  270 

Dorsal vertebrae. Ten vertebrae from specimen BP/1/4785 (designated as BP/1/4785c, d, e, f, 271 

g, h, i, and j) are identified as dorsals (see Tab. 4–5). Although the exact position of each of 272 

these vertebrae cannot be unambiguously ascertained, a relative order is suggested mainly on 273 

the basis of the vertebral body size (but see below for exceptions). Thus, for the sake of 274 

simplicity and easy reference, the dorsal vertebrae will be referred to as dx1 to dx8 from the 275 

most anterior to the last posterior one. The three remaining dorsal elements of BP/1/4785 (g, 276 

h, i) seem to represent more posterior vertebrae than dx9-11; thus we refrained to assign them 277 
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a vertebral number. As that of BP/1/4785 is the most complete set of dorsal vertebrae 278 

recorded for a Tritylodon specimen, we will use it as a reference to suggest the relative 279 

position of the dorsal vertebrae of other specimens. 280 

BP/1/4785c and d are identified as dx1 and dx2, respectively, because these vertebrae 281 

are similar enough in size and morphology to the last cervical (c7) to suggest that they might 282 

be the first two dorsals (Fig. 4.1–8; Tab. 5). The vertebral centra of dx1 and dx2 are spool-283 

shaped as in c7, but the anterior and posterior margins of the body are more protrusive 284 

ventrally and the central portion of the ventral surface is flatter. Unlike in the cervicals, the 285 

transverse processes are dorsoposteriorly oriented in dx1 and the centra of dx1 and dx2 appear 286 

heart shaped, with a somewhat acute ventral apex, in anterior view (Fig. 4.1–8). The vertebra 287 

dx1 differs from the c6 in having a more posteriorly placed neural spine (the posterior part of 288 

the neural arch is not preserved in c7 and dx2) which is also not laminar as in c6 but more 289 

robust and triangular in cross-section. 290 

BP/1/4785e includes two articulated vertebrae, namely dx3 and dx4 (Fig. 4.9–12). 291 

Although they are relatively similar in size to dx2, the possibility of one or more missing 292 

vertebrae between dx2 and dx3 cannot be disregarded. The relatively large size difference 293 

between the articulated dx3 and dx4 when compared to that between dx1 and dx2 is striking. 294 

Vertebrae dx3 and dx4 are extremely similar to the slightly larger dx5 (BP/1/4785f; Fig. 4.13–295 

16). The only noteworthy difference between these vertebrae involves the progressively larger 296 

distance between the transverse process and the prezygapophysis (Fig. 4.9–16), a 297 

transformation probably linked with the increasingly posterior position of the transverse 298 

processes. The centrum of dx5 also differs from those of the more anterior vertebrae in being 299 

anteroposteriorly longer than laterally broad.  300 

Vertebrae dx3-5 have the same general centrum shape as the more anterior dorsals. 301 

Unlike dx1 and dx2, however, dx3-5 share with more posterior dorsal vertebrae the presence 302 
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of a crest connecting the parapophysis with the transverse processes (Fig. 4.13–16). Unlike 303 

those of c7 and dx1, the transverse processes of dx3-5 are not placed at the level of the 304 

anterior margin of the vertebral centrum; they are slightly posteriorly displaced in dx3 and 305 

approximately at the centrum mid-length in dx4 and dx5 (Fig. 4.9–16). Although only 306 

partially preserved, the transverse processes of dx3-5 are oriented slightly dorsoposteriorly, 307 

like those of dx1. The neural spine of dx3 is posteriorly inclined, at about 35º to the horizontal 308 

plane (Fig. 4.9–12). Although only the basal parts of the neural spines of dx4 and dx5 are 309 

preserved, the intact spines were probably similar to that of dx3. The neural spine orientation 310 

of dx1 and dx2 cannot be ascertained. Near the base, the neural spines of dx1 and dx3-5 are 311 

relatively robust and triangular in cross-section. The prezygapophyses of dx4 and dx5 do not 312 

extend anteriorly much beyond the anterior margin of the centrum (Fig. 4.9–14) differing 313 

from the highly protruding prezygapophysis of c7 (Fig. 3.15–18). Vertebrae dx1-3 were 314 

probably similar in this respect to the more posterior dorsals, but the prezygapophyses are 315 

broken. 316 

There are three vertebra identified as anterior dorsal vertebrae in the juvenile specimen 317 

BP/1/5167: the isolated vertebrae BP/1/5167b and BP/1/5167z, and the smallest vertebra in 318 

the block BP/1/5167d, which also includes a more posterior dorsal vertebra (see below; Tab. 319 

4). The anterior dorsal BP/1/5167b (Fig. 4.17–22) and the one in the block BP/1/5167d are 320 

similar to dx1-4 in BP/1/4785, BP/1/5167b being posterior to the anterior dorsal of 321 

BP/1/5167d in the vertebral series. Unlike in dx1-4 of BP/1/4785, the ventral surface of the 322 

centrum in the purported anterior dorsal vertebrae BP/1/5167b and d is not flat but acutely 323 

convex, and bears a minute mid-ventral keel. The right transverse process of BP/1/5167b is 324 

preserved partially overlapped by a misplaced rib fragment on its posterior surface and not 325 

completely free from matrix. It is large, dorsoventrally deep, and anteroventrally oriented, 326 

differing from the comparatively small, dorsoposteriorly oriented transverse process of 327 
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anterior dorsals in BP/1/4785. The juvenile vertebra BP/1/5167z is also identified as a 328 

relatively anterior dorsal, but its incomplete preservation makes proper comparisons difficult. 329 

The presence of a crest between the parapophyses and the transverse process suggest that this 330 

vertebra was situated more posteriorly than BP/1/5167b and the anterior dorsal of 331 

BP/1/5167d. Comparisons to BP/1/4785 indicate that BP/1/5167z is most similar to the 332 

vertebrae identified as dx3 and dx4 (BP/1/4785e), but with the transverse process slightly 333 

more anteriorly placed. 334 

BP/1/4782d is a fragmentary dorsal vertebra, comprising only the centrum and the 335 

incomplete right transverse process, which is most similar to BP/1/4785f (Fig. 4.13–16). 336 

However, the centrum of BP/1/4782d is more markedly spool-shaped and more slender 337 

(although this latter difference might be due to incomplete preservation of the anterior portion 338 

of the centrum). 339 

Three closely associated vertebrae (dx6-8) in the block BP/1/4785j (Fig. 4.23–24) are 340 

interpreted to follow each other in series; however, the size differences between them seem 341 

very large for contiguous vertebrae. Vertebra dx6 is the best preserved in this group, although 342 

the prezygapophyses are missing. Similar to dx5, the width of the vertebral body is 94% of its 343 

length (Tab. 5). Unlike in more anterior dorsal vertebrae, the neural spine in dx6 is less 344 

posteriorly inclined (approximately 50º from the horizontal) and laterally compressed (Fig. 345 

4.23–24). In dx6, the tip of the neural spine is expanded anteroposteriorly in lateral view. Due 346 

to lack of preparation and incomplete preservation, only the vertebral centra of dx7 and dx8 347 

are available for analysis. Vertebra dx7 has a more slender centrum (width representing 90% 348 

of the length) than dx6. Unlike those of more anterior dorsal vertebrae, the vertebral body of 349 

dx8 is not spool–shaped, lacking ventrally expanded anterior and posterior margins. In ventral 350 

view, the posterior portion of the centrum is expanded laterally (Fig. 4.23–24). Additionally, 351 

the vertebral body is dorsoventrally compressed in dx8, as can be observed in posterior view.  352 
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BP/1/4785h and i are two fully prepared, isolated vertebrae (Fig. 4.25–32) that are 353 

morphologically similar to, and were found in association with, the other dorsal vertebrae of 354 

BP/1/4785; thus, we consider them as part of the same individual. However, it is puzzling that 355 

BP/1/4785h and i are unusually large when compared to the more anterior vertebrae (Tab. 5), 356 

BP/1/4785h being slightly larger than BP/1/4785i (compare Figure 4.25–28 with Figure 4.29–357 

32). BP/1/4785h and i are interpreted here as consecutive vertebra that do not immediately 358 

follow dx8 (i.e., they are more posterior than dx9-10) but it is not possible at present to 359 

determine more accurately their vertebral number. As in more anterior dorsals (except dx8), 360 

BP/1/4785h and i have spool-shaped centra, although the anterior and posterior rims of the 361 

body are more robust and less ventrally prominent. The centrum of BP/1/4785h is slender 362 

(width is approximately 80% of the anteroposterior length) whereas that of BP/1/4785i is 363 

stouter (width is approximately 90% of the anteroposterior length). As in dx6, the neural 364 

spines of BP/1/4785h and i are flat laterally. On the other hand, the neural spines of 365 

BP/1/4785h and i, although broken near the base, are interpreted as almost vertical, unlike 366 

those of more anterior dorsals. The prezygapophyseal facets of BP/1/4785h, as well as those 367 

of the more anterior dorsal vertebrae, are at the end of well-defined dorsoanteriorly directed 368 

processes (Fig. 4.25–28). However, in BP/1/4785h the prezygapophyses are more anteriorly 369 

positioned, protruding well beyond the anterior margin of the centrum. The pre- and 370 

postzygapophyseal facets are inclined at approximately 70° to the horizontal in BP/1/4785h, 371 

whereas the corresponding angle is approximately 30º-35º in dx4. BP/1/4785i is considered 372 

here to be more posterior than BP/1/4785h mainly due to characteristics of its 373 

prezygapophyses. Unlike other dorsal vertebrae, the prezygapophyses of BP/1/4785i are very 374 

short. They do not extend beyond the anterior end of the vertebral body, and the posterior 375 

portion of the articular surface of each prezygapophysis is at the level of the transverse 376 

processes (Fig. 4.29–32). Unlike in BP/1/4785h and more anterior dorsal vertebrae, the 377 
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articular facets of the zygapophyses of BP/1/4785i form an approximately 15º-20º angle to the 378 

horizontal. The postzygapophyseal facets of BP/1/4785i are positioned beyond the posterior 379 

margin of the vertebral body (Fig. 4.29–32) whereas they are more anteriorly placed in more 380 

anterior dorsal vertebrae (Fig. 4.25–28). Additionally, the neural spine in BP/1/4785i is 381 

posteriorly positioned, exceeding the vertebral body, when compared to more anterior dorsals. 382 

Two additional specimens (BP/1/4782c and BP/1/5089) include vertebral elements 383 

that are interpreted to represent a position between BP/1/4785h and i. The centrum width to 384 

length ratio of BP/1/4782c (85%) is intermediate between those of BP/1/4785h and i. Unlike 385 

in these specimens, the centrum of BP/1/4782c is not markedly spool-shaped (the anterior and 386 

posterior portions of the body are not so ventrally expanded relative to the central portion) and 387 

has a mid-ventral keel. Additional differences are the great robustness and more posterior 388 

placement of the transverse processes, the slight posterior inclination of the neural spine, and 389 

the inclination of the postzygapophyses at approximately 45º from the horizontal. The body of 390 

dorsal vertebra BP/1/5089 is most comparable to that of BP/1/4785h, whereas the neural arch, 391 

prezygapophysis, and neural spine resemble those of BP/1/4785i.  392 

In addition to the cervical element described above, BP/1/5167x also includes a more 393 

posterior dorsal element (Fig. 3.7–8, 11–12). The centrum of the dorsal vertebra of 394 

BP/1/5167x differs from that of BP/1/4782c only in being more markedly spool-shaped. The 395 

fact that this element is intermediate between BP/1/4785h and BP/1/4782c with respect to 396 

zygapophysis and neural spine morphology suggests that BP/1/5167x represents a 397 

correspondingly intermediate vertebral locus. 398 

The larger element in BP/1/5167d is a dorsal vertebra probably anterior to BP/1/5167x 399 

and almost identical to BP/1/4785h. The only noteworthy differences are that in the large 400 

dorsal of BP/1/5167d the centrum is stouter (85% width/length ratio, in comparison to 80% in 401 

BP/1/4785h; Tab. 5), the anterior and posterior portions of the centrum are less robust, and the 402 
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postzygapophysis is oriented at a low angle to the horizontal (approximately 35º: similar to 403 

