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ABSTRACT—We describe the relatively complete skeleton of Tetraclaenodon undoubtedly associated with its
dentition, from the Torrejonian interval of the Nacimiento Formation in the San Juan Basin, New Mexico.
Tetraclaenodon is the most primitive and oldest genus of the family Phenacodontidae and is very important for
assessing the phylogenetic relationships of the family. The newly described skeleton belonged to a lightly built
terrestrial mammal that could use trees for shelter. The structure of the ulna, manus, femur, crus, and pes
corresponds to that of a typical terrestrial mammal, while morphological features such as the low greater tubercle of
the humerus, long deltopectoral crest, pronounced lateral supracondylar crest, and hemispherical capitulum indicate
some scansorial adaptations of Tetraclaenodon. The postcranial skeleton of Tetraclaenodon does not exhibit the
cursorial adaptations seen in later phenacodontids and early perissodactyls. Phylogenetic analysis did not recover
monophyletic ‘‘Phenacodontidae’’; instead, phenacodontids formed a series of sister taxa to the Altungulata clade.
Tetraclaenodon is the basal-most member of the ‘‘Phenacodontidae’’ + Altungulata clade.

INTRODUCTION

ASSOCIATED REMAINS of teeth and postcrania of Paleocene
archaic ungulates are uncommon and if found contain a

tremendous amount of morphological information for func-
tional and phylogenetic analysis. Archaic ungulates, including
the phenacodontid ‘condylarths’, are thought to be ancestral
to several groups of ungulate mammals. Phenacodontidae, in
particular, are considered by some researchers to have been
ancestors of the order Perissodactyla (Radinsky, 1966; Sloan,
1970; Gingerich, 1976; Thewissen and Domning, 1992).
Tetraclaenodon Scott, 1892 is the most primitive and oldest
genus of the Phenacodontidae, so it is of key importance
to assessing the phylogenetic relationships of the family.
Desmatoclaenus Gazin, 1941 is known by fragmentary remains
from the Paleocene of North America (Gazin, 1941; Van
Valen, 1978) and was referred to Phenacodontidae by West
(1976). This referral was not supported by later researchers
and Desmatoclaenus was excluded from Phenacodontidae
(Thewissen, 1990; Cifelli, 1983; Archibald, 1998). Indeed,
Desmatoclaenus appears to be much closer to loxolophine
arctocyonids than to phenacodontids in its premolar mor-
phology and in having wrinkled enamel.

Despite the fact that Tetraclaenodon dental remains are very
common in the lower Paleocene deposits of North America,
little is known about the postcranial anatomy of representa-
tives of this genus. Most of the previously published informa-
tion about the postcrania of Tetraclaenodon comes from
Matthew (1897, 1937), Osborn (1898), and Radinsky (1966).
Few associated postcrania have been described for other
phenacodontids (Cope, 1884a; Matthew, 1897, 1937; Osborn,
1898; Thewissen, 1990; Rose, 1996a, 2001). Both major revi-
sions of Phenacodontidae were based on dental material
(West, 1976; Thewissen, 1990).

Discovery of a nearly complete, partially articulated skele-
ton of Tetraclaenodon allows us to address the question of
whether Tetraclaenodon was a stem taxon for Perissodactyla
as suggested by Radinsky (1966). The phenacodontid ancestry
of perissodactyls was questioned by Prothero and Schoch
(1989) based on the description of Radinskya McKenna,

Chow, Ting and Luo, 1989. Rose (1996a) designated Radinskya
as the closest outgroup to Perissodactyla, with the next closest
outgroup being the Phenacodonta (phenacodontid and menis-
cotheriid ‘condylarths’). Beard (1998) suggested that Radinskya
was a stem perissodactyl but Hooker and Dashzeveg (2003) and
Hooker (2005) rejected that idea and regarded Radinskya as
a ‘‘primitive phenacolophid embrithopod with apomorphies
distinct from any perissodactyl’’ (Hooker, 2005, p. 210).
Hooker (2005) argued that the discovery of the Asian genus
Lophocion Wang and Tong, 1997, which shared more dental
characters with early perissodactyls, provided some support for
the Asian origin of the order. Rose (2006) mentioned that the
most likely source of Perissodactyla is phenacodontid con-
dylarths, possibly Ectocion Cope, 1882a or Lophocion.

Phenacodontids have been recently included in a number of
phylogenetic analyses that considered several extant clades,
such as artiodactyls, perissodactyls, hyraxes, and macrosceli-
deans (Thewissen and Domning, 1992; Geisler, 2001; Tabuce
et al., 2001, 2007; Froehlich, 2002; Asher et al., 2003; Zack
et al., 2005; Asher, 2007; Penkrot et al., 2008; Holbrook,
2009). In several of the analyses, phenacodontids showed close
affinities to Paenungulata and other condylarths (e.g., Tabuce
et al., 2001, 2007; Asher et al., 2003; Asher, 2007), while in
others, phenacodontids formed a monophyletic group with
perissodactyls (e.g., Thewissen and Domning, 1992; Zack
et al., 2005; Penkrot et al., 2008).

Here, we provide a detailed description and functional
analysis of the postcranial anatomy of Tetraclaenodon. The
new material allows us to assess the position of this genus
within Phenacodontidae and calls into question ideas about
the possible ancestral relationships of the family Phenaco-
dontidae with the order Perissodactyla.

MATERIAL

Institutional abbreviations.—AMNH, American Museum of
Natural History, New York, U.S.A.; BR, Berru collection at
Muséum national d’Histoire naturelle, Paris, France; CR,
Cernay collection at Muséum national d’Histoire naturelle,
Paris, France; FMNH, Field Museum of Natural History,
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Chicago, Illinois, U.S.A.; KUVP, University of Kansas, Mu-
seum of Paleontology, Lawrence, Kansas, U.S.A.; NMMNH,
New Mexico Museum of Natural History and Science,
Albuquerque, New Mexico, U.S.A.; UCMP, University of
California Berkeley, Museum of Paleontology, Berkeley,
California, U.S.A.; USNM, National Museum of Natural
History, Smithsonian Institution, Washington, D.C., U.S.A.;
WA, Walbeck collection at Martin-Luther-Universität, In-
stitut für Geowissenschaften, Halle-Wittenberg, Germany.

From NMMNH locality 02635 (Nacimiento Formation in
the San Juan Basin, New Mexico, the Big Pocket locality of
Wilson (1949) in Kutz Canyon): NMMNH P-20949, skeleton
with a skull and mandible including left and right C1–M3, left
c1, p2–m3, right i1–i3 roots, c1–m3; left humerus without the
distal portion; right humerus; right ulna; right distal radius;
right metacarpals II–IV in a concretion; partial left metacarpal
I; left metacarpal IV; partial left metacarpal V; shaft portion
of left radius and distal portion of left ulna in natural
articulation; proximal forelimb phalanx of digit 3; middle
forelimb phalanx of digit 3; proximal forelimb phalanx of digit
2 or 4; large block containing partial and concreted pelvis, left
femur, left tibia, left fibula, right femur, proximal right tibia,
sacrum, concreted thoracic vertebrae and ribs; shafts of the
right tibia and fibula; right calcaneus; right talus; left partial
talus; block with distal tarsals; right cuboid; right navicular;
block with right metatarsals II–IV, proximal hind limb
phalanx of digit 2 or 4, middle hind limb phalanx of digit 2
or 4, ungual hind limb phalanx of digit 2 or 4; proximal hind
limb phalanx of digit 3; middle hind limb phalanx of digit 3;
left navicular; six caudal vertebrae. Judging from the erupting
p4, the skeleton belonged to a young, possibly subadult
individual. Besides coming from the same nodule, the elements
of the skeleton were preserved either in natural articulation
(e.g., right ulna and right radius, left femur and left tibia, etc.)
or articulate well with each other (e.g., right talus and
calcaneus, right humerus and right ulna, etc.), so there is little
doubt that all the bones belong to one individual.

Parts of the skeleton are encased in an intractable ‘ironstone’
(hematite-limonite-goethite) crust. Attempts to prepare this
crust indicate that it is not simply encasing cortical bone, but in
many places has invaded the cancellous bone. Thus, removal of
it would necessitate damage and partial-to-wholesale destruc-
tion of some elements. Therefore, after hundreds of hours of
preparation it was deemed advisable to discontinue attempted
removal of some of the ironstone, pending the possibility that a
way to remove it without damaging the fossil will be discovered
in the future.

METHODS

In order to identify the type of locomotion of Tetraclaenodon,
we compared its skeletal elements to the corresponding
bones of extant mammals with different types of locomo-
tion as well as to the published data on various mammalian
groups. Mammalian skeletons used for comparison are listed
in the Part 1 of the supplemental data file available on-line
(www.journalofpaleontology.org). Skeletal adaptations to dif-
ferent types of locomotion have been widely discussed in the
literature (e.g., Taylor, 1974, 1976; Van Valkenburg, 1987;
Hildebrand and Goslow, 2002; Sargis, 2002a, 2002b; Salton and
Sargis, 2008). Many studies are devoted to skeletal adaptations
to scansorial and arboreal locomotion (Emry and Thorington,
1982; Jenkins and Krause, 1983; Rose, 1987; Beard, 1991;
Argot, 2001, 2002), fossorial, or digging, adaptations (Vinogra-
dov and Gambaryan, 1952; Gambaryan, 1960; Taylor, 1978;
Barnosky, 1982; Rose and Emry, 1983, 1993; Rose et al., 1992;

Stein, 2000), and cursorial, or running, adaptations (Hopwood,
1947; Gambaryan, 1974; Penkrot et al., 2008). Less data have
been published on the skeletal morphology of generalized
terrestrial mammals and mammals with aquatic adaptations
(Howell, 1970).

