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Deciduous Dentitions of Eocene Cebochoerid Artiodactyls
and Cetartiodactyl Relationships

Jessica M. Theodor1,3 and Scott E. Foss2

Deciduous lower premolars (milk teeth) of the Eocene artiodactyl family Cebochoeridae possess
accessory denticles and are remarkably similar to both deciduous and adult teeth of the cetacean
family Basilosauridae, suggesting that morphological characters of juvenile dentitions are im-
portant to understanding the phylogenetic origin of whales and morphological transitions in the
cetartiodactyl lineage. Incorporation of these new characters into a larger phylogenetic analysis
of morphological characters of artiodactyls, mesonychids, and basal and recent whales supports a
monophyletic Cetartiodactyla, but does not directly support a whale–hippo relationship. However,
the presence of accessory denticles on some artiodactyl dentitions weakens the morphological
support for a monophyletic Artiodactyla, suggesting either that whales and cebochoerids may be
more closely related than had been thought, or that cebochoerids share a developmental pathway
with cetaceans.

KEY WORDS: Cebochoeridae, Cetartiodactyla, Cetacea, Artiodactyla, Mesonychia, Phyloge-
netic reconstruction, Deciduous dentition, Evolution.

INTRODUCTION

Ideas regarding the phylogenetic relationships of whales and artiodactyls have changed
dramatically over the last decade. The dominant morphological hypothesis of a mesonychid
origin of whales (Geisler and Luo, 1998; Gingerich, 1998; O’Leary, 1999; O’Leary and
Geisler, 1999; Geisler, 2001a) has been challenged by molecular evidence from DNA
sequences and retroposon insertion patterns (Graur and Higgins, 1994; Gatesy et al., 1996,
1999; Gatesy, 1997, 1998; Milinkovitch et al., 1998; Nikaido et al., 1999) that indicate that
whales share close common ancestry with hippopotamids and should be nested deep within
Artiodactyla.

Recently discovered fossil cetaceans show that early whales possessed a double-pulley
astragalus (Gingerich et al., 2001; Thewissen et al., 2001), a feature once thought to be
unique to artiodactyls (Prothero, 1993). Phylogenetic analyses that include these new
specimens have yielded two different topologies: one in which mesonychids are the
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sister-group to a monophyletic Artiodactyla + Cetacea (Cetartiodactyla) (Thewissen et al.,
2001); and one in which mesonychids are the sister-taxon to a paraphyletic Artiodactyla.
In the latter topology, Cetacea is nested within the Artiodactyla as the sister-taxon to the
extant hippopotamids (Geisler and Uhen, 2003). The new fossils have refuted a sister-taxon
relationship between whales and mesonychids, and affirmed a strong relationship between
whales and artiodactyls, but have not provided strong support for a whale–hippo relation-
ship. This is not surprising, given that early whales and all artiodactyls share the character of
the double-trochleated astragalus, and the new specimens do not seem to provide character
evidence uniquely linking whales and hippos to the exclusion of other artiodactyls.

Morphological suites of characters that support the placement of whales within
Artiodactyla have been difficult to find because the phylogenetic relationships within early
Artiodactyla are poorly resolved (Gentry and Hooker, 1988; Scott and Janis, 1993; Stucky,
1998; Geisler, 2001b) and relevant taxa are poorly represented in many phylogenetic stud-
ies. Aside from Luckett and Hong’s (1998) work on the 6-cusped dp4, little attention has
been paid to other characters of the deciduous teeth in phylogeny reconstructions.

Deciduous dentitions from several genera belonging to the Eocene European artio-
dactyl family Cebochoeridae have second and third deciduous premolars (dp2–3) that
possess accessory denticles and resemble the deciduous and adult teeth of derived archaeo-
cete whales. These teeth do not resemble the adult cebochoerid premolars or any other
artiodactyl dentition (adult or juvenile) we examined. This similarity between cebochoerid
artiodactyls and archaeocete whales has not previously been noted; presumably because
deciduous teeth are seldom preserved, and the resemblances are obscured by wear in most
fossilized deciduous teeth. Among the specimens examined, one particular specimen of
Cebochoerus lautricensis, from the Aquitanian Basin, France, MNHN.EBA 327 (Fig. 1),
has relatively unworn juvenile teeth and displays the unusual morphology also found in
more heavily worn specimens of cebochoerid subadults (Fig. 2(c–f)). The discovery of this
specimen led us to review the deciduous dentition of cebochoerids in more detail, and to
test whether the similarities in the juvenile lower premolars of cebochoerids to archaeocete
teeth represented a synapomorphy or convergence.