BP/1/5167d, but not to BP/1/4785h, in which the angle is 70º).  404 

BP/1/5167e is a distorted dorsal vertebra almost identical to that of BP/1/5167x. The 405 

only clear difference is that in BP/1/5167e the postzygapophyseal facet forms a slightly lower 406 

angle to the horizontal (approximately 25º-30º) than in BP/1/5167x, suggesting that the 407 

former might be interpreted as a more posterior dorsal. 408 

BP/1/4785g is an isolated element that represents the most posterior dorsal vertebra 409 

preserved in the specimen. This vertebra is similar to what Kühne (1956) interpreted as the 410 

dorsal 16 of Oligokyphus (see comparisons below). The centrum is dorsoventrally 411 

compressed, with a rather flat ventral surface. It is not spool-shaped; however, the anterior 412 

portion of the centrum is more expanded laterally than the posterior one, whereas the central 413 

portion appears constricted in ventral view. Strong crests connect the transverse processes to 414 

the parapophyses within the anterior portion of the centrum. Unlike in more anterior dorsal 415 

vertebrae, the neural arch is very low and the transverse processes are laterally and slightly 416 

anteriorly oriented. The prezygapophyseal facets are almost horizontal and positioned just 417 

anterior to the bases of the transverse processes on the neural arch, lacking anteriorly 418 

projecting prezygapophyseal processes (Fig. 4.33–34). Although not preserved, the 419 

postzygapophyses and neural spine must have projected posteriorly beyond the vertebral 420 

centrum.  421 

Caudal vertebrae. Two vertebral centra of different sizes, belonging to specimen 422 

BP/1/5089, are identified as caudal vertebrae (Tab. 4–5). They are spool-shaped, very 423 

elongated, and platycoelous (Fig. 5). The neural arch is missing but it extended along almost 424 

the entire length of each centrum (Fig. 5.5–6, 11–12), unlike in the cervical and dorsal 425 

elements. 426 

 427 
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Pectoral girdle 428 

Scapula. The scapula of Tritylodon is known from several specimens, of which the right 429 

scapula of BP/1/5167 is the best preserved (Fig. 6.1–4). The scapula is slightly bowed 430 

laterally, although in some specimens it has been flattened by deformation (e.g., BP/1/5167). 431 

The blade is triangular, being expanded dorsally and narrow ventrally (Fig. 6.1–4). The 432 

medial surface of the scapular blade is flat, but its anterior and posterior borders are reflected, 433 

delimiting a well defined triangular infraspinous fossa (Fig.6.1–2). The posterior border is 434 

laminar lacking an expanded area for the origin of the caput scapularis of the M. triceps 435 

brachii (Jenkins, 1971; Sues and Jenkins, 2006). The anterior border or scapular spine is 436 

thicker than the posterior one, and thickens further as it continues ventrally towards the 437 

acromion (Fig.6.1–2). The spine ends in a short acromial process directed anteriorly with the 438 

tip slightly upturned dorsally. The incipient supraspinous fossa is almost excluded from the 439 

lateral view and only represented by a slightly concave surface anterior to the scapular spine 440 

(Fig.6.1–2). There is no clearly defined clavicular facet, and the clavicle might have contacted 441 

the flat ventromedial surface of the acromion. The dorsal margin of the scapula is rounded 442 

anteriorly and posteriorly in lateral view (Fig.6.1–2). The central part of the margin is almost 443 

laminar, but the dorsal margin thickens slightly posteriorly and becomes very robust and 444 

triangular in cross-section anteriorly, where it merges with the scapular spine. A shallow 445 

concave postscapular fossa, facing mostly posteriorly and slightly medially, is present along 446 

the whole posterior surface of the scapula. This was interpreted as the origin area for the M. 447 

teres major (Gregory and Camp, 1918; Jenkins, 1971; Sues and Jenkins, 1986). The base of 448 

the bone is separated from the scapular blade by a constriction ventral to the acromial process 449 

(Fig. 6.1–4). The slightly concave oval glenoid facet is oriented ventrally and bordered by a 450 

thick rim. Anterodorsal to the glenoid facet, the base of the scapula forms a triangular flange-451 
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like projection (Fig. 6.1–4), probably for insertion of the M. supracoraoideus (see Jenkins, 452 

1971). 453 

Coracoid. The complete left coracoid and partial right coracoid are known in specimen 454 

BP/1/5167 (Fig 6.5–16). The coracoid is very small in comparison to the scapula. Anteriorly, 455 

the coracoid contacts a thin strip of bone corresponding to the posteroventralmost portion of 456 

the procoracoid; however, coracoid-procoracoid suture is not readily recognizable. The 457 

glenoid facet is narrow, elongated, oval in outline, and oriented posterodorsally (Fig. 6.9–10, 458 

15–16). Medially adjacent to the glenoid facet, the anterodorsal portion of the coracoid is very 459 

robust and bears a facet for the contact with the scapula (Fig. 6.7–10, 15–16). The procoracoid 460 

is excluded from the glenoid cavity. The coracoid is high dorsoanteriorly but tapers 461 

posteriorly, ending in a slightly rounded area that represents the tuberosity for the coracoid 462 

head of the triceps (Fig. 6.11–14). This tuberosity, representing the posterodorsal corner of the 463 

coracoid, is continuous with the thin laminar posterior margin of the bone. This posterior 464 

portion of the coracoid is comparatively higher than in other non-mammaliform cynodonts, 465 

including Kayentatherium (Jenkins, 1971; Sues and Jenkins, 2006). The continuous shallowly 466 

concave lateral surface of the coracoid represents the fossa for the M. coracobrachialis. The 467 

medial face of the coracoid is flat except that the anterior area ventral to the facet for the 468 

scapula, close to the inferred suture with the procoracoid, is relatively depressed. This area 469 

has been associated in other non-mammaliaform cynodonts (Jenkins, 1971) with the insertion 470 

of the sterno-costo-coracoid musculature. 471 

Procoracoid. The partial right and left procoracoids of BP/1/5167 are preserved, and are 472 

firmly sutured to their respective coracoids (Fig. 6.5–14). Only a tiny portion of the left 473 

procoracoid is present, whereas the right one is complete. The procoracoid is laminar and 474 

rectangular, tapers slightly posteriorly, and does not contribute to the glenoid. The 475 

procoracoid foramen is close to the anterodorsal margin of the lateral surface of the 476 
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procoracoid (Fig. 6.5–8, 11–12). The lateral surface is depressed just above the procoracoid 477 

foramen margin, so that the foramen opens into a groove dorsally. The medial opening of the 478 

procoracoid foramen is on the inferred suture between the procoracoid and the coracoid. A 479 

groove extends across the medial surface from the posteroventral corner of the procoracoid to 480 

the procoracoid foramen.  481 

 482 

Forelimb 483 

Humerus. Several humeri have been recovered, complete or partially preserved: BP/1/4785, 484 

BP/1/5089, and BP/1/5671. The humerus is relatively robust, with expanded proximal and 485 

distal portions and a short diaphysis (Tab. 6). The diaphysis, measuring from the distal 486 

inflexion of the deltopectoral crest to the proximal rim of the entepicondylar foramen, is only 487 

10% of the total length of the bone in BP/1/5671 and 17% in BP/1/4785. The humerus is more 488 

expanded distally than proximally, although the amounts of both proximal and distal 489 

expansion differ between the two complete humeri in the sample. The maximum width across 490 

the epicondyles is 48% of the humeral length in the larger specimen (BP/1/5671) and 51% in 491 

the smaller one (BP/1/4785). The maximum width of the humerus at the proximal region is 492 

40% and 34% of the length of the bone in the larger and smaller specimens, respectively. The 493 

proximal and distal regions of the humerus are rotated relatively to each other about the 494 

humeral long axis at an angle of approximately 40º in BP/1/5671 compared to only 30º in 495 

BP/1/4785; however, this difference might be due to post-mortem deformation. 496 

The humeral head is oval and directed dorsolaterally (Fig. 7.3–6). It projects above the 497 

surface of the shaft and is demarcated distally by a thin ridge. Proximally, the articular surface 498 

of the humeral head continues medially but not laterally. Distinct greater and lesser 499 

tuberosities are lacking. The proximomedial corner of the humerus, where the lesser 500 

tuberosity would be expected, is robust and, being continuous with the humeral head and 501 
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forming part of the proximal surface of the bone, might have been covered with cartilage. 502 

Laterally, the proximal surface of the humerus is continuous with the robust deltopectoral 503 

crest (Fig. 7.1–2, 5–6). Ventrally, the proximal surface ends sharply with the beginning of a 504 

relatively shallow bicipital groove that is limited by a low and broad ridge medially and the 505 

protruding deltopectoral crest laterally (Fig. 7.1–2). The deltopectoral crest extends for 506 

approximately half the length of the humerus and forms an angle of about 100º with the 507 

lateromedial axis of the proximal portion of the bone. The deltopectoral crest continues 508 

distomedially towards the entepicondyle as a low ridge that forms the medial boundary of the 509 

entepicondylar foramen (Fig. 7.1–2). A shallow depression is present on the lateral surface of 510 

the deltopectoral crest. This surface is limited medially by a low crest that runs from the 511 

ectepicondyle to the humeral head. This fossa has been interpreted as the origin of the M. 512 

brachialis, whereas the low crest would represent the insertion for the M. teres minor 513 

(Jenkins, 1971). Medial to the purported crest for the M. teres minor, another crest extends 514 

across the dorsal surface of the humerus from the medial portion of the humeral head to a 515 

tuberosity on the medial margin of the bone. This tuberosity occupies a similar position to the 516 

groove described by Jenkins (1971), which he interpreted as the place of insertion of the M. 517 

teres major and/or the origin of one of the humeral triceps heads. 518 

The distal portion of the humerus is triangular in outline (Fig. 7.1–4). The 519 

entepicondyle is more robust, and projects slightly further from the midline of the humerus, 520 

than the ectepicondyle. The latter continues proximally as a flange-like structure. In the 521 

largest humerus available (BP/1/5671), the ectepicondylar flange bears on its ventral surface a 522 

small groove that defines a proximolaterally positioned, somewhat inflated area that may be 523 

associated with muscular attachment. The entepicondylar foramen is a short canal that trends 524 

laterally as it penetrates from the dorsal side of the humerus to the ventral side (Fig. 7.1–4, 7–525 

8). It opens ventrally in a relatively narrow, deep depression that is medial to the ulnar 526 
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condyle and does not reach the distal margin of the humerus. There is no ectepicondylar 527 

foramen.  528 

Both the ulnar condyle and the capitulum are well developed, although the capitulum 529 

is more bulbous and larger (Fig. 7.1–2, 5–6). Dorsally, the capitulum is reduced and crest-like 530 

whereas the ulnar condyle is rounded. The capitulum projects further distally than the ulnar 531 

condyle. The capitulum and ulnar condyle wrap around the distal surface of the humerus and 532 

are clearly separated from the ent- and ectepicondyles by well defined constrictions (Fig. 7.3–533 

4). A shallow olecranon fossa is present dorsally, and broad grooves separate the ent- and 534 

ectepicondyles from the ulnar condyle and capitulum. Ventrally, a triangular fossa is present 535 

proximal to the capitulum.  536 

Ulna. Only the proximal portion of a left ulna has been recovered (BP/1/4785). This bone is 537 

mediolaterally flat with a hook-shaped olecranon (Fig. 8.1–6). The facet for the ulnar condyle 538 

of the humerus appears narrow and aligned with the long axis of the bone in anterior view 539 

(Fig. 8.5–6). The facet is rimmed by a low but well defined crest, and is concave 540 

lateromedially. This facet appears “C” shaped in lateral aspect, and its distal portion is 541 

anteriorly prominent relative to the ulnar shaft (Fig. 8.1–2). Lateral to the facet for the ulnar 542 

condyle of the humerus is situated a lateroanteriorly facing triangular surface, interpreted as a 543 

poorly defined facet for the radial condyle (Fig. 8.1–2). Distal to this latter facet, a similarly 544 

sized concave, triangular radial notch (incisura radialis) for the proximal portion of the radius 545 

(Fig. 8.1–2) is visible in lateral view. A depressed area is present on the lateral surface of 546 

olecranon, and continues as a teardrop-shaped concavity just posterior to the facet for the 547 

radial condyle. This area is interpreted as for the origin of the extensor musculature, possibly 548 

the M. extensor carpi ulnaris (see Jenkins, 1971). A concave area, deeper than the lateral 549 

depressed area, is present on the medial surface of the olecranon and might be associated with 550 

the origin of deep flexor musculature (see Jenkins, 1971; Fig. 8.3–4). Distal to the facet for 551 
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the ulnar condyle, a small groove on the medial edge of the ulnar shaft is visible in anterior 552 

view (Fig. 8.5–6). Sues and Jenkins (2006) interpreted a similar groove as the insertion of the 553 