Postcranial terminology used in this paper follows the
International Committee on Veterinary Gross Anatomical
Nomenclature (2005). Dental terminology follows Van Valen
(1966) and more recent works (e.g., Lopatin, 2006).

For phylogenetic analysis, we used PAUP Version 4.0b8/
4.0d78 (Swofford, 2002) to analyze the matrix. Characters and
character states used in the phylogenetic analysis are listed in
the supplemental data file (Parts 2 and 3). Characters were
scored by direct observations of specimens listed in Part 4 of
the supplemental data file and supplemented by descriptions
from the literature (Cope, 1884a; Osborn, 1898; Schlosser,
1911; Matthew, 1937; Gazin, 1965, 1968; Szalay and Decker,
1974; Rose, 1985, 1987, 1996a, 1996b, 2001; Thewissen, 1990;
Court, 1995; Szalay and Lucas, 1996; Geisler, 2001; Froehlich,
2002; Zack et al., 2005; Delmer et al., 2006; Penkrot et al.,
2008; Holbrook, 2009; Ladevèze et al., 2010). The data matrix
was analyzed using the branch and bound algorithm of PAUP.
Branch robustness was assessed by determining branch sup-
port, or number of additional steps required to collapse each
node. Branch supports were calculated by instructing PAUP
to retain trees progressively longer than the most parsimoni-
ous tree in increments of one step. At each incremental step a
strict consensus tree was generated. The data matrix file is
published on Morphobank website at www.morphobank.org.

SYSTEMATIC PALEONTOLOGY

Family ‘‘PHENACODONTIDAE’’ Cope, 1881a
Genus TETRACLAENODON Scott, 1892

Protogonia COPE, 1881a, p. 492.
Tetraclaenodon SCOTT, 1892, p. 299; MATTHEW, 1937, p. 187.
Euprotogonia Cope in EARLE, 1893, p. 378.

Type species.—Phenacodus puercensis Cope, 1881a.
Diagnosis.—Tooth formula i3/3 c1/1 p4/4 m3/3. The upper

incisors are small, upper canines slightly enlarged, P1–P2 simple,
P3 with a vestigial protocone, P4 protocone better expressed,
there usually is a very small metacone. Upper molars with six
cusps, hypocone and conules are large and well-expressed. No
mesostyle on upper molars. M3/ is slightly reduced, without
a hypocone. P/4 with a well-developed metaconid, vestigial
paraconid and large talonid with two cuspids: hypoconid and
entoconid. Lower molars with a much reduced paraconid.
Talonid is as wide as the trigonid, but usually lower. The talonid
is not basined. Hypoconulid is present on all molars, largest on
M/3. Differs from Phenacodus Cope, 1873 and Copecion
Gingerich, 1989 in lacking the mesostyle on upper molars, also
differs from Copecion in having relatively shorter molars.

Included species.—Tetraclaenodon puercensis ‘‘puercensis’’
(Cope, 1881a); Tetraclaenodon puercensis ‘‘pliciferus’’ (Cope,
1882b).

Occurrence.—Lower Paleocene (Torrejonian) of North
America.

Discussion.—There are two distinct size groups of Tetra-
claenodon, a larger form and a smaller form that differ very
little in morphology. The size difference is often more than 20–
30%. It is possible that the two size groups represent two
distinct species but until the entire sample of Torrejonian
Tetraclaenodon is analyzed we use the subspecies name
‘pliciferus’ for the smaller size group and ‘puercensis’ for the
larger size group, as was suggested by Williamson (1996). The
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FIGURE 1—Skull of Tetraclaenodon puercensis ‘‘pliciferus’’ (Cope, 1882b), NMMNH P-20949: 1, dorsal view; 2, ventral view; 3, left lateral view. Scale
bar51 cm.
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FIGURE 2—Reconstruction of the skull of Tetraclaenodon puercensis ‘‘pliciferus’’: 1, dorsal view; 2, ventral view; 3, left lateral view. Abbreviations:
asp5alisphenoid; bas5basisphenoid; boc5basioccipital; cfe5crista frontalis externa; fhy5foramen hypoglossi; fin5foramen incisivum; fio5foramen
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two size groups of Tetraclaenodon are not likely to represent sexual
dimorphism because the smaller specimens come from the lower
levels within Torrejonian, while the larger specimens come from
the upper levels of that interval (Libed et al., 2001). Although
dental morphology has been described for both permanent and
deciduous dentition of Tetraclaenodon puercensis puercensis, the
dentition of the smaller subspecies has not been well characterized,
so we include it here. Matthew (1937) briefly described the very
fragmentary skull of Tetraclaenodon puercensis, while the very few
postcranial elements known for this species have been only briefly
mentioned (Radinsky, 1966) and not described formally.

Tetraclaenodon puercensis ‘‘pliciferus’’ Cope, 1882b
Figures 1–7

Tetraclaenodon pliciferus COPE, 1882b, p. 833; COPE, 1884b,
p. 893, fig. 14; MATTHEW, 1937, p. 193; WEST, 1971, p. 8, fig. 3.

Type.—AMNH 3900, mandibular and maxillary fragments
with left P4–M2 and p4–m2.

Skull, mandible, and dentition.—The skull is poorly pre-
served as it is crushed dorsoventrally and the ventral portion is
displaced to the left side. Most of the bones are crushed into a
mosaic of small pieces, which makes the identification of
sutures very difficult or impossible. The orbit, basicranium,
and palate are badly crushed and did not provide much
information about the location of foramina and fissures. The
rostral portion of the skull is longer than the cephalic portion
(Figs. 1, 2). The narrowest point of the skull is at the postor-
bital constriction. The premaxilla does not contact the frontal;
it wedges between the nasal and maxilla. The nasals are long
and taper posteriorly. Anteriorly they are pointed and over-
hand the nares. The maxillary bone forms most of the rostral
part of the skull and the palate. The infraorbital foramina are

r

infraorbitale; fmg5foramen magnum; frn5frontale; jug5jugale; lac5lacrimale; lbd5lambdoid crest; max5maxillare; nas5nasale; occ5occipital
condyle; pac5paroccipital process; pal5palatinum; par5parietale; pet5petrosum; pmx5premaxillare; pob5postorbital process; sgt5sagittal crest;
sqa5squamosum. Scale bar51 cm.

FIGURE 3—Upper teeth and dentaries of Tetraclaenodon puercensis ‘‘pliciferus,’’ NMMNH P-20949: 1, right P3–M3, occlusal view; 2, left P3–M3,
occlusal view; 3, left dentary with c1, p2–p3, m1–m3, labial view; 4, right dentary with c1–m3, labial view; 5, left dentary with c1, p2–p3, m1–m3, occlusal
view; 6, right dentary with c1–m3, occlusal view. Scale bars51 cm.
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FIGURE 4—Forelimb bones of Tetraclaenodon puercensis ‘‘pliciferus,’’ NMMNH P-20949: 1, right humerus, anterior view; 2, right humerus, posterior
view; 3, right humerus, lateral view; 4, right humerus, medial view; 5, right humerus, proximal view; 6, right radius, posterior view; 7, right radius,
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situated above the P3. The maxilla does not contact the frontal
within the orbital rim as there is a large lacrimal bone. A small
lacrimal tubercle is present. The lacrimal canal opens within
the orbit. The zygomatic arches were robust. The jugal (5os
zygomaticum) is distinctly bifurcated anteriorly and almost
reaches the anterior corner of the orbit dorsally. It contacts the
lacrimal and maxillary bones anteriorly. The frontals are wide;

the postorbital processes are well developed and form the roof
of the orbit dorsally. The external frontal crests merge together
at the postorbital constriction and form a well-expressed
sagittal crest, which joins the rather tall lambdoid crest
posteriorly. The occiput is narrow and triangular in outline;
there are two low crests that extend from the sides of the
foramen magnum dorsally. The occipital condyles have a rather
complex shape: the medial part of the condyles is narrow, and
the lateral part is much expanded. The paroccipital processes
are well-expressed, but short; they are separated from the
occipital condyles by shallow notches. Robust alisphenoid
bones formed lateral walls of the posterior part of the choanae.
The presence or absence of alisphenoid canal cannot be
established for certain, although it looks like there was a lateral
flange on either of the alisphenoid bones, which could have
contained the alar canal. Badly crushed basioccipital fragment
contains a hypoglossal foramen on the left side.

The dental formula is i3/3 c1/1 p4/4 m3/3, and the tooth
rows are almost parallel to each other (see Tables 1 and 2 for
tooth measurements). There are short diastemata between the
C1/c1 and the P1/p1, and even shorter ones between the P1/p1
and P2/p2. The incisors are simple, round in cross-section, and
of similar size. The upper canine is small, pointed, and slightly
compressed laterally.

The P1 is single-rooted; the P2 is much larger and has two
roots. The P3 has a well-expressed protocone that is less than a
third of the size of the paracone. The cingulum is very well
developed and is only interrupted on the labial side of the
crown. It forms two additional cusps, very small parastyle and
metastyle. A very small metacone is situated on the posterior
slope of the paracone. The P4 is semi-molarized and has a
large protocone that is only slightly smaller than the paracone;
a parastyle, formed by the anterior cingulum; a metacone,
which is adjacent to the posterior wall of the paracone; and a
paraconule. The cingulum is nearly complete and only inter-
rupted at the lingual base of the protocone.

The upper molars are bunodont. The M1 is square in outline
and has six cusps. The protocone, paracone, and metacone are
close in size and are larger than the paraconule, metaconule,
and hypocone. The lingual cingulum is absent. There is a small
cuspule on the posterior slope of the protocone. The M2 is
similar to M1 in structure, but is larger and has a rectangular
outline. The cuspule on the posterior slope of the protocone is
better developed than on the M1. The M3 is significantly
reduced and is nearly oval in outline. The hypocone is absent.
The paracone and protocone are similar in size and are larger
than the paraconule, metacone, and metaconule, which are
close in size to each other. The cingulum is nearly complete.