MATERIALS AND METHODS

We describe below the deciduous dentitions of the cebochoerid genera Cebochoerus
and Acotherulum, based on the following specimens:

Acotherulum sp.: MNHN.Qu7075, right maxilla with dP2-4, M1-2 (Fig. 3(b));
Qu7076, right dentary with dp3-m2 (Fig. 3(c and d)); Qu98, anterior mandible with fused
symphysis, alveoli for dp1-2, dp3-m1 present; Qu88, right dentary with alveoli for part
of dp2 and dp3, dp4-m3 present, m3 partially erupted; Qu89 ?Acotherulum left dentary
with alveoli for dp1-2, dp3-m1 present. Acotherulum saturninum: MNHN.LDB106, right
dentary with dp3-m1 (m1 broken); LDB107, right maxilla with dP2-M1. Cebochoerus
sp.: MNHN.Qu53 right dentary with broken p1, dp2-m3, m3 partially erupted (Fig. 3(f)).
Cebochoerus minor: MNHN.Qu11283, left maxilla fragment with dP3-M1 (Fig. 3(a));
Qu11284, left maxilla fragment with dP3-M1; Qu65, right dentary fragment with dp3-m1
(Fig. 3(e)); Qu66, right dentary fragment with broken dp4-m2; Qu61, left dentary fragment
with broken dp4-m3, m3 partially erupted. Cebochoerus lautricensis: MNHN.EBA327,
left dentary with dp2-m2 (Fig. 1).



Cebochoerid Deciduous Dentitions 163

Fig. 1. Deciduous teeth of Cebochoerus lautricensis, MNHN.EBA327. a. buccal view dp2-m2,
b. lingual view of dp2-3, c. buccal view of dp2-3. Scale bars denote 1 cm.

No juvenile specimens of the genus Gervachoerus are known (Erfurt, personal com-
munication). Juvenile dentitions of Diacodexis (UMMP 79924, 79083, 86533, 82909);
Antiacodon (CMNH 53969), and other artiodactyls, along with the archaeocete Dorudon
(NHM M10174), (Uhen, 2004) were examined for comparison.

We performed a phylogenetic analysis of artiodactyls, whales, and mesonychids, using
a data matrix drawn from characters in the literature (Blainville, 1816; Webb and Taylor,
1980; Cifelli, 1982; Pickford, 1983; Novacek, 1986; Shoshani, 1986; Gentry and Hooker,
1988; Thewissen and Domning, 1992; Thewissen et al., 1994, 2001; Gingerich et al., 1995;
O’Leary and Rose, 1995; Zhou et al., 1995; Theodor, 1996; Geisler and Luo, 1998; Luckett
and Hong, 1998; O’Leary, 1998; O’Leary and Geisler, 1999; Thewissen and Madar, 1999;
Geisler, 2001a) and including new data from the deciduous dentition.

Taxa were chosen to include representatives from most of the basal lineages of ar-
tiodactyls, because any rigorous test of the whale–hippo hypothesis must include these
lineages to polarize the characters and place the hippos and whales within a complete
phylogenetic context. The following taxa are used in this analysis (taxa with genera in
parentheses are composites coded based on all of the genera listed): Arctocyon, Hyopsodus,
Phenacodus, and Meniscotherium are included as outgroups; the archaic ungulate Eocon-
odon; the mesonychians Sinonyx, Dissacus, Pachyaena, Harpagolestes, Synoplotherium,
Mesonyx, and Hapalodectes; the cetaceans Artiocetus, Ambulocetus, Pakicetus, Geor-
giacetus, Basilosaurus, and Dorudon; and the artiodactyls Diacodexis pakistanensis,
Diacodexis secans, Bunomeryx, Antiacodon, Homacodon, leptochoerid (Stibarus and
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Fig. 2. Deciduous teeth of a. Cebochoerus minor, MNHN.Qu11283, occlusal view dp2-m2,
b. Acotherulum sp., MNHN.Qu7075, occlusal view dp3-m1, c. Acotherulum sp.,
MNHN.Qu7076, lingual view dp3-m2, d. Acotherulum sp., MNHN.Qu7076, occlusal view
dp3-m2, e. Cebochoerus minor, MNHN.Qu65, lingual view dp3-4, f. Acotherulum saturn-
inum, MNHN.Qu53, buccal view p1, dp2-m1. Scale bars denote 1 cm.