M. brachialis in Kayentatherium. The posterior surface of the olecranon is mediolaterally 554 

wide, but tapers distally into the flange-like posterior edge of the ulnar diaphysis. 555 

Radius. The left radius of BP/1/5167 was recovered, with the distal portion missing (Fig. 9), 556 

but has been sectioned for histological studies so that only a plaster cast is available. The 557 

radius is slightly bowed posteriorly and laterally. The proximal surface of the radius is oval, 558 

concave, and rimmed by a bulbous lip (Fig. 9). A slightly more thickened portion of this rim 559 

might represent the facet for the contact with the ulna (Fig. 9.5–6). The proximal surface of 560 

the radius is inclined medially and slightly anteriorly. A distinct crest for the radioulnar 561 

interosseous ligament extends from the proximal rim anterior to the facet for the ulna (Fig. 562 

9.5–6). This crest becomes more robust and curves anteriorly as it extends distally, forming a 563 

bicipital tuberosity that represents the point of attachment for M. biceps brachii. 564 

Carpus and manus. A series of bones from the manus are preserved in contact with the left 565 

zygoma and orbit of BP/1/4976. A large bone interpreted as the radiale is exposed in dorsal 566 

view next to a smaller triangular element identified here as the lateral centrale (Fig. 10.1–2). 567 

The radiale is a rectangular bone, slightly longer proximodistally than broad lateromedially. 568 

Laterally, there is a round depression, presumably for contact with the lateral centrale. This 569 

lateral notch is rimmed medially by a bulbous lip. The medial margin of the dorsal surface of 570 

the radiale also forms an inflated lip. The medial and lateral lips define a central groove on the 571 

dorsal surface of the bone (Fig. 10.1–2). The lateral surface of the radiale is flat, and 572 

dorsoventrally higher than the slightly convex distal surface. Additionally, ten disarticulated 573 

long bones of the manus are preserved. The one closest to the radiale (Fig. 10.1–2) is the most 574 

robust and is interpreted as a metacarpal. Two other bones are similar in length (2.1mm), but 575 

remarkably thinner. The remaining elements seem to be shorter, as well as thin. 576 



 25 

An isolated phalange from specimen BP/1/5167 has been recovered (Fig. 10.3–10). 577 

The generalized features of this element make it impossible to ascertain if it belongs to the pes 578 

or the manus. Thus, we arbitrarily describe the recovered phalange in this section. It is a 579 

slender, dorsoventrally compressed element that appears lateromedially symmetrical in dorsal 580 

or ventral view (Fig 10.7–10), smaller than the bones of BP/1/4976. The proximal surface is 581 

shallowly concave, and inclined to face slightly dorsally. Two distal condyles, one slightly 582 

better developed than the other, define a shallow pulley. The distal articular surface is directed 583 

mainly ventrally and anteriorly. Lateral and medial collateral ligament pits are present (Fig. 584 

10.3–6).  585 

 586 

Pelvic girdle 587 

Ischium. The right ischium of BP/1/5269 is nearly completely preserved, although it is 588 

partially obscured in lateral view by a superposed indeterminate fragmentary bone (probably a 589 

fragment of illiac blade). An acetabular portion, a neck, and an ischial plate are recognizable 590 

(Fig. 11.17–18). The facet for articulation with the ilium is not clearly observable due to 591 

breakage, but was probably anterior in position. The acetabular facet is concave, 592 

anterolaterally oriented, and rimmed by a low supraacetabular crest in its dorsal half (Fig. 593 

11.15–16). The facet for the pubis is obscured by matrix but probably faces ventrally.  594 

The neck of the ischium is not strongly constricted, being dorsoventrally high and 595 

anteroposteriorly short (Fig. 11.17–18). Dorsally, the neck of the ischium lacks a groove and 596 

is smoothly convex. The dorsal surface of the ischium is broad and does not taper posteriorly 597 

in dorsal view.  598 

The triangular ischial plate has a robust dorsal portion, but is thin ventrally. The 599 

dorsally directed posterodorsal corner of the ischial plate represents a poorly developed 600 

ischial tuberosity (Fig. 11.17–18). Although the anterior margin of the ischial plate’s ventral 601 
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portion is not perfectly preserved, it can be ascertained that this plate was broad 602 

anteroposteriorly and that the obturator foramen was relatively small. The ischial plate is 603 

slightly concave medially and flat to somewhat convex laterally. 604 

 605 

Hindlimb 606 

Femur. The femur is only known from its proximal and distal portions (BP/1/4783, 607 

BP/1/5089, BP /1/5152a, BP/1/5167, BP/1/5305, BP/1/5516, and BP/1/5671). The femoral 608 

head is almost hemispherical, and projects dorsomedially as well as proximally (Fig. 11.1–8). 609 

A well developed femoral neck is lacking, although the rugose articular surface of the femoral 610 

head is limited distally by a constricted area that separates the head from the expanded 611 

triangular proximal portion of the femur in dorsal view (Fig. 11.1–2). Ventrally, the well 612 

defined but not very extensive intertrochanteric fossa is located distal to the femoral head and 613 

between the trochanters (Fig. 11.5–6). Distal to the intertrochanteric fossa, the ventral surface 614 

of the proximal portion of the femur is flat to slightly convex, lacking a fossa for the adductor 615 

musculature like that described by Jenkins (1971). The trochanters are in a ventral position 616 

relative to the femoral shaft (Fig. 11.3–4, 7–8), separated from the femoral head by broad 617 

notches, and situated approximately in the lateromedial plane. In the largest specimens, the 618 

trochanters are notably massive and robust. The greater trochanter is directed proximally to 619 

proximolaterally and the lesser trochanter proximomedially. The lesser trochanter is distal to 620 

the greater one, and also lies closer to the femoral head given the medial curvature of the 621 

latter. The greater trochanter is more robust, and flares more strongly from the central axis of 622 

the shaft, than the lesser one (Fig. 11.1–2, 5–6). The shaft is oval in cross-section, being more 623 

compressed dorsoventrally than lateromedially. 624 

Only poorly preserved distal portions of the femur have been recovered. In ventral 625 

view, the lateral and medial condyles are both well developed ventrally, the medial one being 626 
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larger. However, the condyles neither protrude distally nor continue onto the dorsal surface of 627 

the femur. A deep intercondylar fossa is present between the condyles ventrally. 628 

Tibia. A poorly preserved, incomplete ?right tibia of BP/1/5089 is represented by part of the 629 

diaphysis and the distal portion (Fig. 11.9–12). This bone is strongly crushed, obscuring any 630 

morphological features that might be of interest. The surface we interpret as the medial side of 631 

the bone is convex, whereas the lateral side is flat probably as consequence of deformation. 632 

The distal portion projects more strongly posteriorly than anteriorly (Fig. 11.9–12). 633 

Fibula. The poorly preserved right fibula of specimen BP/1/5089 has been recovered (Fig. 634 

11.13–14). The bone is missing its proximal and distal portions, and is still covered with 635 

matrix posteriorly. In anterior aspect, the fibula is slightly curved laterally and relatively 636 

expanded proximally, but tapers distally (Fig. 11.13–14). Although broken, fairly robust 637 

fibular tubercle is recognized on the anterior surface of the bone, giving the proximal portion 638 

of the fibula a subtriangular cross-section. 639 

 640 

THE POSTCRANIUM OF TRITYLODONTIDS: A COMPARATIVE ANALYSIS 641 

For the comparative exercise, we followed the descriptions and illustrations previously 642 

published (mainly Young, 1947; Kühne, 1956; Fourie, 1962; Sun and Li, 1985; Maisch et al., 643 

2004; Sues and Jenkins, 2006; Sullivan et al., 2013) regarding the anatomical traits of 644 

tritylodontids other than Tritylodon. Additionally, we personally analyzed a positive cast of 645 

the left natural mould of NMQR 1272, the holotype and only specimen of Tritylodontoideus 646 

maximus. The cast is part of the collection of the Evolutionary Studies Institute, University of 647 

the Witwatersrand, Johannesburg. Unfortunately, the cast of the right natural mould of this 648 

specimen, preserving the major part of the skeleton, was not available at the collection of the 649 

mentioned institution. We also studied several specimens of Oligokyphus housed in the 650 

collection of the Natural History Museum of London and the Cambridge University Museum 651 
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of Zoology. Material of Kayentatherium (specimen MCZ8812) was studied at the Museum of 652 

Comparative Zoology, Harvard University, Massachusetts. FA also had access to postcranial 653 

material of Bienotherium sp. that was on loan to James Hopson at the University of Chicago. 654 

In order to ease reading, except when indispensable, we will avoid including these references 655 

and specifying the specimens analyzed throughout the comparisons that follow. 656 

There are four described species of the Chinese genus Bienotheroides: B. 657 

wanhsienensis Young, 1982; B. zigongensis Sun, 1986; B. ultimus Maisch et al., 2004; and B. 658 

shartegensis Watabe et al., 2007. The identification of these taxa is based on craniodental 659 

features, whereas their postcranial anatomy is poorly understood. Sun and Li (1985) presented 660 

the most complete description of the postcranial anatomy of Bienotheroides, on the basis of 661 

three different specimens; however, specific identification was possible only for IVPP-V4734, 662 

the type specimen of Bienotheroides wanhsienensis, because the other specimens were 663 

incompletely prepared. Maisch et al. (2004) described the fragmentary postcranial skeleton of 664 

Bienotheroides ultimus. These authors stated that the postcranial anatomy of Bienotheroides 665 

ultimus was different from that of the specimens published by Sun and Li (1985). 666 

Surprisingly, in their discussion of the postcranial characteristics, Maisch et al. (2004) 667 

referred to the material described by Sun and Li (1985) as Bienotheroides zingongensis 668 

instead of Bienotheroides sp. or B. wanhsienensis as in the original publication, without 669 

providing any justification for this identification. To avoid any confusion regarding this issue, 670 

we will make explicit the specimen number when referring to the specimens described by Sun 671 

and Li (1985). 672 

 673 

Axial skeleton 674 

Atlas-axis complex. Tritylodon shares with other tritylodontids the presence of a strongly 675 

projecting dens. The degree of anterior projection of this structure is most similar to that 676 
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observed in Bienotheroides (IVPP-V4734). In Kayentatherium and Oligokyphus, similar to 677 

the condition of the basal mammaliaform Morganucodon (see Jenkins and Parrington, 1976: 678 

Fig. 1f-h), the dens is more projected than in Tritylodon or Bienotheroides (IVPP-V4734).  679 

Fusion of the atlas centrum to that of the axis is a variable feature among non-680 

mammaliaform cynodonts (e.g., Jenkins, 1971). Tritylodon shares with Bienotheroides (IVPP-681 

V4734), Oligokyphus, and Morganucodon (see Jenkins and Parrington, 1976: Fig. 1f-h) the 682 

fused condition of these elements, which are not fused in Kayentatherium. 683 

The fused centrum of the atlas and axis is remarkably compressed dorsoventrally in 684 

Tritylodon. The same condition is observed in Oligokyphus, Bienotheroides (IVPP-V4734), 685 

Kayentatherium, and an indeterminate tritylodontid (Sues and Jenkins, 2006: fig. 5.1E), and 686 

has also been reported in Morganucodon as a “shape characteristic of later mammals” by 687 

Jenkins and Parrington, 1976 (see Jenkins and Parrington, 1976: fig.1f).  688 

A keel on the ventral surface of the atlanto-axial centrum has been reported in a 689 

number of non-mammaliaform cynodonts (e.g. Kühne, 1956; Jenkins, 1971; Sun and Li, 690 

1985; Sues and Jenkins, 2006). In Bienotheroides (IVPP-V7434), this keel is restricted to the 691 

axial centrum as observed in Tritylodon specimen BP/1/4782. On the other hand, a similar 692 

condition to that of Tritylodon specimen BP/1/5167 (i.e. with the ventral keel extending onto 693 

the atlantal portion of the centrum) is known in Oligokyphus and Megazostrodon 694 

(BP/1/4983). The indeterminate tritylodontid analyzed by Sues and Jenkins (2006; MCZ8839) 695 

includes an isolated atlantal centrum that bears a well defined mid-ventral keel, but it is 696 

unknown if a keel was also present on the axial body. The atlantal and axial centra of 697 