The mandible is long and slender (Fig. 3). The mandible is
similar in shape to that of other phenacodontids and early
perissodactyls, in having a long horizontal ramus and a tall
vertical ramus, which is almost perpendicular to the horizontal
ramus (Radinsky, 1966). Although most of the angular
portion of the mandible is missing in NMMNH P-20949, it
is evident from the left ramus that the angular process projects
ventrally, similar to other phenacodontids and early perisso-
dactyls (Radinsky, 1966). The symphysis extends to the level
of the posterior root of the p2. The symphysis is unfused. The
anterior mental foramen is under the p1, and the posterior is
under the p3.

r

anterior view; 8, right radius lateral view; 9, right ulna, anterior view; 10, right ulna, lateral view; 11, right ulna, medial view; 12, right metacarpals II–IV
embedded in matrix; 13, left metacarpals I–V, proximal phalanges of digits III and IV, middle phalanx of digit III. Scale bar51 cm.

FIGURE 5—Reconstruction of the right humerus and ulna of
Tetraclaenodon puercensis ‘‘pliciferus’’: 1, humerus, anterior view; 2,
humerus, posterior view; 3, ulna, anterior view; 4, ulna, lateral view.
Abbreviations: ancp5anconeal process; bcgr5bicipital groove; capt5ca-
pitulum; cphm5caput humeri; crpr5coronoid process; dpcr5deltopec-
toral crest; enef5entepicondylar foramen; lscc5lateral supracondylar
crest; mede5medial epicondyle; olec5olecranon; olfs5olecranon fossa;
rafa5radial facet; rfos5radial fossa; slno5semilunar notch; tmaj5
tuberculum majus; tmin5tuberculum minor; trch5trochlea. Scale
bar51 cm.
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The lower canine is small and round in cross-section. The
p1 is simple, single-cusped, and single-rooted. The p2 is
larger, double-rooted and has an additional cuspid posterior
to the protoconid. The p3 has a small talonid; the anterior

cingulid forms a small cuspid. The erupting p4 has a tricuspid
trigonid.

The m1 is rectangular in shape. The paraconid is fused
to the metaconid. The paracristid is weak, but distinct. The
cristid obliqua joins the posterolingual wall of the metaconid.
The entoconid is large and equal in size to the hypoconid. The
hypoconulid is small and median in position. The postcristid
and entocristid are weak, and the talonid basin is open
lingually. There is a small denticle on the anterior slope of the
entoconid. The m2 is larger than m1, and the paraconid is
greatly reduced but still discernible on the anterior slope of
the metaconid. The paracristid is weak. The hypoconulid is
slightly larger than on the m1. The m3 is laterally compressed;
the paraconid is not as reduced as on the m1–m2 and is more
centrally placed. The hypoconulid is large and close in size to
the hypoconid.

Skull measurements (in mm).—Skull length, 110.2; skull
width at the level of M2, 47.6; skull width between the tips of
the postorbital processes, 29.2; width of the snout at the level
of the canines, 19.7; length of the hard palate, 57.5; maximum
width of the hard palate, 16.9; distance between the rostral
corner of the orbit and the tip of the snout, 46.4; length of
nasal bones, 18.7; maximum width of nasal bones, 10.8;
maximum width of the braincase, 32.8; length of the sagittal
crest, 41.7; height of the occiput (including the lambdoid
crest), 28.5; distance between the tips of the paroccipital
processes, 29.4; distance between tip of the postorbital process
and the tip of the snout, 58.5; transverse diameter of the
foramen magnum, 13.4; vertical diameter of the foramen
magnum, 7.6; height of the left occipital condyle, 7.6; width of
the left occipital condyle, 9.9; height of the right occipital
condyle, 6.4; width of the right occipital condyle, 10.7; width
of the palate between the M2s, 16.3; width of the palate
between the P4s, 14.9; width of the choanae, 10.5.

Vertebral column.—Most of the thoracic and all of the
lumbar and sacral vertebrae are almost completely covered by
intractable matrix and thus are unavailable for description.
The axis is preserved in a separate block with several other
cervical vertebrae. It has a large odontoid process, and the
articular facets for the atlas are rounded. Its spinous process is
tall and robust. Ventrally, there is a prominent tubercle on the
posterior part of the centrum and a sharp central crest. One of
the middle cervicals (probably C3 or C4) shows morphology
typical of cervical vertebrae, with a well-developed transverse
foramen, laterally projecting transverse processes, and a tall
spinous process. Several disarticulated caudal vertebrae have
been found in association with the skeleton. They have
cylindrical bodies that are constricted in the middle. Anterior
articular processes are better developed than the posterior
processes. The hemal arches are absent.

Humerus.—The right humerus of NMMNH P-20949 is
complete, including the epiphyses (Figs. 4, 5), and the left
lacks the distal end. The head of the humerus is hemispherical
and projects to the same level as the tuberculum majus. In
terrestrial taxa, the greater tubercle usually projects above the
humeral head, restricting the mobility of the shoulder joint
(Szalay and Sargis, 2001; Sargis, 2002a). The condition seen in
Tetraclaenodon is intermediate between that of climbing
mammals (Sargis, 2002a; Salton and Sargis, 2008) and typical
terrestrial taxa in that the rather robust greater tubercle
neither projects above the humeral head nor is located much
below the head. There is a very shallow groove on the dorsal
surface of the greater tubercle for the insertion of m. supra-
spinatus, which abducts and rotates the forelimb laterally. The
lesser tubercle is very well developed and robust and projects

FIGURE 6—Hind limb bones of Tetraclaenodon puercensis ‘‘pliciferus,’’
NMMNH P-20949: 1, left femur, anterior view; 2, right femur, posterior
view; 3, right tibia, medial view; 4, reconstruction of the left femur,
anterior view; 5, reconstruction of the left femur, posterior view.
Abbreviations: clfm5collum femoris; cpfm5caput femoris; grtr5greater
trochanter; lacd5lateral condyle; letr5lesser trochanter; mecd5medial
condyle; thtr5third trochanter. Scale bar51 cm.
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above the head of the humerus. The lesser tubercle provides an
area for the insertion of m. subscapularis, which rotates
the humerus medially, stabilizes the joint, and adducts the
appendage. This muscle is very strong in climbing mammals,
which have an enlarged lesser tubercle (Larson, 1988; Sargis,
2002a). The teres major tuberosity is not well expressed, and
the bicipital groove is wide and shallow, different from
climbing mammals (Taylor, 1974; Salton and Sargis, 2008).
The shaft of the humerus is long and slender and is bowed

anteriorly. There is a prominent deltopectoral crest that
descends distally for more than 60 percent of the length of
the bone, which was also noted by Radinsky (1966). A long
deltopectoral crest is typical of climbing mammals (Gebo and
Rose, 1993; Gebo and Sargis, 1994; Salton and Sargis, 2008)
and is usually weak and short in terrestrial and cursorial taxa
(Penkrot et al., 2008; Salton and Sargis, 2008). A different,
much more robust type of deltopectoral crest is found in
fossorial mammals, such as palaeanodonts, Ernanodon, and

FIGURE 7—Foot bones of Tetraclaenodon puercensis ‘‘pliciferus,’’ NMMNH P-20949: 1, right calcaneus, dorsal view; 2, right calcaneus, ventral view;
3, right talus, dorsal view; 4, right talus, ventral view; 5, right talus, lateral view; 6, right talus, proximal view; 7, right navicular, distal view; 8, right
navicular, proximal view; 9, right cuboid, dorsal view; 10, metatarsals II–IV; 11, ungual phalanx, lateral view; 12, ungual phalanx, plantar view.
Abbreviations: cubf5cuboid facet of calcaneus; ectf5ectal (5posterior calcaneoastragalar) facet; pltb5plantar tubercle; ptub5peroneal tubercle;
susf5sustentacular facet of calcaneus; sust5sustentaculum; suta5sulcus tali; tafc5talar facet of calcaneus; taff5fibular facet of talus; tahd5head of
talus; tane5neck of talus; tasf5sustentacular facet of talus; tcal5tuber of calcaneus; trch5trochlea of talus; trlr5lateral rim of the trochlea of talus;
trmr5medial rim of the trochlea of talus. Scale bar55 mm.

TABLE 1—Upper tooth measurements (in mm) of Tetraclaenodon puercensis ‘‘pliciferus,’’ NMMNH P-20494.

Tooth (Side)

C1 P2 P3 P4 M1 M2 M3

R L R L R L R L R L R L R L

Length 4.0 4.1 — 6.0 5.9 6.1 6.0 6.1 6.6 6.9 7.1 7.1 5.5 5.7
Width 3.0 3.1 — 4.8 5.9 6.0 7.8 7.5 8.9 8.5 9.1 9.4 7.8 7.5
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large arctocyonids (Rose and Emry, 1983, 1993; Ding, 1985;
Rose et al., 1992; Kondrashov and Agadjanian, 2005; personal
observations).