Leptochoerus), raoellid (Kunmunella, Indohyus, and Kirtharia), choeropotamid (Cho-
eropotamus and Amphirhagatherium), Hyotherium, Sus, Perchoerus, peccary (Platy-
gonus and Tayassu), Hexaprotodon, Hippopotamus, Dichobune, cebochoerid (Cebochoerus
and Gervachoerus), Mixtotherium, Helohyus, Anthracokeryx, Heptacodon, Elomeryx,
cainothere (Paroxacron and Cainotherium), Agriochoerus, Protoreodon, Merycoidodon,
Brachyhyops, Archaeotherium, Poebrotherium, Protylopus, Leptotragulus, Protoceras, Hy-
pertragulus, Tragulus, Leptomeryx.
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Fig. 3. Deciduous teeth of a. Dorudon atrox, UM 83902, buccal view
dp3-4, photograph courtesy of Mark Uhen, b. Antiacodon pygmaeus,
CMNH 53969, buccal view dp3-4. Scale bars denote 1 cm.

Our data are based only on postcranial, dental, and cranial skeletal morphology, and
do not include molecular or soft-tissue characters, as they cannot be scored for most taxa in
this analysis, which is based primarily on extinct basal lineages rather than extant groups.
Geisler and Uhen (2003) presented morphological support for the inclusion of whales
within Artiodactyla using more characters from the base of the skull than we have used
here, especially vascular grooves and foramina, that may be of great utility when they can
be scored for more artiodactyl taxa. We have excluded some of the facial characters used
by Geisler and Uhen (2003) because they appear to be correlated with body size in some
artiodactyl groups. The introduction of allometric characters requires more morphometric
analysis (Zelditch et al., 1995) before they can offer useful phylogenetic information.

We coded 141 unordered characters from dental morphology (including deciduous
dentition where known), the skull, and the axial and appendicular skeleton. The character
list is shown in Table I and the data matrix in Table II. Phylogenetic analyses were performed
using PAUP∗ 4.0b10 (Swofford, 2001), under the parsimony criterion, using heuristic search
algorithms with 1000 random taxon addition sequences and TBR branch swapping, rooted
using Arctocyon as an outgroup. Bootstrap and decay analyses were performed to assess
node support. Bootstrap analyses used heuristic searches, random addition sequences, and
TBR branch swapping over 100 replicates. Bremer decay indices (Bremer, 1994) were
calculated using PAUP∗ command files generated by TreeRot (Sorenson, 1999) using the
same parsimony settings as the original analysis.

RESULTS

Deciduous Dentitions of Cebochoerids

The upper and lower deciduous incisors, canines, and first premolars are not yet
known for any cebochoerid taxa. The specimens are shown in Figs. 1, 2, and 3, and cusp
identifications are shown in Fig. 4.
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Table I. List of Characters Used in the Phylogenetic Analysis

Dentition
1. I3 similar in size to I1–2 (0); I3 larger than I1–2
2. upper canines vertically oriented (0); laterally splayed (1)
3. upper canine single-rooted (0); double-rooted (1)
4. P1 single-rooted (0); double-rooted (1); absent (2) (modified from O’Leary, 1998)∗
5. P3 three-rooted (0); double-rooted (1) (from Zhou et al., 1995)
6. P4 protocone present (0); absent (1)
7. P4 paracone similar in height to M1 paracone (0); greater than twice M1 paracone height (1) (from

Thewissen et al., 1994)
8. P4 metacone absent (0); present (1) (from Thewissen and Domning, 1992)
9. P4 entocingulum (i.e., lingual cingulum) present, partially surrounding base of protocone (0); absent

or very small (1) (from Geisler (2001a,b)
10. M1 parastyle absent (0); present (1) (Thewissen et al., 2001; modified from O’Leary, 1998)
11. M2 metacone similar in height to paracone (0); smaller than paracone (1) (from Zhou et al., 1995)
12. M2 trigon basin large (0); small (1) (from Thewissen et al., 1994)
13. M2 paraconule present (0); absent (1) (O’Leary, 1998; O’Leary and Geisler, 1999)
14. M2 metaconule absent (0); similar in size to paraconule (1); approaching size of protocone (2)

(modified from Thewissen, 2001)
15. M2 hypocone absent (0); present and small (1); present and similar in size to protocone (2) (modified

from Thewissen, 2001)
16. M2 centrocrista straight, lacking mesostyle (0); mesostyle forms open V (1); mesostyle forms narrow

U (2); centrocrista absent with isolated mesostyle (3) (from Gentry and Hooker, 1988)
17. M3 present (0); absent (1) (modified from O’Leary and Geisler, 1999)
18. ectocingulae (i.e. buccal cingulum) on upper molars present (0); absent (1) (O’Leary, 1998)
19. M2 lingual cusps conical (0); postprotocrista/premetaconule crista labially directed (crescentic lingual

cusps) (1)
20. dP3 metacone absent (0); three distinct cusps forming triangle, with single cusp anteriorly and

molariform posteriorly (1); buccolingually compressed, major cusp with accessory denticles arranged
mesiodistally (2)