Kayentatherium are strongly constricted ventrally, defining an elevated central area, but do 698 

not bear a crest-like structure like that observed in other tritylodontids. Despite being partially 699 

obscured by deformation, the differences between Tritylodon specimens BP/1/4782 and 700 
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BP/1/5167 regarding the extent of this ventral keel on the atlanto-axial centrum represents 701 

previously unnoticed intraspecific variation in this feature. 702 

Similar to Tritylodon, the presence of parapophyses in the atlanto-axial centra can be 703 

recognized in Kayentatherium and Oligokyphus, but not in Bienotheroides (IVPP-V7434). 704 

Parapophyses are also recognizable in Galesaurus (see Jenkins, 1971), but they are restricted 705 

to the atlas intercentrum.  706 

Post-axial cervical vertebrae. Similar to Kayentatherium and Oligokyphus, Tritylodon lacks 707 

independently ossified intercentra in the postaxial cervicals, unlike the condition observed in 708 

Thrinaxodon (see Jenkins, 1971). The proportions of the postaxial cervical centra of 709 

Tritylodon are similar to those observed in Bienotheroides ultimus and Oligokyphus, in the c3 710 

of Bienotheroides (IVPP-V4734), and also in Thrinaxodon (see Jenkins, 1971). On the other 711 

hand, the postaxial cervical centra of Kayentatherium and the c4 of Bienotheroides (IVPP-712 

V4734) are extremely short anteroposteriorly (approximately three times shorter than wide 713 

laterally). Tritylodon shares with Bienotheroides ultimus the presence of anteriorly and 714 

posteriorly flat (platycoelous) postaxial cervical centra, whereas the centra in this part of the 715 

column are procoelous in Oligokyphus and amphicoelous in Kayentatherium. The 716 

parapophyses on the postaxial cervical centra of Tritylodon are similarly placed to those of 717 

Kayentatherium. In these genera, the parapophyses of anterior postaxial vertebra are 718 

anteroventrally positioned and become successively more dorsal posteriorly. Oligokyphus 719 

differs from Tritylodon and Kayentatherium in that the parapophyses are situated slightly 720 

posterior to the anterior margin of the centrum. Tritylodon, Kayentatherium, and Oligokyphus 721 

lack parapophyseal facets at the posterior margins of the centra, implying that the cervical ribs 722 

did not articulate intervertebrally in these taxa. By contrast, postaxial cervical centra of 723 

Thrinaxodon have dorsally positioned parapophyseal facets both anteriorly and posteriorly 724 

(see Jenkins, 1971).  725 
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Unlike in Kayentatherium, in which all cervicals bear a ventral keel, only the anterior 726 

cervicals (c3-4) of Tritylodon are keeled. A mid-ventral keel is also known in Oligokyphus, 727 

but it is not possible to ascertain if this structure was present in all the cervical vertebrae. In 728 

Bienotheroides ultimus, the ventral surfaces of the cervical vertebrae are rather flat, and either 729 

lack a keel or bear only a slight one. Tritylodon also differs from Kayentatherium in that the 730 

postzygapophyses do not project so posteriorly beyond the vertebral centra in the former 731 

taxon. Additionally, the postzygapophyses of Tritylodon do not flare laterally, as seen in 732 

dorsal view, as much as in Bienotheroides (IVPP-V7906). 733 

Dorsal vertebrae. The centra of the anterior dorsal vertebrae of Tritylodon are slightly longer 734 

than broad, whereas those of Oligokyphus are broader than long and those of Kayentatherium 735 

are laterally compressed and long anteroposteriorly. On the other hand, more posterior dorsal 736 

centra are consistently longer anteroposteriorly than broad laterally in Tritylodon, 737 

Kayentatherium, and Oligokyphus. Bienotheroides (IVPP-V7906) differs from Tritylodon in 738 

that the dorsal vertebral centra are broader than long. In Bienotheroides ultimus, the thoracic 739 

vertebrae are only slightly longer than broad, similar to the anterior dorsal vertebrae of 740 

Tritylodon. In Kayentatherium and Oligokyphus, unlike in Tritylodon, mid-ventral keels are 741 

present at least in the anteriormost dorsal vertebrae. Bienotheroides ultimus dorsal vertebrae 742 

lack mid-ventral keels, but it is not possible to be certain if the known elements include the 743 

first dorsal. Dorsal vertebrae of Tritylodon, Kayentatherium, and Oligokyphus share the 744 

presence of a crest connecting the transverse process with the parapophyseal facet. 745 

The posterior-most dorsal vertebra available of Tritylodon (BP/1/4785g) is very 746 

similar to that what was interpreted as the dorsal vertebrae 16 of Oligokyphus. These elements 747 

share the presence of low neural arch, laterally and slightly anteriorly oriented transverse 748 

processes at mid-length of the vertebral centrum, postzygapophyses and neural spine posterior 749 

to the vertebral centrum, horizontal prezygapophysis, and the absence of anteriorly projecting 750 
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prezygapophyseal processes. On the other hand, the centrum of Tritylodon BP/1/4785g is 751 

almost as long as wide whereas the width of the centrum of the 16 dorsal vertebrae of 752 

Oligokyphus is two-thirds of its length. 753 

 754 

Appendicular skeleton 755 

Scapula. Tritylodontids are characterized by an anteroposteriorly expanded scapular blade 756 

clearly different from that of other non-mammaliaform cynodonts (e.g., Jenkins, 1971). A 757 

triangular scapular blade with a remarkably long dorsal margin distinguishes Tritylodon and 758 

Kayentatherium in particular. In Bienotheroides (IVPP-V7905), the scapular blade is also 759 

anteroposteriorly expanded as in other tritylodontids, but the anterodorsal portion of the blade 760 

is poorly developed. As a result, the scapula of Bienotheroides does not appear triangular in 761 

lateral aspect, and has a convex anterior margin and a concave posterior one. The 762 

incompleteness of known scapulae of Oligokyphus precludes proper comparisons involving 763 

this genus. 764 

The scapula of Tritylodon differs from that of Kayentatherium in lacking (a) a well 765 

developed postscapular fossa visible in lateral aspect, (b) a rugose muscular insertion area on 766 

the scapular spine, (c) a groove for the insertion of the caput scapularis of the M. triceps 767 

brachii, and (d) a robust plate-like acromion process with a distinct clavicular facet. 768 

Tritylodon is similar to Bienotheroides (IVPP-V7905) in that the acromion process is more 769 

slender and finger-like, and not as ventrally oriented, as in Kayentatherium. Similar to 770 

Kayentatherium, Oligokyphus has a ventroanteriorly oriented acromion process and a 771 

purportedly discernible area for the insertion of the caput scapularis of the M. triceps brachii. 772 

The only described scapula of Bienotheroides ultimus is a fragment of the glenoid region 773 

(Maisch et al., 2004) which is notably similar to that of Tritylodon. A close comparison 774 

between these taxa leads us to question whether the fragmentary scapula described and 775 
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illustrated by Maisch et al. (2004: Fig. 3b-c) as a left element could be instead a right one. The 776 

scapula of Bienotheroides (IVPP-V7905; see Sun and Li, 1985: Fig. 6a) has a relatively larger 777 

infraspinous fossa than that of Tritylodon. Although a supraspinous fossa is present in some 778 

specimens of Bienotheroides (IVPP-V7905), this feature is not visible in lateral aspect as in 779 

Tritylodon and Kayentatherium. Additionally, in Bienotheroides (IVPP-V7905) the 780 

dorsoposterior corner of the scapular blade is more posteriorly projected than in Tritylodon. In 781 

Kayentatherium, a much better developed posterior projection of the dorsoposterior corner of 782 

the scapular blade is present.  783 

Coracoid. The coracoid of Tritylodon and Kayentatherium is about half as long as the scapula 784 

and also more slender, although the coracoid is stouter in Tritylodon than in Kayentatherium. 785 

According to the reconstruction by Sun and Li (1985: Fig. 8), the coracoid in Bienotheroides 786 

(IVPP-V7905 and IVPP-V7906) had similar proportions to that of Tritylodon. The glenoid 787 

facet of the coracoid is dorsally oriented in Tritylodon, whereas in Kayentatherium the facet 788 

faces mainly posterolaterally with a minor dorsal component. In Tritylodon, the posterior 789 

portion of the coracoid, corresponding to the tuberosity for the origin of the triceps, is 790 

rectangular in lateral view and somewhat robust. In Kayentatherium, by contrast, the coracoid 791 

tapers to an acuminate posterior end.  792 

Procoracoid. The procoracoid of Tritylodon is very similar to that of Kayentatherium in 793 

general shape, relative size, and the position of the procoracoid foramen. Comparisons with 794 

the scapula, coracoid, and procoracoid of Oligokyphus are not presented here due to 795 

uncertainties concerning the reconstruction provided by Kühne (1956). 796 

Humerus. The humerus of Tritylodon is more slender than those of Bienotherium, 797 

Bienotheroides ultimus, and Kayentatherium, and more robust than that of Oligokyphus. 798 

Measuring from the distal inflexion of the deltopectoral crest to the proximal rim of the 799 

entepicondylar foramen, the humeral diaphysis of Tritylodon is about as long as those of 800 
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Cynognathus and Thrinaxodon but short when compared to those of other tritylodontids such 801 

as Bienotherium, Bienotheroides ultimus, Kayentatherium, and Oligokyphus (Tab. 6). The 802 

proximal and distal expansions of the humerus in Tritylodon are most closely comparable in 803 

size to those in Cynognathus and Thrinaxodon (Tab. 6). In relative terms, the width between 804 

the greater and lesser tuberosities in Tritylodon is greater than the equivalent measurement in 805 

Oligokyphus but smaller than the equivalent measurement in Bienotherium, Bienotheroides 806 

ultimus and Kayentatherium (Tab. 6). The width across the epicondyles in available 807 

Tritylodon specimens is similar to that measured in Bienotheroides ultimus, Kayentatherium, 808 

and Oligokyphus, but smaller than that of Bienotherium (Tab. 6). The robust lesser tuberosity 809 

region (proximomedial portion of the humerus) of Tritylodon is comparable to that of 810 

Bienotherium and Bienotheroides ultimus. On the other hand, this area is less well developed 811 

in Kayentatherium and Oligokyphus. In Kayentatherium and Tritylodontoideus, the 812 

deltopectoral crest is better developed than in the remaining tritylodontids, including 813 

Tritylodon. The entepicondyle of Tritylodon is narrower proximodistally than that of 814 

Bienotherium and Kayentatherium, similar to that of Bienotheroides ultimus and Oligokyphus. 815 

Unlike in Tritylodon, Bienotherium, Bienotheroides (IVPP-V7906), and Bienotheroides 816 

ultimus, the capitulum appears relatively well developed in Kayentatherium and Oligokyphus 817 

in dorsal view. 818 

Ulna. The lateral surface of the olecranon of Tritylodon has a convex anterior margin in 819 

contrast to the straight anterior margin observed in Bienotheroides ultimus, Kayentatherium, 820 

and Oligokyphus . The morphology of the olecranon process in Bienotheroides (IVPP-V7905) 821 

is straight to slightly concave as shown in the published figure (Sun and Li, 1985: Fig. 10). In 822 

Tritylodon, the facet for the ulnar condyle of the humerus is almost perfectly aligned with the 823 

long axis of the bone, whereas in Kayentatherium and Oligokyphus the long axis of the facet 824 

is diagonally oriented in anterior view. Additionally, the facet for the radial condyle of the 825 
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humerus and the radial notch both face mainly anteriorly in Kayentatherium and Oligokyphus, 826 

unlike in Tritylodon. Compared to Tritylodon and other trtylodontodids, the olecranon of 827 

Tritylodontoideus is much higher. 828 

Radius. Tritylodon differs from Kayentatherium and Oligokyphus in having a less well 829 

developed facet for the ulna on the medial aspect of the radius. In Tritylodon the bicipital 830 

tuberosity is more distally placed than in Kayentatherium. Unlike in Kayentatherium, there is 831 

no evident radial fossa in Tritylodon and Oligokyphus. 832 

Ischium. The ischial buttress and the supraacetabular crest are better developed in the Lufeng 833 

tritylodontid (CXPM-C2019 2A235) than in Tritylodon. The neck of the ischium appears less 834 

constricted in Tritylodon than in Oligokyphus, Tritylodontoideus, and CXPM-C2019 2A235, 835 

although Bienotheroides ultimus resembles Tritylodon in this respect. Tritylodon shares with 836 