The distal portion of the humerus is wider mediolaterally
than in other phenacodontids (Cope, 1884a; Osborn, 1898;
Thewissen, 1990; Rose, 1996a, 2001). The lateral supracondy-
lar ridge is well pronounced, but short. It is weaker than in
climbing mammals but more pronounced than in cursorial
mammals in our collection and resembles that of terrestrial
tenrecs (Salton and Sargis, 2008). The medial epicondyle is
moderately developed and does not project as far medially
as in most climbing mammals (Emry and Thorington, 1982;
Argot, 2001; Sargis, 2002a; Salton and Sargis, 2008), but is
larger than in Phenacodus and early perissodactyls (Radinsky,
1966). Although the entepicondylar foramen is partially filled
with matrix, it is easy to trace it on both the anterior and
posterior sides of the humerus. It is large and faces poster-
odorsally. The entepicondylar foramen is usually reduced in
mammals with terrestrial and especially cursorial adaptations
(Reed, 1951; Salton and Sargis, 2008; personal data). The
capitulum is hemispherical in shape, providing more mobility
in the joint by allowing the radius to rotate more freely (Szalay
and Dagosto, 1980; Rose, 1988; Sargis, 2002a), which is more
typical of mammals with climbing adaptations. In terrestrial
and cursorial taxa, the capitulum is spool-shaped in order to
restrict motion to the parasagittal plane. On the other hand,
the trochlea is mediolaterally narrow and continuous with the
capitulum, bringing the ulna and radius closer together and
restricting the range of motion this way, more like in terrestrial
taxa (Gebo and Sargis, 1994; Argot, 2001; Sargis, 2002a;
Salton and Sargis, 2008). Both the radial and olecranon fossae
are rather deep, but the presence or absence of the supra-
trochlear foramen cannot be established for certain. Usually
the radial and olecranon fossae are shallow in mammals with
adaptations for climbing (Salton and Sargis, 2008).

Humerus measurements (in mm).—Right humerus: length
75.6; maximum proximal width 17.0; diameter of the head
(mediolateral) 11.4; diameter of the head (anteroposterior)
10.7; distal width 18.2; length of the deltopectoral crest 49.1;
left humerus: maximum proximal width 18.6; diameter of the
head (mediolateral) 11.5; diameter of the head (anteroposte-
rior) 10.5; length of the deltopectoral crest 50.4.

Ulna.—The right ulna of NMMNH P-20949 is complete
(Figs. 4, 5), and only part of the shaft of the left ulna was
preserved in natural articulation with the left radius shaft. The
ulna is laterally compressed and slightly bowed posteriorly.
The olecranon is well developed, long, tall, straight, and
slightly curved medially, but not inclined anteriorly, which is
different from the condition seen in climbing mammals, where

the olecranon is both reduced and inclined anteriorly, and
corresponds closely to the condition seen in terrestrial taxa
(Taylor, 1974; Van Valkenburg, 1987; Argot, 2001; Szalay
and Sargis, 2001; Sargis, 2002a; Salton and Sargis, 2008).
The olecranon/ulna index is 19%, which is typical for
terrestrial mammals, but too high a value for climbing
mammals (Verma, 1963; Sargis, 2002a; Salton and Sargis,
2008).

The olecranon is deeply excavated medially and bears a
crest for the insertion of the triceps. There is a distinct crest on
the lateral side of the olecranon, probably for the insertion of
the m. tensor fasciae antebrachii, which apparently was very
strong. The olecranon and proximal ulna are also important
areas for the origin of the carpal and digital flexors, such as m.
flexor carpi ulnaris, which originates on the medial olecranon
and flexes the hand, and m. flexor digitorum profundus (ulnar
head), which originates at the caudal proximal ulna. Both
muscles are very important for providing a hand-grip in
climbing mammals. Another interesting feature is the presence
of a distinct groove on the lateral side of the ulna for the m.
abductor pollicis longus, which manipulates the thumb, but
there is no other evidence of the abducted pollex. The
semilunar (or trochlear) notch is deep and long, but very
narrow. The deeper semilunar notch is more typical of
terrestrial rather than climbing mammals (Argot, 2001; Salton
and Sargis, 2008). The long axis of the notch is 20–25u to the
long axis of the bone, very similar to Eocene Chriacus (Rose,
1987). The anconeal process is taller than the coronoid
process. The latter is not bifurcated and has a very small
radial facet, which occupies the lateral surface of the coronoid
process. The radial facet is smaller than in either climbing
mammals (e.g., squirrels and Bassariscus Coues, 1887) or
cursorial/terrestrial taxa (e.g., ungulates: personal data). The
distal ulna is damaged, so the shape of the styloid process is
difficult to judge.

Ulna measurements (in mm).—NMMNH P-20949, right
ulna: length 71.9; mid-shaft diameter (mediolateral) 7.3; mid-
shaft diameter (anteroposterior) 3.3; olecranon length 11.8.

Radius.—The distal two thirds of the right radius are
preserved in natural articulation with the right ulna (Fig. 4),
and half of the left distal radius, including the articular
surface, is preserved. The radius is rather short compared to
the humerus: the brachial index (radial length/humerus length)
calculated based on the estimated radial length is ,0.7, which
is almost identical to the brachial index in Prolimnocyon
Matthew, 1915a (Gebo and Rose, 1993). Relatively shorter
radii are typical of arboreal and scansorial taxa, whereas in
cursorial mammals this index is much higher (Davis, 1964;
Hildebrand and Goslow, 2002; Gebo and Rose, 1993), but
short radii may also reflect the primitive condition. No radial
head is preserved. The radius is slightly bowed posteriorly.
The bone distinctly widens distally. The middle part of the
shaft is round in cross-section, and the distal part is triangular
in cross-section, keeled on the palmar surface. Having three
prominent planes on the distal radius provides plenty of
area for the attachment of m. pronator quadratus, similar to
scansorial mammals (Gebo and Rose, 1993). The distal radius
is not well preserved.

Radius measurements (in mm).—NMMNH P-20949, right
radius: length (estimated) 53.0; mid-shaft diameter 4.1;
NMMNH P-20949, left radius: mid-shaft diameter 4.3.

Manus.—Most of the elements of the right manus of
NMMNH P-20949 are damaged and covered with matrix.
Radinsky (1966) mentioned that the carpus of Tetraclaenodon
is of ‘alternating’ type, which means that the scaphoid (os

TABLE 2—Lower tooth measurements (in mm) of Tetraclaenodon
puercensis ‘‘pliciferus,’’ NMMNH P-20494.

Tooth Length Trigonid width Talonid width

Rc1 3.2 2.9 —
Rp1 3.0 2.1 —
Rp2 5.7 3.0 —
Rp3 6.2 4.3 —
Rm1 7.0 6.5 —
Rm2 7.8 7.0 6.8
Rm3 8.2 4.8 4.0
Lc1 3.1 3.0 —
Lp2 5.7 3.1 —
Lp3 6.0 — —
Lm1 8.0 6.2 6.4
Lm2 8.1 — 6.7
Lm3 7.3 6.0 5.1
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carpi radiale) partially rests on the capitatum (os carpi distale
III), and the lunatum (os carpi intermedium) partially rests
on the hamatum (os carpi distale IV). The carpus of later
phenacodontids (e.g., large Phenacodus) is of serial type,
which means that the scaphoid rests only on the trapezoid/
trapezium and the lunatum rests only on the capitatum
(Radinsky, 1966). Metacarpals II–IV of NMMNH P-20949
are preserved in natural articulation, together with the broken
and displaced distal portion of the fifth metacarpal (Fig. 4).
Metacarpal III is most robust and is slightly longer than
metacarpals II and IV (Table 3). The metacarpals slightly
widen distally. The distal articular surfaces of the metacarpals
expand onto dorsal and ventral sides. The metacarpals differ
slightly in relative length from those in Eocene Chriacus
(Rose, 1987). Metacarpal IV is relatively shorter in Eocene
Chriacus (75% of the metacarpal III length) than in
Tetraclaenodon (86% of the metacarpal III length). Both
metacarpals I and V are smaller than metacarpals II–IV. The
difference is not as drastic as in early perissodactyls, but the
lateral elements of the forelimb still seem to be slightly
reduced, possibly indicating terrestrial habits (Hopwood,
1947; Gambaryan, 1974).

A few isolated phalanges are associated with the skeleton.
The proximal phalanx of the third digit has a concave
proximal articular surface that is split ventrally by a deep
fissure. The distal articular surface is saddle-shaped and
mostly confined to the distal and ventral sides of the bone. The
bone is excavated distally on both sides for ligament insertion.
The middle phalanx of the third digit is more than half of
the length of the proximal phalanx (Table 3). The proximal
articular surface has two deep concavities; on the dorsal side
there is a process overhanging the articular surface. The distal
articular surface extends onto dorsal and ventral sides of the
bone.

Pelvis.—The pelvis is heavily concreted, and the right
innominate is almost completely covered by matrix. The left
innominate is more exposed and allows some comparison. The
iliac wing is wide and slightly concave laterally. The ischial
spine is located anteriorly, dorsal to the posterior border of the
acetabulum. The acetabular area is covered with intractable
matrix and not available for study. The ischium is long and
narrow and forms a flat tuberosity. The most caudal portion
of the ischium is slightly curved ventrally. The pelvis is too
fragmentary for detailed measurements.

Femur.—Both left and right femora of NMMNH P-20949
are preserved although partially concreted and crushed. The
right femur is mostly exposed along its posterior side, and the
left femur is mostly exposed along its anterior side (Fig. 6).
The femur is long and robust with a rounded shaft and wide
proximal and distal ends. The central axis of the head and
neck of the femur is oriented at about 135u to the long axis of
the shaft. The greater trochanter projects slightly more
superiorly than the head, and it is wide and blunt. Because

the skeleton belonged to a subadult individual, it is possible
that the epiphysis of the greater trochanter has been lost,
which could have contributed to its small size. The intertro-
chanteric fossa is deep, indicating strong development of the
lateral rotators of the femur, such as mm. obturator externus
et internus and mm. gemelli superior et inferior. The lesser
trochanter is very well developed, triangular in shape, and
projects more medially than posteriorly, indicating terrestrial
or cursorial habits (Taylor, 1976; Gebo and Sargis, 1994;
Heinrich and Rose, 1997; Szalay and Sargis, 2001; Sargis,
2002b). The extremely large, distally-placed third trochanter is
located one third of the length of the bone from the proximal
end, similar to Phenacodus and early perissodactyls. The
enlarged third trochanter would increase the leverage of the
attached muscles, including m. gluteus superficialis, which is a
powerful extensor of the hip. Sargis (2002b) suggested that an
enlarged third trochanter in some tupaiines could be an
indication of powerful extension of the thigh during terrestrial
running. The shaft is rounded in cross-section and slightly
widens distally. The femur is straight and does not have
the curvature seen in the femora of scansorial taxa (e.g.,
Prolimnocyon and Thinocyon Marsh, 1872) (Gebo and Rose,
1993; Morlo and Gunnell, 2003). Both femora are damaged
distally, and articular surfaces are not preserved.