21. dP4 – premolariform (0); molariform (1)
22. lower incisors conical (0); spatulate (1); peg-shaped (2); tusk-like (3); large peg with basal flare

(occasionally massively spatulate) (4) (modified from Geisler (2001a,b)
23. lower canines larger than incisors (0); lower canines reduced in size and incisiform (1) (modified from

Geisler (2001a,b)
24. lower canine cross-section ovate (0); triangular (1) (Gentry and Hooker, 1988)
25. p1 present (0); absent (1); present and caniniform (2) (modified from Zhou et al., 1995)
26. p3 metaconid absent (0); present (1) (Thewissen and Domning, 1992)
27. p3 length ≤ m1 length (0); 120% < m1 length < 150% (1); greater than 150% of m1 length (2)

(Gentry and Hooker, 1988)
28. p4 metaconid absent (0); present (1) (Thewissen and Domning, 1992)
29. p4 talonid with cusp (0); talonid lacking cusp (1) (Thewissen et al., 2001)
30. m2 paraconid present (0); absent (1) (O’Leary and Geisler, 1999)
31. m2 paracristid (and/or paraconid) directed lingually (0); anteriorly (1) (O’Leary, 1998; O’Leary and

Geisler, 1999)
32. m2 metaconid present (0); absent (1) (Zhou et al., 1995)
33. m2 trigonid similar in height to talonid (0); twice as high (1) (modified from O’Leary, 1998)
34. m2 hypoconulid present (0); absent (1) (O’Leary and Geisler, 1999)
35. m2 entoconid present (0); absent (1) (Thewissen et al., 2001)
36. m2 metaconid and entoconid cuspate (0); elongate, forms mesiodistal crest (1) (Thewissen, 2001)
37. m2 mesial reentrant grooves absent (0); present (1) (Thewissen et al., 1994, modified from O’Leary

and Geisler, 1999)
38. m3 hypoconulid large, forming third lobe (0); small (1); absent (2) (Thewissen et al., 1994; O’Leary

and Geisler, 1999)
39. lingual cingulid on lower molars poorly defined or absent (0); continuous from mesial to distal extreme

(1) (O’Leary, 1998)
40. elongate shearing facets on molars absent (0); present, extending below gum line (1) (O’Leary and

Geisler, 1999)
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Table I. Continued

41. dp2 simple, conical (0); trenchant tooth with small talonid (1); with central conid and anterior and
posterior accessory cuspids and small talonid with central cusp (protoconule?) and three-to-four mesial
and distal accessory denticles (2)

42. dp3 simple, conical (0); trenchant tooth with small talonid, (i.e., metaconid) (1); with central conid and
anterior and posterior accessory cuspids and small talonid (2)

43. dp4 paracristid connects paraconid to protoconid (0); additional cusp on paracristid, 6 cusped (1);
elongate, bucolingually compressed with accessory cuspules (2) (Gentry and Hooker, 1988; Luckett and
Hong, 1998)

Cranial
44. mandibular foramen of lingual dentary small (25% or less than depth of dentary at m3) (0); enlarged

and continous with a large posterior fossa (maximum height greater than 50% depth of dentary at m3)
(1) (Geisler (2001a,b)

45. mandibular symphysis unfused (0); fused (1) (Pickford, 1983)
46. angular process of dentary does not project ventrally (0); projects ventrally within plane of horizontal

ramus (1); projects ventrally and flares laterally (2); projects caudally (or ventrocaudally) (3) (modified
from Gentry and Hooker, 1988)

47. premaxilla, incisors arranged in arc (0); anteroposterior row (1); incisors absent (2) (modified from
Thewissen et al., 1994)

48. mandible does not deepen posterior-ventrally between m1-m3 (0); deepens caudally (1) (modified
from Geisler (2001a,b and Gentry and Hooker, 1988)

49. dentary condyle above toothrow (0); at level of toothrow (1) (Gentry and Hooker, 1988)
50. small/absent concavity between condyle and coronoid of dentary (0); deep concavity between

coronoid and condyle (1) (Gentry and Hooker, 1988)
51. maxillary embrasure pits absent (0); present (1) (Thewissen et al., 1994)
52. nasolacrimal contact on face absent (0); present (1) (Thewissen et al., 2001)
53. facial exposure of lacrimal similar in dorsoventral height and rostrocaudal width (0); large exposure,

length greater than height (1) (Thewissen et al., 1994)
54. lacrimal tubercle absent (0); present (1) (Novacek, 1986)
55. orbit, frontal, and maxilla contact absent (0); present (1) (Thewissen and Domning, 1992)
56. postorbital process of frontal absent (0); present (1); forms complete postorbital bar (2) (modified from