CXPM-C2019 2A235 the absence of a groove on the dorsal surface of the neck, differing 837 

from other tritylodontids. Tritylodon, Bienotheroides ultimus, and CXPM-C2019 2A235 838 

differ from Dinnebitodon (see Sues and Jenkins, 2006: Fig. 5.16d) and Oligokyphus in that 839 

the dorsal margin of the ischium appears less concave in medial/lateral view in the former 840 

group of taxa. On the other hand, Tritylodontoideus is unique among tritylodontids in that the 841 

dorsal margin of the ischium appears dorsally convex in medial aspect. In Tritylodon and 842 

Bienotheroides ultimus, the ischial tuberosity is less dorsally prominent than in Oligokyphus 843 

and CXPM-C2019 2A235. In Tritylodontoideus, the ischial tuberosity is even less dorsally 844 

prominent than in Tritylodon or Bienotheroides ultimus. The ischial plate of Tritylodon is 845 

broader anteroposteriorly than those of Oligokyphus, Tritylodontoideus, and CXPM-C2019 846 

2A235. We interpret the obturator foramen in Tritylodon as relatively small and oval, being 847 

longer anteroposteriorly than dorsoventrally. By contrast, the obturator foramen is large and 848 

almost circular in Oligokyphus, and dorsoventrally elongated in Tritylodontoideus and 849 

CXPM-C2019 2A235. Although incomplete, the obturator foramen of Dinnebitodon was 850 
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interpreted as being large (Sues and Jenkins, 2006), thus differing from the condition inferred 851 

for Tritylodon. The ischium CXPM-C2019 2A235 shows a unique dorsal shelf (Sullivan et 852 

al., 2013: Fig. 3n–o) never reported previously for any cynodont, including mammals. We 853 

believe that this structure is possibly a consequence of taphonomic deformation. 854 

Femur. The proximal portion of the femur of Tritylodon is very similar to that of 855 

Kayentatherium as illustrated by Sues and Jenkins (2006: Fig. 5.17), but the proximal end is 856 

more lateromedially expanded relative to the diaphysis in Tritylodon. A fossa for the adductor 857 

musculature like that described by Jenkins (1971) is not present in any described tritylodontid. 858 

The notches between the trochanters and the femoral head are similarly shaped in Tritylodon 859 

and Kayentatherium. In Oligokyphus, these notches are narrower. In Bienotheroides (IVPP-860 

V7906), the notch between the head and the greater trochanter is less deep, and the one 861 

separating the head from the lesser trochanter is broader, than in Tritylodon. The greater and 862 

lesser trochanters are similarly oriented in Tritylodon, Kayentatherium, and Oligokyphus. In 863 

the Lufeng tritylodontid (CXPM-C2019 2A235), the greater trochanter is more proximally, 864 

and the lesser trochanter more medially directed. In Bienotherium, the greater trochanter 865 

points somewhat proximolaterally and the lesser trochanter is medially oriented. In 866 

Bienotheroides (IVPP-V7906), the greater trochanter is similar in orientation to that of 867 

Tritylodon but the lesser trochanter is slightly medially directed. The distal portion of the 868 

femur of Tritylodon, Bienotherium, Kayentatherium, Oligokyphus, and the Lufeng 869 

tritylodontid flares more laterally than medially, but it is almost symmetrical in ventral/dorsal 870 

aspect in Bienotheroides (IVPP-V7906). The proximal width to total femoral length ratio for 871 

the femur is similar among most tritylodontids (Bienotherium, 37%; Bienotheroides IVPP-872 

V7906, 36%; Kayentatherium, 38%; and Oligokyphus, 37.7%), although in the Lufeng 873 

tritylodontid the proximal width of the femur is only 30.5% of the total length of the bone. 874 

Compared to the proximal end, the distal end of the femur is less expanded in proportion to 875 
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femoral length in some tritylodontids (Bienotherium, 31.7%; Bienotheroides IVPP-V7906, 876 

31.6%; and Oligokyphus, 27%), whereas the proximal and distal portions of the femur are 877 

almost equally expanded in Kayentatherium (37%) and the Lufeng tritylodontid (31%). 878 

Tibia. As preserved, the tibia of Tritylodon is most similar to those of Bienotherium and 879 

Bienotheroides ultimus. These taxa differ from Kayentatherium and Oligokyphus in lacking a 880 

well developed cnemial crest, and in that the proximal portion of the tibia is less posteriorly 881 

prominent. 882 

 883 

Outside of Africa: the purported Tritylodon remains from Argentina 884 

Bonaparte (1971) succinctly described a few postcranial elements of a non-885 

mammaliaform cynodont from the Los Colorados Formation (Norian, La Rioja Province, 886 

Argentina), which he assigned to the Tritylodontidae and tentatively to the genus Tritylodon. 887 

If Bonaparte’s (1971) identification is correct, these remains would represent the oldest record 888 

of tritylodontids, extending the stratigraphic range of the clade into the Norian, as well as the 889 

only documentation of Tritylodon outside of Africa and of any tritylodontid in South 890 

America. 891 

According to Bonaparte (1971), part of the specimen was lost during the excavation 892 

process and only the proximal portion of a femur and a tibia, the distal portion of a humerus 893 

and a fibula, and two articulated dorsal vertebrae were recovered (Figs. 12.1–6, 13). Two 894 

additional articulated vertebrae (Fig. 12.7–10), not mentioned by Bonaparte (1971), are also 895 

thought to be part of this specimen as they correspond in size and preservation to the other 896 

bones and are kept in the same box. As noted by Bonaparte (1971), the tibia and fibula are 897 

notably larger than the humerus and femur. Proportions between the femur, humerus, and 898 

vertebrae of PVL3849 are similar to those observed in specimens of Tritylodon, suggesting 899 
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that these elements are part of the same individual to the exclusion of the tibia and fibula, 900 

which would represent a second individual under the same collection number (PVL3849). 901 

Bonaparte (1971) described two articulated vertebrae that he interpreted as dorsals 902 

(Fig. 12.1–6). Among the African specimens of Tritylodon analyzed here, these vertebrae are 903 

most comparable to BP/1/4785g, a posterior dorsal vertebra, and to the dorsal vertebra 16 of 904 

Oligokyphus (according to Kühne, 1956). Similar to BP/1/4785g, the vertebrae described by 905 

Bonaparte (1971) have dorsoventrally compressed vertebral bodies whose flat ventral surfaces 906 

lack mid-ventral keels (Fig. 12.1–6). Furthermore, the anterior portion of the body is more 907 

expanded laterally than the posterior one (Fig. 12.3, 6). These vertebrae also share the 908 

presence of a low neural arch with the prezygapophyseal facets situated just anterior to the 909 

bases of the transverse processes on the neural arch (Fig. 12.1–2, 4–5). On the other hand, the 910 

described vertebrae of PVL3849 differ from BP/1/4785g in that they are spool-shaped, lack 911 

parapophyses, have laterally and posteriorly oriented transverse processes (rather than slightly 912 

anteriorly oriented ones), have prezygapophyseal facets that are slightly inclined rather than 913 

horizontal, and in that the postzygapophysis and neural spine are not completely posterior to 914 

the vertebral centrum (Fig. 12.1–2, 4–5). Although somewhat similar to confirmed African 915 

specimens of Tritylodon, especially BP/1/4785g, the described vertebrae of PVL3849 cannot 916 

be unambiguously assigned to this taxon as no diagnostic characters have been identified in 917 

the vertebrae. In our opinion, despite Bonaparte’s (1971: 168) statement to the contrary, 918 

published vertebrae of Bienotherium (see Young, 1947) are not comparable to either 919 

BP/1/4785g or the described vertebrae of PVL3849.  920 

The two articulated vertebrae included in PVL3849 but not mentioned by Bonaparte 921 

mainly comprise the centra, although the left side of the neural arch and spine is partly 922 

preserved in the more posterior vertebra (Fig. 12.7–10). On the basis of their morphology, we 923 

interpret them as dorsals, situated more anteriorly than those described by Bonaparte (1971). 924 
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The centra are anteroposteriorly long, almost twice the length of the previously described 925 

elements, and dorsoventrally low. They are not spool-shaped, although the central portion of 926 

each vertebra is somewhat laterally and ventrally constricted relative to the anterior and 927 

posterior margins. A mid-ventral keel is not present. The preserved neural spine is laterally 928 

compressed, rectangular in lateral view, inclined posteriorly at approximately 45º to the 929 

horizontal, and does not taper distally (Fig. 12.7–10). Whether rib facets are present on the 930 

vertebral bodies is not clear. These vertebrae are roughly similar to dx8 of specimen 931 

BP/1/4785 and the more posterior dorsal BP/1/4785i of Tritylodon. These vertebrae of 932 

PVL3849 are also similar to d11-12 of Kayentatherium (see Sues and Jenkins, 2006), but in 933 

the later taxon the d11–12 centra are comparatively shorter. Nevertheless, it has to be kept in 934 

mind that the lack of diagnostic characters precludes an unambiguous taxonomic assignation.  935 

The distal portion of the left humerus of PVL3849 presents many differences from 936 

African specimens of Tritylodon and other tritylodontyids. Contrary to what is observed in 937 

Tritylodon and other tritylodontids (i.e., Bienotherium, Bienotheroides [V7906], 938 

Bienotheroides ultimus, Kayentatherium, and Oligokyphus), the ulnar condyle of PVL3849 is 939 

larger and more distally prominent than the capitulum (Fig. 13.1–4). Moreover, when 940 

compared to the maximum width of the distal portion of the humerus, the capitulum and ulnar 941 

condyle of PVL3849 are relatively larger than in other tritylodontids. The triangular fossa 942 

proximal to the capitulum that can be seen in ventral view in African specimens of Tritylodon, 943 

Bienotherium, Bienotheroides (V7906), Bienotheroides ultimus, Kayentatherium, and 944 

Oligokyphus is not so well developed in PVL3849 (Fig. 13.3–4). Dorsally, the capitulum, 945 

similar to Bienotherium and the African specimens of Tritylodon, is not developed in 946 

PVL3849 (Fig. 13.1–2), unlike in Kayentatherium and Oligokyphus. In Bienotheroides 947 

ultimus and Bienotheroides (V7906), a trochlear facet is present dorsally, but the capitulum 948 

and ulnar condyle are not conspicuous (see Sun and Li, 1985: Fig. 9d; Maisch et al., 2004: 949 
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Figs. 3d, 4d). In PVL3849, the ulnar condyle is relatively larger than in tritylodontids as 950 

observed dorsally. The olecranon fossa in PVL3849, similar to that in Kayenthaterium, is very 951 

shallow (Fig. 13.1–2), unlike in the African specimens of Tritylodon, Bienotherium, 952 

Bienotheroides ultimus, and Oligokuphus. Unlike in Bienotherium, Bienotheroides (V7906), 953 

Kayentatherium, Oligokyphus, and Tritylodon, the ectepicondyle in PVL3849 is poorly 954 

developed and the capitulum almost reaches the lateral margin of the ventral surface of the 955 

humerus (Fig. 13.1–4), as already noted by Bonaparte (1971). In Bienotheroides ultimus, the 956 

ectepicondyle is larger than in PVL3849 but, when compared to other tritylodontids, this 957 

structure is not so well developed and the capitulum is relatively laterally placed in 958 

Bienotheroides ultimus (see Maisch et al., 2004: Figs. 3d, 4c). In PVL3849, the 959 

entepicondylar foramen opens ventrally into a relatively narrow groove that continues to the 960 

distal margin the humerus and separates the ulnar condyle from the entepicondyle (Fig. 13.3–961 

4). The distal portion of the humerus of PVL3849 is similar to that of the tritheledontids 962 

Irajatherium (Martinelli et al., 2005; Oliveira et al.; 2011) and Pachygenelus (Gow, 2001; 963 

LCG pers. obs.), although the distal portion of the humerus of Irajatherium appears more 964 

mediolaterally expanded than that of PVL3849 or Pachygenelus. PVL3849 shares with 965 

tritheledontids the presence of an ulnar condyle larger and more distally prominent than the 966 

capitulum, the shallow triangular fossa proximal to the capitulum in ventral aspect, the poorly 967 

developed olecranon fossa, the laterally placed capitulum, the reduced ectepicondyle, and the 968 

hook-like entepicondyle. Unlike Irajatherium, the capitulum is not developed dorsally in 969 