Femur measurements (in mm).—NMMNH P-20949, left
femur: length 89.4; distance between the tip of the greater
trochanter and middle of the third trochanter 32.6; maximum
proximal diameter 23.2; diameter of the head (mediolateral)
11.0; diameter of the head (anteroposterior) 8.4; mid-shaft
diameter 10; NMMNH P-20949, right femur: length 88.3;
distance between the tip of the greater trochanter and middle
of the third trochanter 34.3; maximum proximal diameter
24.0; diameter of the head (anteroposterior) 9.5; mid-shaft
diameter 10.3.

Tibia.—Both tibiae are incompletely preserved in NMMNH
P-20949. The left tibia is partially encased in a concretion and
broken, and the right tibia is also partially covered with
matrix, but most of its shaft is not in the concretion (Fig. 6).
The tibia is rather long (the estimated crural index is ,101%),
which is typical of terrestrial mammals (Gebo and Rose,
1993). The proximal articular surface is divided into two by a
well-expressed intercondylar eminence. The lateral articular
surface is slightly more elevated than the medial one, which
indicates that the medial condyle of the femur projected
farther distad than the lateral condyle and suggests that
Tetraclaenodon possibly had knee valgus (was knock-kneed),
although this cannot be confirmed by the femur morphology
because both distal femora are badly damaged. The shaft of
the bone is laterally compressed in its proximal part and
becomes rounded in cross-section towards its distal end. The
cnemial crest is well expressed and long. It extends to
approximately 45 percent of the length of the bone. The distal
portions of both tibiae are missing.

Tibia measurements (in mm).—NMMNH P-20949, left
tibia: length (estimated) 90.0; maximum proximal diameter
18.9; cnemial crest length 41.0; NMMNH P-20949, right tibia:
length (estimated) 89.0; maximum proximal diameter 19.0;
cnemial crest length 39.0.

Fibula.—The partial left fibula, missing proximal and distal
ends, was found associated with the tibia in the concretion.
The right fibula is represented by a shaft fragment. The tibia
and fibula are not fused. The shaft of the fibula is rounded in
cross-section. The medial surface of the fibular shaft is flat,
and the lateral surface is convex.

TABLE 3—Measurements (in mm) of the manus elements of
Tetraclaenodon puercensis ‘‘pliciferus,’’ NMMNH P-20494.

Bone of the manus Length Proximal width Distal width

Right metacarpal II 28.0 — —
Right metacarpal III 29.0 — 5.6
Right metacarpal IV 25.0 — 5.1
Left metacarpal IV 24.0 4.3 4.9
Left metacarpal V — 3.9 —
Proximal phalanx of digit III 12.3 6.5 4.1
Proximal phalanx of digit II or IV 11.6 4.9 3.8
Middle phalanx of digit III 6.9 4.25 3.3
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Fibula measurements (in mm).—NMMNH P-20949, left
fibula: mid-shaft diameter 4.7; NMMNH P-20949, right
fibula: mid-shaft diameter 4.5.

Talus.—Both tali of NMMNH P-20949 are preserved: the
right is complete (Fig. 7), and the left is incomplete. The
overall shape of the talus (5astragalus) resembles that of
terrestrial and scansorial mammals; it is not long-necked as in
arboreal taxa (Polly, 2008). The overall shape corresponds to
either a semidigitigrade or a digitigrade stance (Polly, 2008), as
the astragalus has a short neck. The talus is very similar to
the corresponding bone of other phenacodontids, even such
specialized ones as Meniscotherium Cope, 1874 (Williamson
and Lucas, 1992), in the shape of the fibular facet. It is also
similar to the talus assigned by Szalay and Lucas (1996) to
Paleocene Chriacus.

The trochlea is cylindrical and tall. It is deeper than in
specialized scansorial and arboreal forms (except for special-
ized leapers), but shallower than in specialized cursors. The
trochlea extends onto the posterior (proximal) surface of the
talus, a feature associated with cursorial adaptations (Penkrot
et al., 2008), although it also occurs in arboreal sciurids
(personal observation). Both lateral and medial rims are about
the same height and diverge slightly. The medial wall of the
trochlea is rather steep, whereas the lateral wall slopes rather
gently and forms a laterally-projecting flange—a feature
also found in the talus of other phenacodontids (personal
observations), Meniscotherium (Williamson and Lucas, 1992),
and to a much lesser extent in Protungulatum Sloan and Van
Valen, 1965 (Szalay, 1977). The flange has a distinct dorsal
articular surface for articulation with the fibula. This feature
was not observed in other archaic ungulates, such as
Arctocyon Blainville, 1841 or Paleocene and Eocene Chriacus,
or any of the studied scansorial, terrestrial, or cursorial
carnivores or sciurids (personal data).

The curvature of the lateral rim is slightly greater than that
of the medial rim. The head is ellipsoidal in shape and is
slightly compressed dorsoventrally. It is much wider than the
neck. There is a facet on the lateral side of the head for
articulation with the cuboid. The neck is oriented at about 45u
to the long axis of the trochlea. The articular surface of the
head is rather convex, similar to the Paleocene and Eocene
Chriacus (Rose, 1987; Szalay and Lucas, 1996). The sulcus tali
is well expressed. The posterior calcaneoastragalar (ectal) facet
is elongated transversely and concave, similar to Meniscother-
ium (Williamson and Lucas, 1992). It is separated from the

sustentacular facet by a deep groove. The sustentacular facet is
rather large, more like that of scansorial taxa (Polly, 2008) and
has a rounded outline; it is very gently convex. The talar canal
does not seem to be present, although the very hard nature of
the matrix, which has the same color and consistency as the
bone, could obscure the existing canal. If present, the canal is
greatly reduced. The shape of the two calcaneal facets closely
resembles the morphology described for other phenacodon-
tids, Meniscotherium, and Paleocene Chriacus (Thewissen,
1990; Williamson and Lucas, 1992; Szalay and Lucas, 1996).
See Table 4 for measurements.

Calcaneus.—The complete right calcaneus is preserved with
NMMNH P-20949. The calcaneus is robust, and the tuber
calcanei is rather long and slightly compressed laterally
(Fig. 7), similar to terrestrial or cursorial taxa (Heinrich and
Rose, 1997; Hildebrand and Goslow, 2002). The peroneal
tubercle is very well pronounced and located farther distally
than the cuboid facet, similar to other phenacodontids
(Thewissen, 1990; Williamson and Lucas, 1992; Rose, 1996a).
A distally placed peroneal tubercle is typically associated with
terrestrial or cursorial locomotion, while in climbing mammals,
such as Potos Geoffroy, Saint-Hilaire, and Cuvier, 1795, Nasua
Storr, 1780, and Nandinia Gray, 1830, the peroneal tubercle is
more proximally positioned (Heinrich and Rose, 1997). The
cuboid facet is at a 45u angle to the rest of the bone. It is
rectangular in shape and is very slightly concave dorsoventrally,
as in Ectocion and Phenacodus. The posterior facet for the
articulation with the body of the talus and distal fibula has a
rounded outline. The sustentaculum is triangular in shape and
projects far medially. The plantar tuberosity is very well
expressed. Overall, the calcaneal morphology is very similar
to that of other phenacodontids in the general shape, position
of the peroneal tubercle, and shape of the sustentacular and
talar facets. See Table 5 for measurements.

Cuboid.—The complete right cuboid is preserved with
NMMNH P-20949. The cuboid is cylindrical in shape (Fig. 7).
The calcaneal facet is oblique and very gently convex, similar
to other phenacodontids. This facet is more strongly convex
and helical in Eocene Chriacus. Overall, the calcaneocuboid
joint was rather stable and allowed little mobility. The
plantar groove for the m. peroneus longus is deep. The talar
facet is very narrow and expands slightly towards the plantar
side. There is a large, rounded plantar tubercle on the plantar
side.

TABLE 4—Talus measurements (in mm) of Tetraclaenodon puercensis ‘‘pliciferus’’ (NMMNH P-20494) and T. puercensis ‘‘puercensis’’ (NMMNH
P-48072, P-48360, and P-35059). Abbreviations: HD5head diameter (mediolateral); L5length; PCFL5length (anteroposterior) of the posterior
calcaneus facet; PCFW5width (mediolateral) of the posterior calcaneus facet; SL5length (anteroposterior) of the sustentacular facet; SW5width
(mediolateral) of the sustentacular facet; TW5trochlea width; W5width.

Specimen no. Side L W HD TW PCFW PCFL SW SL

NMMNH P-20494 .Right 14.9 12.7 9.3 7.9 8.3 4.6 5.1 5.8
NMMNH P-20494 .Left 15.0 12.2 9.5 7.8 7.9 4.4 — —
NMMNH P-48072 .Right 17.7 14.5 — 9.3 9.2 4.5 6.1 6.8
NMMNH P-48360 .Left 17.6 14.1 9.8 8.9 9.9 5.1 6.1 6.7
NMMNH P-35059 .Left 16.8 15.8 9.2 9.3 9.7 5.0 5.9 7.1

TABLE 5—Calcaneus measurements (in mm) of Tetraclaenodon puercensis ‘‘pliciferus’’ (NMMNH P-20494) and T. puercensis ‘‘puercensis’’ (NMMNH
P-15742 and P-35059). Abbreviations: CFH5cuboid facet height; CFL5cuboid facet width; L5length; MDW5maximum distal width;
SW5sustentaculum width; TH5tuber height; TL5tuber length; TW5tuber width.

Specimen no. L MDW TL TW TH SW CFL CFH

NMMNH P-20494 26.2 12.6 13.0 5.1 7.9 6.3 13.7 6.2
NMMNH P-15742 33.4 — 18.1 9.2 10.1 7.4 14.1 6.8
NMMNH P-35059 31.7 — 17.8 8.9 9.4 — 13.5 6.8
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Measurements (in mm).—NMMNH P-20949, right cuboid:
length 9.6; width 7.1.

Navicular.—The bone is proximodistally compressed, con-
cave proximally, and slightly convex distally (Fig. 7). The
articular facet for the talar head is dorsoventrally elongated
and distinctly concave. There is a large, triangular plantar
process. The articular surfaces for the third and fourth
metacarpals are separated by a sharp ridge but there is no
depression between these two surfaces. Another more flat-
tened ridge separates the facet for the fourth metacarpal from
the facet for the fifth metacarpal.

Navicular measurements (in mm).—NMMNH P-20949,
right navicular: width 11.9; NMMNH P-20949, left navicular:
width 11.55; length 5.82; depth 9.7.

Metatarsals and phalanges.—Three metatarsals (II–IV) are
preserved in one block with a proximal phalanx, middle
phalanx, and an ungual phalanx (Fig. 7). Metatarsals II and
IV are about the same size, while metatarsal III is larger
(Table 6). Distal sagittal crests are well expressed. The
metatarsals are larger and more robust than the metacarpals.
The proximal phalanx of the third digit of the foot is larger
than any phalanges of the forelimb. The morphology of the
phalanges of the pes is very similar to that described for the
manus. The only preserved ungual phalanx is rounded distally
and flattened dorsoventrally in its distal part, but laterally
compressed in its proximal part. The phalanx is sharply keeled
ventrally, with a very large flexor tubercle on the plantar side.
The ungual phalanx is intermediate in morphology between a
claw-like and a hoof-like phalanx.

ESTIMATED BODY MASS

We estimated the body mass of NMMNH P-20949 Tetra-
claenodon to be ,3.2 kg based on the humeral, radial, and ulnar
measurements (Table 7) using equations by Roth (1990) and
Scott (1990). This means that Tetraclaenodon was heavier than
the average domestic cat, and intermediate in weight between a
rock hyrax and a mouse-deer. The estimated body mass varied
between 2.9 and 4.0 kg depending on the measurement taken,
which is very close to the range calculated by Gingerich (1990)
for Copecion brachypternus (Cope, 1882d), another phenaco-
dontid, which was similar in size to Tetraclaenodon (humeral
length 75.6 in Tetraclaenodon puercensis and 80.6 in Copecion
brachypternus). The estimated body mass for Copecion bra-
chypternus varied between 2.4–3.8 kg with an average of 3.15 kg
(Gingerich, 1990). The prediction of body mass by using dental
measurements gave a much higher estimate of ,14 kg for
Tetraclaenodon, which was also the case for Ectocion, where the
body mass estimated from tooth measurements was twice the
body mass estimated from long bone dimensions, possibly
indicating that these early ungulates had relatively large teeth
for their body mass (Gingerich, 1990).

MORPHO-FUNCTIONAL ANALYSIS

Vertebral column.—The number of thoracic vertebrae has
recently been discussed in placental mammal systematics

(Sánchez-Villagra et al., 2007). Unfortunately, this character
is difficult to assess in Tetraclaenodon, as thoracic portions of
the vertebral columns of NMMNH P-20949 and AMNH 2468
are rather poorly preserved. AMNH 2468 provides some
information about the caudal vertebrae, which indicate that
Tetraclaenodon had a long tail. A long tail (18 caudals
preserved in AMNH 2468, one through eight with neural
arches; Osborn, 1898) is more typical of arboreal and
scansorial mammals, where it is either used for balancing or
as a prehensile organ (Jenkins and Krause, 1983; Rose, 1987)
but could simply represent a plesiomorphic condition. Kielan-
Jaworowska and Gambaryan (1994) argued that a long tail
can be used for fast terrestrial locomotion.

Forelimb.—The humeral morphology of Tetraclaenodon on
one hand resembles terrestrial taxa, but on the other shows
adaptations found in climbing mammals, such as a strong
deltopectoral crest, low greater tubercle, well-developed lesser
tubercle, well-developed lateral supracondylar crest, and
hemispherical capitulum. Adaptations for cursorial locomo-
tion usually involve the opposite traits, such as a tall,
superiorly-projecting greater tubercle, reduced lesser tubercle,
short deltopectoral crest, distally narrow humerus with undevel-
oped medial epicondyle, weak lateral supracondylar crest, and a
laterally compressed (crest-like) capitulum. The scansorial
adaptations, though, are very weakly expressed in the Tetra-
claenodon humerus. Judging from the humeral morphology,
Tetraclaenodon was a terrestrial mammal that could climb trees
to seek food or to avoid predators.

The ulna resembles that of terrestrial tenrecs, such as Setifer
Froriep, 1806 and Tenrec Lacépède, 1799, in the overall shape
and orientation of the olecranon (Salton and Sargis, 2008).
The shape of the semilunar notch, the lateral position of the
radial notch, and the presence of a sharp keel on the distal
radius, though, resemble morphology seen in some scansorial
carnivores. There is a slight reduction of the lateral
metacarpals of the forelimb of Tetraclaenodon, which is more
indicative of a terrestrial lifestyle, but it is much less expressed
than in other phenacodontids and early perissodactyls.

Hind limb.—The hind limb of Tetraclaenodon resembles that
of terrestrial mammals. The Tetraclaenodon femur has a very
well-developed, distally-located third trochanter. The third
trochanter is also well developed in all phenacodontids and in
early perissodactyls (Radinsky, 1965, 1966; Rose, 1996a) and
we consider it as one of the synapomorphies of these two
groups. The third trochanter increases in size in the lineage
Tetraclaenodon–Phenacodus–Hyracotherium, which helps to
identify the polarity of this character (Radinsky, 1966). This
means that a small third trochanter indicates the plesio-
morphic condition. The third trochanter is also enlarged in
some other archaic ungulates (e.g., Hyopsodus Leidy, 1870)
and apheliscides (Apheliscus Cope, 1875 and Haplomylus
Matthew, 1915b), but has a different shape. It is either lower
or more proximally placed than in Phenacodontidae and
Perissodactyla. The shape and size of the third trochanter vary

TABLE 6—Measurements (in mm) of the elements of the pes of
Tetraclaenodon puercensis ‘‘pliciferus,’’ NMMNH P-20494.

Bone of the pes Length Proximal width Distal width

Right metatarsal II — — 6.6
Right metatarsal III — — 6.9
Right metatarsal IV — — 5.8
Proximal phalanx of digit 3 16.5 7.0 5.8
Proximal phalanx of digit 4 13.9 5.9 4.1
Middle phalanx of digit 3 8.9 5.3 3.9
Ungual phalanx of digit ?4 6.4 3.5 2.6

TABLE 7—Body mass estimates for Tetraclaenodon puercensis ‘‘pliciferus,’’
NMMNH P-20494 in grams.

Bone Body mass

Humerus (length) 2,931.2
Humerus (circumference) 4,009.7
Ulna 2,857.4
Radius 3,244.8
m1 area 14,244.5
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significantly between different mammalian taxa with the same
type of locomotion, which may indicate that it is a more
meaningful character for phylogenetic analysis. The third
trochanter is poorly developed in either cursorial or scansorial/
arboreal carnivores, but is well developed in modern squirrels
(Gebo and Rose, 1993; Heinrich and Rose, 1997; Rose and
Chinnery, 2004; Heinrich and Houde, 2006). It is enlarged in
early perissodactyls but weak in cursorial artiodactyls (Rose,
1985, 1996b). The enlarged lesser trochanter provides evidence
of a well-developed m. iliopsoas, which is a powerful
protractor of the hind limb (especially its m. iliacus portion).
The high estimated crural index of Tetraclaenodon (,100%) is
more typical of terrestrial mammals.

The talus has a primitive morphology, with a shallow
trochlea and talar-cuboid contact (Schaeffer, 1947; Szalay and
Decker, 1974). The talar trochlea of Tetraclaenodon is deeper
than in typical scansorial mammals, but shallower than in
specialized cursorial mammals. The talus of Tetraclaenodon is
very similar to the corresponding bone of other phenacodon-
tids and some other archaic ungulates in having a separate
fibular facet. The calcaneus is very similar to other phenaco-
dontids and exhibits some primitive characters, such as a
distally-placed peroneal tubercle and oblique cuboid facet,
found in other archaic ungulates (Protungulatum: Szalay and
Decker, 1974). The calcanei of early perissodactyls differ from
those of Tetraclaenodon in having a very weak and slightly
more proximally placed peroneal tubercle (Rose, 1996a).
Overall, the ankle contains a mixture of archaic features
found in terrestrial mammals.

Tetraclaenodon shows some reduction in the size of lateral
metatarsals and phalanges of the hind limb, but to a much
lesser degree than in other phenacodontids and early
perissodactyls. The ungual phalanges of Tetraclaenodon are
different from either the claw-like ungual phalanges found, for
example, in arctocyonids, such as Chriacus and Arctocyon
(personal observations), or the flattened hoof-like phalanges
of other phenacodontids or perissodactyls, and are more
similar to the narrower hooves of early artiodactyls (Rose,
1985). The presence of hooves instead of claws in Tetra-
claenodon is consistent with terrestrial habits.