PVL3849 and Pachygenelus (Fig. 13.1–2; Oliveira et al.; 2011). 970 

The left femur of PVL3849 (Fig. 13.5–8) is roughly similar to that of tritylodontids, 971 

although some differences are recognized. The tips of the greater and lesser trochanters of 972 

PVL3849 are not as separated proximodistally as in tritylodontids. The greater trochanter of 973 

PVL3849 is less robust and not so extensive proximodistally as in tritylodontids. In PVL3849, 974 
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the greater trochanter is lower and points laterally as well as proximally, differing from the 975 

taller, proximally projected greater trochanter of tritylodontids. The greater trochanter in 976 

PVL3849 is separated from the femoral head by a broader and shallower notch than that 977 

observed in tritylodontids with the exception of Bienotheroides (V7906). The lesser 978 

trochanter of PVL3849 is more sharply pointed than in the African specimens of Tritylodon, 979 

Bienotherium, Kayentatherium, and the Lufeng tritylodontid (CXPM C2019 2A235), similar 980 

to Bienotheroides (V9706), and more rounded than in Oligokyphus. Unlike tritylodontids, 981 

except Bienotheroides (V7906) and the Lufeng form, the lesser trochanter of PVL3849 982 

projects medially instead of proximomedially. In Bienotherium, the lesser trochanter projects 983 

somewhat mediodistally (see Young, 1947: fig. 20A). Similar to tritylodontids, in PVL3849 984 

the intertrochanteric fossa is shallow, with a poorly defined distal margin (Fig. 13.5–6). On 985 

the other hand, distal to the intertrochanteric fossa, a slightly depressed central area might 986 

represent a fossa for the adductor musculature (as interpreted by Jenkins, 1971; Fig. 13.5–6), 987 

a structure that was not identified in tritylodontids. The femur of PVL3849 as well as that of 988 

tritylodontids is notably different from that of the Brazilian Irajatherium, the only 989 

tritheledontid taxon for which the femur has been described (Martinelli et al., 2005; Oliveira 990 

et al., 2011). Unlike PVL3849 and tritylodontids, the femur of Irajatherium has an almost no 991 

medially projected head, lacks a conspicuous neck, and presents a thin greater trochanter 992 

which is rounded, laterally projected, and continuous with the femoral head. The lesser 993 

trochanter of Irajatherium is medially oriented as in PVL3849 but, unlike the Argentinean 994 

specimen and tritylodontids, it is not separated from the femoral head by a well defined notch. 995 

Additionally, in Irajatherium, there is a concave area dorsally, purportedly for the attachment 996 

of the M. pubo-ischio-femoralis internus (Martinelli et al., 2005), that has not been identified 997 

in PVL3849 or tritylodontids.  998 
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The tibia mentioned by Bonaparte (1971) is a well preserved proximal portion of a 999 

right element (Fig. 13.9–18). Regrettably, the only tibial fragment belonging to an African 1000 

specimen of Tritylodon (BP/1/5167) is not well preserved precluding significant 1001 

morphological comparisons. Among non-mammaliaform cynodonts, the tibia of PVL3849 is 1002 

most similar to those of tritylodontids, particularly Kayentatherium, although some 1003 

differences are present. The proximal portion of the tibia of PVL3849 has a triangular outline 1004 

in anterior/posterior view (Fig. 13.9–12). The proximal articular surface is broader 1005 

lateromedially than anteroposteriorly, and bears two oval articular facets for the femoral 1006 

condyles. These facets are concave and separated by a low broad ridge, the lateral facet being 1007 

larger than the medial one (Fig. 13.17–18). A very robust tibial tuberosity, which is not 1008 

present in other tritylodontids (i.e., Oligokyphus and Kayentatherium), projects anteriorly 1009 

from the proximal region of the tibia (Fig. 13.9–10). A thin, low cnemial crest runs distally 1010 

and medially from the tibial tuberosity to the incompletely preserved medial margin, defining 1011 

a triangular fossa that faces anteromedially and could represent the origin area of the M. 1012 

tibialis anterior, as suggested for Kayentatherium (Sues and Jenkins, 2006) and Oligokyphus 1013 

(Kühne, 1956). In PVL3849 the cnemial crest is shorter than in Kayentatherium and 1014 

Oligokyphus, reaching the medial margin of the bone close to the proximal surface (Fig. 13.9–1015 

10). Consequently, the fossa for the M. tibialis anterior is not so distally extensive as in 1016 

Kayentatherium and Oligokyphus. The posterior surface of the preserved proximal region of 1017 

the tibia of PVL3849 is evenly concave (Fig. 13.11–12). In Kayentatherium, however, the 1018 

posterior surface of the tibia bears convex lateral and medial areas flanking a narrow central 1019 

region. 1020 

Only the distal portion of the right fibula of PVL3849 has been recovered (Fig. 13.19–1021 

22). The shaft of the fibula is almost straight and has a triangular cross-section as described by 1022 

Jenkins (1971) for Cynognathus/Diademodon. The distal portion of the fibula has a triangular 1023 
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outline in lateral view (Fig. 13.21–22) and expands medially as seen in anterior view (Fig. 1024 

13.19–20). A ridge is present on the anterior edge of the fibula, and ends distally in an 1025 

anteriorly projecting tuberosity (Fig. 13.19–20). The anterior ridge and the medial border of 1026 

the fibula flank a triangular, slightly concave region (Fig. 13.19–20). The distal portion of the 1027 

fibula is laterally convex in anterior view. The medial end of the fibula projects more distally 1028 

than the lateral region, as can be seen in anterior view (Fig. 13.19–20). A robust ridge is 1029 

present on the lateral face of the distal portion of the bone (Fig. 13.21–22). 1030 

After this comparison of the limited remains of PVL3849 with the African species 1031 

Tritylodon longaevus and other tritylodontids, we consider that the material from the Los 1032 

Colorados Formation of Argentina should be regarded as an undetermined non-1033 

mammaliaform cynodont different from Tritylodon longaevus or any other tritylodontid. 1034 

Comparisons with the tritheledontids Irajatherium and Pachygenelus, show that tritheledontid 1035 

affinities of PVL3849 cannot be ruled out given the similarities in the anatomy of the 1036 

humerus. On the other hand, the femur of PVL3849 differs greatly from that of Irajatherium. 1037 

The only other cynodont record for the Los Colorados Formation comprises two imperfectly 1038 

preserved skulls of the tritheledontid Chaliminia musteloides (see Bonaparte, 1980; Martinelli 1039 

and Rougier, 2007; Arcucci et al., 2004). PVL3849 is a much larger individual than those 1040 

represented by the known specimens of Chaliminia, and is probably not conspecific with 1041 

them. The available evidence points to the presence of a still unrecognized taxon from the Los 1042 

Colorados Formation.  1043 

 1044 

DISCUSSION 1045 

The monophyly of tritylodontids is universally accepted (Liu and Olsen, 2010) 1046 

whereas the issue of whether they are cynognathians or probainognathians has been debated 1047 

(see Sues and Jenkins, 2006; Liu and Olsen, 2010). Several skeletal characteristics seen in 1048 
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tritylodontids have been suggested to link them to basal mammaliaforms (Kemp, 1982, 1983, 1049 

1988), whereas other authors have regarded tritylodontids as nested among cynognathians and 1050 

considered the features shared with mammaliaforms to be convergent in nature (Sues, 1985; 1051 

Sues and Jenkins, 2006). Moreover, Sues and Jenkins (2006) stated that some of the 1052 

mammaliaform-like postcranial features recognized in tritylodontids should be regarded as 1053 

independently evolved apomorphies of this group. These suggestions are supported by the 1054 

phylogenetic study of Hopson and Kitching (2001), but not by that of Rowe (1988) or by the 1055 

more comprehensive study of Liu and Olsen (2010). It is important to bear in mind that the 1056 

postcranial skeleton of non-mammaliaform cynodonts has only been represented by a 1057 

relatively small number of characters in phylogenetic studies (e.g., Rowe, 1988; Hopson and 1058 

Kitching, 2001; Liu and Olsen, 2010), and that the postcranial anatomy of many non-1059 

mammaliaform cynodonts is unknown or has only been sparsely documented. Resolving these 1060 

issues is beyond the scope of the present contribution. 1061 

Our survey of the postcranial anatomy of all known tritylodontids shows that several 1062 

features distinguish them from most other non-mammaliaform cynodonts. The scapular blade 1063 

of tritylodontids is distinctive in being anteroposteriorly broad with a triangular to near-1064 

triangular outline. The presence of postscapular and supraspinous fossae is also characteristic 1065 

of the scapula of tritylodontids, although these structures have been documented in less 1066 

developed form in some specimens of basal cynodonts (Cynognathus and Diademodon) and 1067 

purportedly in Probainognathus. The procoracoid of tritylodontids is notably reduced 1068 

anteroposteriorly in comparison to those of other non-mammaliaform cynodonts (e.g., 1069 

Jenkins, 1971). Among non-mammaliaform cynodonts, an ossified sternum is known only in 1070 

tritylodontids, as other taxa presumably had cartilaginous sterna (e.g., Jenkins, 1971). With 1071 

regard to the pelvic girdle, the ilium of tritylodontids is unique in lacking a posterior lamina, 1072 

and in that the anterior lamina is a low rod bearing a ridge that divides this region of the bone 1073 
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into dorsal and ventral portions. The ulna in tritylodontids has a well-developed olecranon 1074 

process which defines a fully semicircular trochlear notch (also present in Brasilitherium, 1075 

Bonaparte et al., 2005: Fig. 6). The femur of tritylodontids has a well-defined head and 1076 

relatively proximally positioned greater and lesser trochanters, with a notch separating the 1077 

head from the greater trochanter. This morphology clearly differs from that seen in other non-1078 

mammaliaform cynodonts (e.g., Jenkins, 1971; Martinelli et al., 2005). 1079 

A relatively large range of size variation is represented in tritylodontids (Tabs. 1, 3). 1080 

Kayentatherium and Tritylodontoideus are the largest forms whereas Oligokyphus is relatively 1081 

small, its skull length being only ~35% of that of Kayentatherium and Tritylodontoideus. The 1082 

3.4 kg estimated body mass of Oligokyphus is similar to that of the indeterminate tritylodontid 1083 

from the Lufeng Formation (CXPM C2019 2A235), representing approximately 3.5% of the 1084 

weight of the largest form, Kayentatherium. Bienotheroides ultimus is even smaller, with an 1085 

estimated mass of 1.5 kg (Tab. 3). Tritylodon and the other tritylodontids with known 1086 

postcranial remains represent intermediate-sized forms (Tab. 3). Given the size range 1087 

recognized among tritylodontid species, it might be expected that at least some of the 1088 

anatomical differences between them would be correlated with variation in body size. 1089 

However, our comparative review shows that this might not be the case. Most surprisingly, 1090 

large and small tritylodontid taxa (Kayentatherium and Oligokyphus, respectively) share 1091 

several features of the postcranial skeleton not seen in other tritylodontids, particularly in the 1092 

known limb elements. According to our study, many postcranial variations are clearly 1093 

unrelated to body size whereas only a few traits of the shoulder girdle and humerus presently 1094 

appear to correlate with body size (i.e., the relatively well developed deltopectoral crest 1095 

observed in the humerus of Kayentatherium and Tritylodontoideus, and the well developed 1096 

postscapular fossa visible in lateral aspect, the rugose muscular insertion area on the scapular 1097 

spine, and the robust plate-like acromion process with a distinct clavicular facet in the scapula 1098 
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of Kayentatherium). These features seem to be related to increased muscle attachment area 1099 

and separation between different muscle masses. It is worth mentioning that the finding of 1100 

new and better preserved tritylodontid specimens might result in the discovery of more 1101 

correspondences between size and anatomy in the future. 1102 

 1103 

CONCLUSION 1104 

Tritylodon longaevus is a medium-sized tritylodontid, known from several specimens, 1105 

which shares with other tritylodontids many postcranial features in addition to unique cranio-1106 

dental characteristics. A relatively large size range has been recorded among tritylodontids, 1107 

but we found body size to be uncorrelated with variations in postcranial anatomy, as the 1108 

smallest and largest tritylodontids have some distinctive traits in common. The sole exception 1109 

was that certain features of the humerus of Kayentatherium and Tritylodontoideus and in the 1110 

scapula of Kayentatherium, probably related to increased muscle insertion area and greater 1111 

separation among muscle masses, could be linked to large body size.  1112 

Despite some differences, the postcranial anatomy of tritylodontids is noticeably 1113 

different from that of other non-mammaliaform cynodonts. Comparisons of the anatomy of 1114 

the femur and the distal portion of the humerus of tritylodontids and triheledontids highlight 1115 

several differences between them. 1116 

A few remains from the Late Triassic (Norian) of South America (Bonaparte, 1971) 1117 

have been tentatively assigned to Tritylodon, and would represent the oldest tritylodontid 1118 

known to date if its identification is correct. This specimen would be the only record of 1119 