COMPARISON WITH OTHER PHENACODONTIDS

The postcrania of Tetraclaenodon show multiple similarities
to other phenacodontids, especially in the hind limb morphol-
ogy, but differ somewhat in the forelimb morphology in
lacking derived cursorial traits, which was also mentioned by
Radinsky (1966).

Phenacodus.—Cope (1884a) gave detailed descriptions and
illustrated postcrania of Phenacodus primaevus Cope, 1873.
Rose (1996a, 2001) briefly discussed some postcranial features
of Phenacodus. The humerus of Phenacodus exhibits distinct
cursorial adaptations, such as a very tall greater tubercle that
projects much farther superiorly than the humeral head. The
deltoid tuberosity is not as strong as in Tetraclaenodon. The
distal humerus is much narrower than in Tetraclaenodon,
the lateral supracondylar crest is weakly developed, and the
supratrochlear foramen is present, which are definitive
cursorial traits. The manus and pes show more pronounced
reduction of the side digits than in Tetraclaenodon.

The calcaneus of Phenacodus is similar to Tetraclaenodon in
having an oblique cuboid facet and in the distal placement of
the peroneal tubercle, although the latter is not as well
developed as in Tetraclaenodon. The cuboid is more square
in Phenacodus, and the navicular is more flattened. The
ungual phalanges of Phenacodus are extremely wide and more

hoof-like compared to the narrower ungual phalanges of
Tetraclaenodon.

Copecion.—The postcranial anatomy of Copecion was
briefly described by Thewissen (1990). The humerus of
Copecion is slightly bowed, similar to Tetraclaenodon, but
not as much as in the latter. The greater tubercle is better
developed in Copecion than in Tetraclaenodon, reflecting more
cursorial adaptations of the former. The distal humerus is
narrower and has a supratrochlear foramen, which is also an
indication of cursoriality in Copecion. The Copecion ulna is
different from Tetraclaenodon in having a short and straight
olecranon. The femoral morphology is similar in Tetraclaeno-
don and Copecion, but the latter has a much smaller lesser
trochanter. The greater and third trochanters are similarly
developed in these two genera. The Copecion talus is similar
to that of Tetraclaenodon in general shape, in having the
posterior facet oriented mediolaterally, and in having a
rounded sustentacular facet. The calcanei of both forms are
also similar in the shape of the sustentaculum, in the proximal
placement of the peroneal tubercle, and in the oblique cuboid
articular surface.

Meniscotherium.—The humerus of Meniscotherium is dis-
tinctly adapted for cursorial locomotion and is quite different
from Tetraclaenodon; it has a very tall greater tubercle that
projects much farther superiorly than the corresponding
structure of Tetraclaenodon (Gazin, 1965; Williamson and
Lucas, 1992). The distal humerus is much narrower with a
well-expressed supratrochlear foramen. The hind limb mor-
phology is more similar between the two genera, especially in
the tarsus. The tali of the two genera are similar in the shape of
the fibular and sustentacular facets and in the shape of the
head and the angle of the neck. The calcanei of both forms
are also similar in the shape of the sustentaculum, in the
placement and shape of the peroneal tubercle, and in the
oblique cuboid facet.

COMPARISON WITH EARLY PERISSODACTYLS

The postcrania of Tetraclaenodon differ from the postcra-
nial skeleton of early perissodactyls in lacking the derived
cursorial adaptations. Radinsky (1965) and Rose (1996)
provided descriptions of early tapiroid postcranial material,
which allows comparison with Tetraclaenodon.

Forelimb.—Tapiroid humeri are characterized by a very
large greater tubercle that projects much farther superiorly
than the head, a trait usually associated with cursoriality.
Distally, the tapiroid humerus is rather narrow, with very
weak lateral and medial epicondyles and a very weak lateral
supracondylar crest. The supratrochlear foramen is present
in all early tapiroids. Ulna has a posteriorly inflected ole-
cranon, and the long axis of the semilunar notch is almost
parallel to the long axis of the bone. The radius is very robust,
with a well-expressed styloid process. According to Radinsky
(1965), there is no evidence of the first metacarpal in Heptodon
Cope, 1882c, although it may be present in Homogalax
Hay, 1899 (Rose, 1996a). The fifth metacarpal is much
reduced. The ungual phalanges are extremely wide and hoof-
like. Most of these characters are in a plesiomorphic state in
Tetraclaenodon.

Hind limb.—The femora of Heptodon and Homogalax are
different from Tetraclaenodon in having a deeper patellar
groove, large and posteriorly projecting condyles, very tall
greater trochanter, and less obtuse angle between the neck
and the body of the bone. The most distinctive similarity
is the large third trochanter in all phenacodontids and
early perissodactyls (Radinsky, 1965; Thewissen, 1990; Rose,
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FIGURE 8—Results of the phylogenetic analysis of 86 characters in 24 taxa: 1, 2, two most parsimonious trees (tree length5323 steps); 3, strict
consensus of the two most parsimonious trees with branch support values.
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1996a). The peroneal tubercle of Tetraclaenodon is much
better developed than the corresponding structure in Homo-
galax and other early perissodactyls (Rose, 1996a). The ungual
phalanges are wide and hoof-like in all early perissodactyls.

PHYLOGENETIC ANALYSIS

The importance of the family Phenacodontidae in the origin
of modern groups of ungulates has been well recognized
(Radinsky, 1966; Thewissen and Domning, 1992; Janis et al.,
1998). Tetraclaenodon, as the most primitive and oldest
member of Phenacodontidae, is very important for under-
standing the phylogenetic relationships both within the family
and with other groups of ungulates. In our analysis, we
focused on three main aspects of phenacodontid relationships:
1) within the family Phenacodontidae; 2) between phenaco-
dontids and other archaic ungulates; and 3) between
phenacodontids and early perissodactyls, artiodactyls, hyrax-
es, prosobscideans, and macroscelideans. Unfortunately, very
few archaic ungulates are known from their postcranial
skeleton, so our selection of ‘condylarths’ was rather limited.
For this reason, many of the analyses of relationships of
archaic ungulates are either limited to dental characters
(Tabuce et al., 2001) or to dental and ankle characters (Zack
et al., 2005; Tabuce et al., 2007). Despite the very scarce
information about the postcrania of archaic ungulates, we
were able to include representatives of five ‘‘condylarth’’
families in our analysis: Arctocyonidae, Periptychidae, Hyop-
sodontidae, Pleuraspidotheriidae, and Phenacodontidae. We
chose Homogalax and Hyracotherium Owen, 1841 as examples
of early perissodactyls, Diacodexis Cope, 1882c as an early
artiodactyl, Procavia Storr, 1780 as a hyracoid, Moeritheium
Andrews, 1901 as a representative of early proboscideans, and
Rhynchocyon Peters, 1847 as an elephant shrew. We included
Radinskya in our analysis as it was considered by some to be
close to the perissodactyl ancestry (McKenna et al., 1989;
Beard, 1998), although the dataset for this taxon is only
limited to the upper dentition and few cranial characters. We
used Protungulatum as an outgroup.

Cladistic analysis of 86 characters in 24 taxa produced two
most parsimonious trees with the tree length of 323 steps. The
two most parsimonious trees and a strict consensus tree
are shown in Figure 8. The phylogenetic analysis strongly
supported the concept of Altungulata Prothero and Schoch,
1989 (see also Fischer and Tassy, 1993; McKenna and Bell,
1998; Shoshani and McKenna, 1998; Gheerbrant et al., 2005;
Rose, 2006), which in our analysis included Perissodactyla +
Hyracoidea + Proboscidea + Radinskya (branch support55).
Phenacodontids formed a series of sister taxa to Altungulata
with Tetraclaenodon being the basal-most member of the clade
‘‘Phenacodontidae’’ + Altungulata (branch support53), which
is very similar to the resulting cladogram from the analysis by
Janis et al. (1998) and Archibald (1998), who termed the taxon
‘‘Phenacodontidae’’ + Altungulata as Paenungulata. Thus, our
analysis did not support either Afrotheria or Laurasiatheria as
defined by molecular studies but the results were consistent
with other morphological analyses (Shoshani and McKenna,
1998; Springer et al., 2004; Zack et al., 2005; Penkrot et al.,
2008).

Within Altungualta Radinskya showed closest affinities to
Moeritherium and not to perissodactyls, which supports the
idea that Radinskya is a phenacolophid embrithopod and thus
a tethythere (Hooker and Dashzeveg, 2003; Hooker, 2005).
Procavia showed close affinities to Moeritherium and Radin-
skya confirming the monophyletic Tethytheria, which is ‘‘the
best supported monophyletic grouping among the ungulates’’

(Gheerbrant et al, 2005, p. 98). Tethytheria is supported by
both molecular and morphological data (Kondrashov, 1998;
Springer et al., 2004; Sánchez-Villagra et al., 2007; Tabuce
et al., 2007; Asher and Lehman, 2008; Tabuce et al., 2008).

Pleuraspidotheriidae (Pleuraspidotherium Lemoine, 1878
and Orthaspidotherium Lemoine, 1885), Arctocyonidae (Lox-
olophus Cope, 1885, Arctocyonides Lemoine, 1891, and
Arctocyon, but not Chriacus), and Periptychidae (Ectoconus
Cope, 1884b, Periptychus Cope, 1881b, and Mithrandir Van
Valen, 1978) each formed well-supported clades that are
loosely associated (weak branch supports of 1) with the
Altungulata + phenacodontids clade.

Rhynchocyon, Haplomylus, and Apheliscus formed a mono-
phyletic group (branch support52), which is consistent with
the analyses presented by Zack et al. (2005), Penkrot et al.
(2008), and Tabuce et al. (2007). This further supports the idea
that Haplomylus and Apheliscus should be excluded from
Hyopsodontidae, as Hyopsodus did not show close affinities to
either of them. The analysis of early artiodactyl relationships
is beyond the scope of this paper, although it is worth noting
that Diacodexis did not show close affinities to Arctocyonidae
as has been suggested by some researchers (e.g., Rose, 1996b)
and formed a sister group to the macroscelidean clade.

CONCLUSIONS

The skeleton of Tetraclaenodon described here belonged to a
lightly built animal with strong forelimbs and hind limbs and
a body mass just over 3 kg. The postcranial anatomy of
Tetraclaenodon includes a mixture of archaic characters that
indicate a mostly terrestrial lifestyle. Some of the features of
the forelimb do not exclude the possibility of Tetraclaenodon
being able to climb trees. Tetraclaenodon probably spent most
of the time on the ground but could use trees to avoid
predators. The mixture of characters reflects the archaic
nature of the taxon and its position as the oldest member
of ‘‘Phenacodontidae.’’ Such mixed adaptations, for example,
were identified in an archaic erinaceomorph insectivore
Zinodon Dunn and Rasmussen, 2009 from the early Eocene
of Utah, which was reconstructed as a terrestrial mammal that
could also climb and probably dig. Our cladistic analysis
did not recover monophyletic ‘‘Phenacodontidae,’’ instead
phenacodontids formed a series of sister taxa to the Altungulata
clade. Tetraclaenodon is the basal-most member of the well
supported ‘‘Phenacodontidae’’ + Altungulata clade.
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des animaux à mamelles. Mémoires de l’Institut National des Sciences et
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Géologique de France, 13:203–217.

LEMOINE, V. 1891. Etude d’ensemble sur les dents des mammifères fossiles
des environs de Reims. Bulletin de la Société Géologique de France,
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Geologie von Osterreich-Ungarns und des Orients, 24:51–167.

SCOTT, K. M. 1990. Postcranial dimensions of ungulates as predictors of
body mass, p. 301–336. In J. Damuth and B. J. MacFadden (eds.), Body
Size in Mammalian Paleobiology: Estimation and Biological Implica-
tions. Cambridge University Press, New York.

SCOTT, W. D. 1892. A revision of North American Creodonta with notes
on some genera which have been referred to that group. Proceedings of
the Academy of Natural Sciences of Philadelphia, 4:291–323.

SHOSHANI, J. AND M. C. MCKENNA. 1998. Higher taxonomic relation-
ships among extant mammals based on morphology, with selected
comparisons of results from molecular data. Molecular Phylogenetics
and Evolution, 9:572–584.

SLOAN, R. E. 1970. Cretaceous and Paleocene terrestrial communities of
western North America. Proceedings of the North American Paleon-
tological Convention, Pt. E:427–453.

SLOAN, R. E. AND L. VAN VALEN. 1965. Cretaceous mammals from
Montana. Science, 148:220–227.

SPRINGER, M. S., M. J. STANHOPE, O. MADSEN, AND W. W. DE JONG.
2004. Molecules consolidate the placental mammal tree. Trends in
Ecology and Evolution, 19:430–438.

STEIN, B. 2000. Morphology of subterranean rodents, p. 19–61. In E. A.
Lacey, J. L. Patton, and G. N. Cameron (eds.), Life Underground:
The Biology of Subterranean Rodents. University of Chicago Press,
Chicago.

STORR, G. C. C. 1780. Prodromus Methodi Mammalium. Ad Insti-
tuendam ex Decreto Gratiosæ Facultatis Medicæ pro Legitime
Consequendo Doctoris Medicinæ Gradu Inauguralem Disputationem
Propositus Præside. Tubingæ. (Dissertatio Medica). Reiss, 43 p.

SWOFFORD, D. L. 2002. PAUP*: Phylogenetic Analysis Using Parsimony
(*and Other Methods). Sinauer Associates, Sunderland, Massachusetts.

SZALAY, F. S. 1977. Phylogenetic relationships and a classification of the
eutherian Mammalia, p. 315–374. In M. K. Hecht, P. C. Goody, and
B. M. Hecht (eds.), Major Patterns in Vertebrate Evolution. NATO
Advanced Study Institute. Series A. Vol. 14. Plenum Publication
Company, New York.

SZALAY, F. S. AND M. DAGOSTO. 1980. Locomotor adaptations as
reflected on the humerus of Paleogene Primates. Folia Primatologia,
34:1–45.

SZALAY, F. S. AND R. L. DECKER. 1974. Origins, evolution, and function
of the tarsus in late Cretaceous Eutheria and Paleocene Primates, p.
239–259. In F. A. Jenkins (ed.), Primate Locomotion. Academic Press,
New York.

SZALAY, F. S. AND S. G. LUCAS. 1996. The postcranial morphology of
Paleocene Chriacus and Mixodectes and the phylogenetic relationships
of archontan mammals. New Mexico Museum of Natural History and
Science Bulletin, 7:1–47.

SZALAY, F. S. AND E. J. SARGIS. 2001. Model-based analysis of
postcranial osteology of marsupials from the Palaeocene of Itaboraı́

(Brazil) and the phylogenetics and biogeography of Metatheria.
Geodiversitas, 23:139–302.

TABUCE, R., B. COIFFAIT, P.-E. COIFFAIT, M. MAHBOUBI, AND J.-J.
JAEGER. 2001. A new genus of Macroscelidea (Mammalia) from the
Eocene of Algeria: A possible origin for elephant-shrews. Journal of
Vertebrate Paleontology, 21:535–546.

TABUCE, R. L., R. J. ASHER, AND T. LEHMAN. 2008. Afrotherian
mammals: A review of current data. Mammalia, 72:2–14.

TABUCE, R., L. MARIVAUX, M. ADACI, M. BENSALAH, J.-L. HARTEN-

BERGER, M. MAHBOUDI, F. MEBROUK, P. TAFFOREAU, AND J.-J.
JAEGER. 2007. Early Tertiary mammals from North Africa reinforce the
molecular Afrotheria clade. Proceedings of the Royal Society B,
274:1159–1166.

TAYLOR, B. K. 1978. The anatomy of the forelimb in the anteater
(Tamandua) and its functional implications. Journal of Morphology,
157:347–368.

TAYLOR, M. E. 1974. The functional anatomy of the forelimb of some
African Viverridae (Carnivora). Journal of Morphology, 143:307–336.

TAYLOR, M. E. 1976. The functional anatomy of the hindlimb of some
African Viverridae (Carnivora). Journal of Morphology, 148:227–254.

THEWISSEN, J. G. M. 1990. Evolution of Paleocene and Eocene
Phenacodontidae (Mammalia, Condylarthra). University of Michigan
Papers on Paleontology, 29:1–107.

THEWISSEN, J. G. M. AND D. P. DOMNING. 1992. The role of
phenacodontids in the origin of the modern orders of ungulate
mammals. Journal of Vertebrate Paleontology, 12:494–504.

VAN VALEN, L. 1966. Deltatheridia, a new order of mammals. Bulletin of
the American Museum of Natural History, 132:1–126.

VAN VALEN, L. 1978. The beginning of the age of mammals. Evolutionary
Theory, 4:45–80.

VAN VALKENBURGH, V. 1987. Skeletal indicators of locomotor behavior
in living and extinct carnivores. Journal of Vertebrate Paleontology,
7:162–182.

VERMA, K. 1963. The appendicular skeleton of Indian hedgehogs.
Mammalia, 27:564–580.

VINOGRADOV, B. S. AND P. P. GAMBARYAN. 1952. Oligocene cylindro-
donts from Mongolia and Kazakhstan. Proceedings of the Paleonto-
logical Institute, 41:24–39. (In Russian)

WANG, J. AND Y. TONG. 1997. A new phenacodontid condylarth
(Mammalia) from the Early Eocene of the Wutu basin, Shandong.
Vertebrata Palasiatica, 35:283–289.

WEST, R. M. 1976. The North American Phenacodontidae (Mammalia,
Condylarthra). Milwaukee Public Museum Contributions in Biology
and Geology, 6:1–78.

WILLIAMSON, T. E. 1996. The beginning of the age of mammals in the San
Juan Basin, New Mexico: Biostratigraphy and evolution of Paleocene
mammals of the Nacimiento Formation. New Mexico Museum Natural
History and Science Bulletin, 8:1–141.

WILLIAMSON, T. E. AND S. G. LUCAS. 1992. Meniscotherium (Mammalia,
Condylarthra) from the Paleocene–Eocene of western North America.
New Mexico Museum Natural History and Science Bulletin, 1:1–75.

WILSON, R. W. 1949. Preliminary report on a Torrejonian faunule from
near Angel’s Peak, San Juan Basin, New Mexico. Geological Society of
America Bulletin, 60:1930–1931.

ZACK, S. P., T. A. PENKROT, J. J. BLOCH, AND K. D. ROSE. 2005.
Affinities of ‘hyopsodontids’ to elephant shrews and a Holarctic origin
of Afrotheria. Nature, 434:497–501.

ACCEPTED 19 AUGUST 2011

KONDRASHOV AND LUCAS.—TETRACLAENODON SKELETON FROM NEW MEXICO 43

https://doi.org/10.1666/11-009.1 Published online by Cambridge University Press

https://doi.org/10.1666/11-009.1


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 30%)
  /CalRGBProfile (None)
  /CalCMYKProfile (U.S. Sheetfed Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed false
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly true
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Euroscale Coated v2)
  /PDFXOutputConditionIdentifier (FOGRA1)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /DEU <>
    /FRA <>
    /JPN <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU (Settings for the Rampage workflow.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