Tritylodon outside of Africa, and the only one of a tritylodontid from South America. The re-1120 

description and comparative analysis of Bonaparte’s (1971) specimen performed here suggest 1121 

that it belongs to a taxon different from Tritylodon longaevus as well as other tritylodontids, 1122 

and should be regarded as an undetermined non-mammaliaform cynodont until more 1123 
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complete remains are found. Additionally, our analysis shows that tritheledont affinities 1124 

cannot be ruled out for this specimen. In any scenario, the South American specimen 1125 

represents the record of a still-unknown non-mammaliaform cynodont in the Los Colorados 1126 

Formation. The unknown cynodont must be larger than the tritheledontid Chaliminia 1127 

musteloides, the only currently recognized cynodont taxon from this unit (Arcucci et al., 1128 

2004). 1129 
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Figure captions 1311 

Figure 1. Atlas-axis complex of Tritylodon. 1–2, 5–6, 9–10, BP/1/5167; 1–2, dorsal view; 5–1312 
6, left lateral view; 9–10, ventral view. 3–4, 7–8, 11–12, BP/1/4782; 3–4, dorsal view; 7–8, 1313 
left lateral view; 11-12, ventral view. Abbreviations: af, atlas arch facet; cr, crest representing 1314 
the suture between the atlas and axis centra; fai, facet for atlas intercentrum; mvk, mid-1315 
ventral keel; nc, neural canal; ns, neural spine; nsb, neural spine base; op, odontoid 1316 
process/dens; pap, parapophyses; poz, postzygapophyses; tr, transverse process. Scale bar = 1317 
10 mm. 1318 
 1319 
Figure 2. First six cervical vertebrae of Tritylodon specimen BP/1/4965 in ventral view. 1320 
Abbreviations: aac, atlas-axis centrum; af, atlas arch facet; c3–6, vertebral centrum; cr, crest 1321 
representing the suture between the atlas and axis centra; fai, facet for atlas intercentrum; 1322 
mvk, mid-ventral keel; op, odontoid process/dens; pap, parapophyses; r, rib fragment. Scale 1323 
bar = 10 mm. 1324 
 1325 
Figure 3. Cervical vertebrae of Tritylodon. 1–4, BP/1/4785a; 1–2, right lateral view of 1326 
cervical vertebrae 3 and 4; 3–4, ventral view of cervical vertebrae 3 and 4. 5–6, 9–10, 13–18, 1327 
BP/1/4785b; 5–6, anterior view of cervical vertebra 5; 9–10, ventral view of cervical 1328 
vertebrae 5 to 7; 13–14, dorsal view of cervical vertebrae 5 to 7; 15–16, left lateral view of 1329 
cervical vertebrae 5 to 7; 17–18, right lateral view of cervical vertebrae 5 to 7. 7–8, 11–12, 1330 
BP/1/5167x, general views of a block with cervical vertebra 4 and a dorsal vertebra. 1331 
Abbreviations: c3–7, vertebral centrum; c, centrum; cr, crest connecting the parapophysis 1332 
with the transverse processes; mvk, mid-ventral keel; nc, neural canal; ns, neural spine; pap, 1333 
parapophyses; poz, postzygapophyses; pozb, base of the postzygapophyses; prz, 1334 
prezygapophyses; przb, base of the prezygapophyses; r, rib fragment; tr, transverse process. 1335 
Scale bar = 10 mm. 1336 
 1337 
Figure 4. Dorsal vertebrae of Tritylodon. 1–4, BP/1/4785c; 1–2, anterior view of dorsal 1338 
vertebra dx1; 3–4, posterior view of dorsal vertebra dx1. 5–8, BP/1/4785d; 5–6, anterior view 1339 
of dorsal vertebra dx2; 7–8, posterior view of dorsal vertebra dx2. 9–12, BP/1/4785e; 9–10, 1340 
right lateral view of dorsal vertebrae dx3 and dx4; 11–12, left lateral view of dorsal vertebrae 1341 
dx3 and dx4. 13–16, BP/1/4785f; 13–14, left lateral view of dorsal vertebra dx5; 15–16, right 1342 
lateral view of dorsal vertebra dx5. 17–22, BP/1/5167b; 17–18, left lateral view of anterior 1343 
dorsal vertebra; 19–20, anterior view of anterior dorsal vertebra; 21–22, posterior view of 1344 
anterior dorsal vertebra; 23–24, BP/1/4785j; general view of a block with dorsal vertebrae dx6 1345 
to dx8. 25–28, BP/1/4785h; 25–26, left lateral view of dorsal vertebra; 27–28, right lateral 1346 
view of dorsal vertebra. 29–32, BP/1/4785i; 29–30, left lateral view of dorsal vertebra; 31–32, 1347 
right lateral view of dorsal vertebra. 33–34, BP/1/4785g, dorsal view of posterior dorsal 1348 
vertebra. Abbreviations: c, centrum; cr, crest connecting the parapophysis with the transverse 1349 
processes; dx1–8, vertebral centrum; ivf, inter-vertebral foramen; na, base of the neural arch; 1350 
nc, neural canal; ns, neural spine; pap, parapophyses; poz, postzygapophyses; prz, 1351 
prezygapophyses; przb, base of the prezygapophyses; r, rib fragment; sc, fragment of the 1352 
ventral portion of the scapula; tr, transverse process. Scale bar = 10mm. 1353 
 1354 
Figure 5. Caudal vertebrae of Tritylodon. 1–6, BP/1/5089a; 1–2, right lateral view; 3–4, 1355 
ventral view (anterior to the right); 5–6, dorsal view (anterior to the right). 7–12, BP/1/5089b; 1356 
7–8, left lateral view; 9–10, ventral view (anterior to the right); 11–12, dorsal view (anterior 1357 
to the right). Abbreviations: na, base of the neural arch; nc, neural canal. Scale bar = 10mm. 1358 
 1359 
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Figure 6. Pectoral girdle of Tritylodon. 1–4, BP/1/5167, right scapula; 1–2, lateral view; 3–4, 1360 
medial view. 5–10, BP/1/5167, right procoracoid and coracoid; 5–6, lateral view; 7–8, medial 1361 
view; 9–10, posterior view. 11–16, BP/1/5167, left procoracoid and coracoid; 11–12, lateral 1362 
view; 13–14, medial view; 15–16, posterior view. Abbreviations: ac p, acromion process; c, 1363 
coracoid; fl, flange for muscular insertion; gl f, glenoid fossa; gr, groove; is f, infraspinous 1364 
fossa; sc f, scapular facet; s s, scapular spine; ss f, supraspinous fossa; pc, procoracoid; pc f, 1365 
procoracoid foramen; ps f, postscapular fossa; tc, tuberosity for the coracoid head of the 1366 
triceps. Scale bars = 10mm. 1367 
 1368 
Figure 7. Humerus of Tritylodon. 1–8, BP/1/5671, left humerus; 1–2, ventral view; 3–4, 1369 
dorsal view; 5–6, lateral view; 7–8, medial view. Abbreviations: bi gr, bicipital groove; cp, 1370 
capitulum; dp c, deltopectoral crest; ec, ectepicondyle; en, entepicondyle; en f, 1371 
entepicondylar foramen; g t, greater trochanter; h h, humeral head; l t, lesser trochanter; o f, 1372 
olecranon fossa; uc, ulnar condyle. Scale bars = 10mm. 1373 
 1374 
Figure 8. Ulna of Tritylodon. 1–6, BP/1/4785, left ulna; 1–2, lateral view; 3–4, medial view; 1375 
5–6, anterior view. Abbreviations: f e, extensor fossa; f f, flexor fossa; f h, facet for the ulnar 1376 
condyle of the humerus; f r, radial facet; i br, insertion of M. brachialis; ol p, olecranon 1377 
process; r n, radial notch. Scale bar = 10mm. 1378 
 1379 
Figure 9. Radius of Tritylodon. 1–8, BP/1/5167, left radius; 1–2, anterior view; 3–4, posterior 1380 
view; 5–6, medial view; 7–8, lateral view. Abbreviations: bi t, bicipital tuberosity; cr, crest; f 1381 
u, ulnar facet. Scale bar = 10mm. 1382 
 1383 
Figure 10. Elements of the autopodium of Tritylodon. 1–2, BP/1/4976, lateral centrale, 1384 
metacarpal, and radiale. 3–10, BP/1/5167, phalange; 3–4, right lateral view; 5–6, left lateral 1385 
view; 7–8, ventral view; 9–10, dorsal view. Abbreviations: c, lateral centrale; r, radiale; mc, 1386 
metacarpal; gr, groove; l, lip; m l, medial lip; l n, lateral notch. Scale bars = 10mm. 1387 
 1388 
Figure 11. Femur, tibia, fibula, and ischium of Tritylodon. 1–8, BP/1/5089, left femur; 1–2, 1389 
dorsal view; 3–4, lateral view; 5–6, ventral view; 7–8, medial view. 9–12, BP/1/5089, right 1390 
tibia; 9–10, lateral view; 11–12, medial view. 13–14, BP/1/5089, right fibula, anterior view.  1391 
15–18, BP/1/5269, right ischium; 15–16, anterior view; 17–18, medial view. Abbreviations: a 1392 
f, acetabular facet; fh, femoral head; f t, fibular tubercle; gr tr, greater trochanter; it f, 1393 
intertrochanteric fossa; is n, ischial neck; is pl, ischial plate; is tu, ischial tuberosity; l tr, 1394 
lesser trochanter; of m, obturator foramen margin; sa c, supraacetabular crest. Scale bars = 1395 
10mm. 1396 
 1397 
Figure 12. Dorsal vertebrae of the indeterminate eucynodont PVL3849. 1–6, articulated 1398 
dorsal vertebrae published by Bonaparte, 1971; 1, 4, right lateral view; 2, 5, left lateral view; 1399 
3, 6, ventral view; 7–10, articulated dorsal vertebrae previously unpublished; 7, 9, right lateral 1400 
view; 8, 10, left lateral view. Abbreviations: ns, neural spine; poz, postzygapophyses; przb, 1401 
base of the prezygapophyses; tr, transverse process. Scale bar = 10mm. 1402 
 1403 
Figure 13. Humerus, femur, tibia, and fibula of the indeterminate eucynodont PVL3849. 1–4, 1404 
left humerus, 1–2, ventral view; 3–4, dorsal view; 5–8, left femur; 5–6, ventral view; 7–8, 1405 
dorsal view; 9–18, right tibia; 9–10, anterior view; 11–12, posterior view; 13–14, lateral view; 1406 
15–16, medial view; 17–18, proximal view; 19–22, right fibula; 19–20, anterior view; 21–22, 1407 
lateral view. Abbreviations: c c, cnemial crest; cp, capitulum; ec, ectepicondyle; en f, 1408 
entepicondylar foramen; en, entepicondyle; f mta, facet for M. tibialis anterior; f t, fibular 1409 
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tuberosity; fh, femoral head; gr tr, greater trochanter; it f, intertrochanteric fossa; l tr, lesser 1410 
trochanter; lff, lateral facet for femoral condyle; mff, medial facet for femoral condyle; o f, 1411 
olecranon fossa; r, ridge; t t, tibial tuberosity; uc, ulnar condyle. Scale bars = 10mm. 1412 





























TABLE 1 – Recognized tritylodontid taxa  

  Recorded 
elements 

Relative 
abundance Age Region Maximum 

skull length  

Bienotherium magnum Skull Rare Sinnemurian - 
Pliensbachian China –1 

Bienotherium yunnanense Skull, 
postcranium Common Hettangian - 

Sinnemurian China 121 

Bienotheroides shartegensis Skull, lower jaw Rare Late Jurassic Mongolia ~105 

Bienotheroides ultimus Skull, 
postcranium Rare Oxfordian China – 

Bienotheroides wanhsienensis Skull, lower jaw, 
postcranium Common Middle-Late Jurassic China 107 

Bienotheroides zigongensis Skull, lower jaw, 
postcranium Common Bathonian - 

Callovian China 112 

Bocatherium mexicanum Skull Rare Early-?Middle 
Jurassic Mexico 51 

Dianzhongia longirostrata Skull Rare Sinnemurian - 
Pliensbachian China 75 

Dinnebitodon amarali Skull, 
postcranium Intermediate Sinnemurian - 

Pliensbachian United States ~1102 

Kayentatherium wellesi Skull, lower jaw, 
postcranium Common Sinnemurian - 

Pliensbachian United States 260 

Lufengia delicata Skull Rare Sinnemurian - 
Pliensbachian China 47 

Montirictus kuwajimaensis 

Fragmentary 
skull bones, 
lower jaw, 

isolated teeth 

Rare Barremian– 
Aptian Japan – 

Oligokyphus lufengensis Lower jaw Rare Hettangian - 
Sinnemurian China –3 

Oligokyphus major Skull, 
postcranium Common ?Pliensabachian United Kingdom ~90 

Oligokyphus sp. Skull, lower jaw Intermediate Sinnemurian - 
Pliensbachian United States ~24 (juvenile) 

Oligokyphus triserialis Isolated teeth Rare Late Norian - 
Hettangian Germany – 

Stereognathus ooliticus Skull Rare Middle Jurassic United Kingdom – 

Tritylodon longaevus Skull, lower jaw, 
postcranium Common Hettangian South Africa 130 

Tritylodontidae Isolated teeth Rare Barremian– 
Aptian Japan – 

Tritylodontidae Isolated teeth Rare Sinnemurian 
Pliensbachian Antartica – 



Tritylodontoideus maximus Skull, lower jaw, 
postcranium Rare Hettangian South Africa 250 

Xenocretosuchus kolossovi Isolated teeth Rare Upper Jurassic – 
Lower Cretaceous Russia – 

Xenocretosuchus sibiricus Isolated teeth Rare Barremian - Aptian Russia – 

Yuanotherium minor Maxilla with 
teeth Rare Oxfordian China – 

Yunnanodon brevirostre Skull Rare Sinnemurian - 
Pliensbachian China 37 

Measurements in millimeters. 1 Cheek-teeth row is 76 mm long, almost twice that of B. yunannense (Chow, 1962); 2 Estimated 
after figure 1 of Sues (1986); 3 Horizontal ramus length (from the anterior end of the dentary to the posterior end of the third 
postcanine; a fourth postcanine is preserved but out of place) ~20 mm. 
 
 

 
 



TABLE 2 – Available Tritylodon specimens  

Specimen 
number  Recorded elements Basal skull 

length  Locality 

BP/1/4778 
Skull, lower jaw, proximal femur, unprepared 

isolated vertebrae, and left and right fragmentary 
scapulae. 

129 
Upper Elliot Formation, Farm 

Saaihoek, 310, Fouriesburg, Free 
State Province, South Africa 

BP/1/4782 
Skull, right dentary, atlas-axis, a postaxial 
cervical vertebra (c4?), and three dorsal 

vertebrae. 
~97 

Upper Elliot Formation, Farm 
Bloemhoek 330, Fouriesburg, Free 

State Province, South Africa 

BP/1/4783 Proximal and distal portion of femur (cast). – 
Upper Elliot Formation, Farm 

Bloemhoek 330, Fouriesburg, Free 
State Province, South Africa 

BP/1/4785 

Five postaxial cervical vertebrae (c3-c7), 13 
dorsal vertebrae, glenoid portion of left scapula, 

proximal and distal portion of right humerus 
(cast), left humerus (cast), proximal portion of left 
ulna, and fragmentary ribs, and undeterminable 

fragments. 

– Upper Elliot Formation, unknown 
locality, South Africa. 

BP/1/4965 Partial skull and lower jaw, and first seven 
articulated cervical vertebrae. ~140 

Upper Elliot Formation, Farm Twee 
Zusters 251, Ladybrand, Free State 

Province, South Africa 

BP/1/4976 Skull, lower jaws, and part of the autopodium. ~130 
Upper Elliot Formation, Farm Nova 
Barletta 307, Clocolan, Free State 

Province, South Africa. 

BP/1/5089 

Fragmentary posterior portion of the right lower 
jaw, a dorsal vertebra, two caudal vertebrae, left 

humerus (cast), proximal and distal portion of 
right humerus, proximal left femur (cast), 

fragmentary right fibula (missing distal portion), 
fragmentary right tibia, and indeterminable 

fragments. 

– 
Upper Elliot Formation, Farm 

Emmaus 335, Ladybrand, Free State 
Province, South Africa. 

BP/1/5152a Distal left? femur. – 
Upper Elliot Formation, Farm 

Oldenberg 45, Ladybrand, Free State 
Province, South Africa. 

BP/1/5167 

Skull, partial right lower jaw, fragmentary 
posterior portion of left lower jaw, atlas-axis, a 

postaxial cervical vertebra (c4?), six dorsal 
vertebrae, distal femur, right scapula, right and 
left coracoid and procoracoid, left radius (cast) 

missing the distal portion, a phalange, and 
indeterminable fragments. 

121 
Upper Elliot Formation, Farm 

Bramleyshoek 52, Bethlehem, Free 
State Province, South Africa. 

BP/1/5269 Partial skull and right ischium. ~125 
Upper Elliot Formation, Farm 

Damplaats 55, Ladybrand, Free State 
Province, South Africa. 

BP/1/5305 Fragments of lower jaw and proximal portion of 
left femur – 

Upper Elliot Formation, Farm 
Damplaats 55, Ladybrand, Free State 

Province, South Africa. 

BP/1/5516 Proximal portions of right and left femurs. – 
Upper Elliot Formation, Farm 

Mequatling 278, Clocolan, Free State 
Province, South Africa. 

BP/1/5671 Proximal and distal portions of left femur (casts) 
and left humerus (cast). – 

Upper Elliot Formation, Clarens 
townlands, Clarens, Free State 

Province, South Africa. 

Measurements in millimeters. 

 



TABLE 3 – Body mass estimations for tritylodontid taxa for which postcranial elements are known 

  Skeletal proxy  Measurement Estimated mass 

Bienotherium yunnanense Maximum skull length 121 8.5kg 

Bienotheroides ultimus Humerus length 63.6 1.5kg 

Bienotheroides wanhsienensis Maximum skull length 107 5.8kg 

Bienotheroides zigongensis Maximum skull length 112 6.7kg 

Dinnebitodon amarali Maximum skull length 1101 6.3kg 

Kayentatherium wellesi Maximum skull length 260 93.1kg 

Oligokyphus major Maximum skull length 90 3.4kg 

Tritylodon longaevus Maximum skull length 130 10.6kg 

Tritylodontidae2  Femoral length 95 3.2kg 

Tritylodontoideus maximus Maximum skull length 250 82.3kg 

Measurements in millimeters. 1 Estimated after figure 1 of Sues (1986); 2 Indeterminate tritylodontid 
partial skeleton (CXPM C2019 2A235) from the Lufeng Formation (Lower Jurassic), China. 

 



TABLE 4 – Available vertebrae of Tritylodon longaevus 

 Lettering Mode of occurrence Description/interpretation 
 

4782 

– Isolated vertebra Atlas-axis 
b Isolated vertebra c4 
c Isolated vertebra dorsal, posterior to dx8 
d Isolated vertebra anterior dorsal (dx5?) 

    

4785 

a Two articulated vertebrae c3–4 
b Two articulated vertebrae c5–7 
c Isolated vertebra associated with a scapular fragment dx1 
d Isolated vertebra dx2 
e Two articulated vertebrae dx3–4 
f Isolated vertebra dx5 
g Isolated vertebra posterior dorsal 
h Isolated vertebra dorsal, posterior to dx8 
i Isolated vertebra dorsal, posterior to dx8 
j Block with three associated vertebrae dx6–8 

    
4965 – Block with five articulated vertebrae Atlas-axis and c3–6 

    

5089 
– Isolated vertebra dorsal, posterior to dx8 
a Isolated vertebra caudal 
b Isolated vertebra caudal 

    

5167 

– Isolated vertebra Atlas-axis 
b Isolated vertebra anterior dorsal (dx1-4?) 

d Block with two associated vertebrae dx1-4? and a dorsal posterior to 
dx8 

e Isolated vertebra dorsal, posterior to dx8 
x Block with two associated vertebrae c4 and a dorsal posterior to dx8 
z Isolated vertebra anterior dorsal (dx3–4?) 

 



TABLE 5- Measurements (in millimeters) of vertebral centra of Tritylodon 

Specimen Length Width 

BP/1/4782a (atlas-axis centrum) 14.8 7.9 

BP/1/4782b (c4) 5.9 8.5 

BP/1/4782d (anterior dorsal, dx5?) 10.8 9.4 

BP/1/4782c (dorsal, posterior to dx8) 13.3 11.4 

   
BP/1/4785a (c3) 6.6 11.3 

BP/1/4785a (c4) 7.3 12.3 

BP/1/4785b (c5) 7.9 11.6 

BP/1/4785b (c6) 8 11.8 

BP/1/4785b (c7) 8.8 11.2 

BP/1/4785c (dx1) 8.9 11.5 

BP/1/4785d (dx2) 9 11.6 

BP/1/4785e (dx3) 9.5 10.3 

BP/1/4785e (dx4) 10 10.3 

BP/1/4785f (dx5) 10.4 9.9 

BP/1/4785j (dx6) 10.6 10 

BP/1/4785j (dx7) 11.7 10.5 

BP/1/4785j (dx8) 12 11.4 

BP/1/4785h (dorsal, posterior to dx8) 16.2 13.1 

BP/1/4785i (dorsal, posterior to dx8) 15.3 13.8 

BP/1/4785g (posterior dorsal) 10.6 10.4 

   
BP/1/4965 (atlas-axis centrum) 22.1 13.2 

BP/1/4965 (c3) 11 14 

BP/1/4965 (c4) 9.6 12.6 

BP/1/4965 (c5) 9.8 13.3 

BP/1/4965 (c6) 7.6 11.2 

   
BP/1/5089 (dorsal, posterior to dx8) 12.1 9.4 

BP/1/5089a (caudal) 15.3 10.2 

BP/1/5089b (caudal) 15.2 7.6 

   
BP/1/5167a (atlas-axis centrum) 17.9 8.7 

BP/1/5167x (c4) 6.4 10 

BP/1/5167b (anterior dorsal) 10.6 12.9 

BP/1/5167d (anterior dorsal) 8.3 10 

BP/1/5167z (anterior dorsal, dx3-4?) 8.1(broken) 8 

BP/1/5167d (dorsal, posterior to dx8) 11.1 9.3 

BP/1/5167x (dorsal, posterior to dx8) 12.4 10.5 

BP/1/5167e (dorsal, posterior to dx8) 12 8 (distorted) 

 
 



TABLE 6 – Proportions of the humerus  

 DiaL PW DW 

Bienotheroides ultimus1 24% 44% 52% 

Bienotherium2 30% 48% 57% 

Cynognathus 18%3 33 – 42%4 39 – 52%4 

Kayentatherium wellesi5 24% 44% 50% 

Oligokyphus major6 30% 30% 47% 

Thrinaxodon 18%3 32%4 49%4 

Tritylodon longaevus 107 – 178% 347 – 408% 487 – 518% 

DiaL, proportion of the diaphysis length relative to the length of the humerus. PW, proportion of the 
maximum width of the proximal region relative to the length of the humerus. DW, proportion of the 
maximum width of the distal region relative to the length of the humerus. The length of the diaphysis 
was measured from the distal inflexion of the deltopectoral crest to the proximal rim of the 
entepicondylar foramen. 1 Proportions calculated from the illustrations of Maisch et al., 2004; 2 
Proportions calculated from the measurements and illustrations of Young, 1947; 3 Calculated from 
the figures of Jenkins, 1971; 4 From Abdala, 1999; 5 Proportions calculated from the measurements 
provided by Sues and Jenkins, 2006 and from the personal analysis of specimen MCZ8812; 6 
Proportions calculated from the measurements and illustrations of Kühne, 1956; 7 Calculated from 
specimen BP/1/5671; 8 Calculated from specimen BP/1/4785. 

 