O’Leary and Geisler, 1999)
57. rostral opening of infraorbital canal over M1 or P4 (0); between P3 and P4 (1); rostral to or over p3 (2)

(Geisler (2001a,b)
58. caudal border of nasals rostral to orbit (0); extend caudal to rostral edge of orbit (1) (Geisler (2001a,b)
59. supraorbital foramen absent (0); present (1) (Thewissen et al., 2001)
60. sagittal crest on skull absent (0); sagittal crest single (1); crest lyriform (2); crest double (3)
61. nasopharyngeal duct lacks bony ventral side (0); ossified ventral border (1) (Thewissen et al., 2001)
62. ectopterygoid process present (0); absent (1) (Thewissen and Domning, 1992)
63. foramen rotundum (round foramen) absent (0); present (1) (Thewissen and Domning, 1992)
64. alisphenoid canal absent (0); present (1) (Thewissen and Domning, 1992)
65. foramen ovale (oval foramen) in alisphenoid (0); in suture between alisphenoid and petrosal

(Thewissen et al., 2001)
66. glenoid fossa lacking preglenoid tubercle (0); with preglenoid tubercle (1) (Thewissen et al., 1994)
67. postglenoid process smooth caudally (0); indented by external auditory meatus (1) (Thewissen et al.,

2001)
68. postglenoid foramen present (0); absent (1) (modified after Geisler and Luo, 1998)
69. glenoid fossa medially bordered by crest, or elevated out of plane of basicranium (0); medially

continuous with middle ear cavity (Thewissen et al., 2001)
70. tegmen tympani uninflated (0); inflated (1) (modified after Geisler and Luo, 1998)
71. rostral process of petrosal absent (0); present, extending rostral to pars cochlearis (1) (Thewissen et al.,

2001)
72. tensor tympani fossa shallow and elongate (0); circular (1); circular with deep anterior groove

(Thewissen et al., 2001)
73. internal carotid artery lacks separate foramen into braincase rostral to pars cochlearis (0); foramen

present (1) (Geisler and Luo, 1998)
74. internal carotid artery sulcus on promontorium present (0); absent (1) (Cifelli, 1982; Thewissen and

Domning, 1992)
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Table I. Continued

75. stapedial artery sulcus on promontorium present (0); absent (1) (Cifelli, 1982; Thewissen and
Domning, 1992)

76. foramen for superior ramus of stapedial artery present (0); absent (1) (Thewissen 2001, modified from
Novacek, 1986)

77. suture between pars cochlearis of petrosal and basisphenoid/basioccipital present (0); absent (1)
(Thewissen and Domning, 1992)

78. ectotympanic ring-shaped (0); bulla-shaped (1) (Geisler and Luo, 1998)
79. ectotympanic thin-walled (0); thick involucrum (1); filled with cancellous bone (2) (modified from

Thewissen et al., 1994)
80. posterior extension of bulla, stylohyoid does not rest in notch on caudal edge of bulla (0); present,

bulla expanded around stylohyoid, forming notch on caudal edge of bulla (1); bulla extends caudal to
stylohyoid medially (2); bulla extends caudal to stylohyoid laterally (3); dorsal end of stylohyoid
enveloped or nearly so by bulla (4) (Geisler, 2001a,b; modified from Gentry and Hooker,
1988)

81. furrow on caudal tympanic for tympanohyal absent (0); present (1) (Thewissen et al., 2001; modified
from Geisler and Luo, 1998)

82. sigmoid process (homologous to anterior crus of tympanic ring) absent (0); present (1) (Thewissen,
1994)

83. ectotympanic does not form part of tubular external auditory meatus (0); contributes (1) (Thewissen
et al., 2001; modified from Geisler and Luo, 1998)

84. hypoglossal foramen close to occipital condyle (0); closer to jugular foramen (1) (Thewissen et al.,
1994)

85. condyloid foramen absent (0); present, separate from hypoglossal foramen (1) (Geisler and Luo, 1998)
86. stylomastoid foramen incomplete (ectotympanic contacts tympanohyoid laterally and pettrosal

medially, in some cases ectotympanic separated from petrosal by narrow fissure) (0); complete
(ectotympanic contacts both tympanohyoid and petrosal) (Geisler, 2001a,b)

87. subarcuate fossa present (0); absent (1) (Novacek, 1986)
88. mastoid exposed on posterior side of braincase between squamosal and occipital (0); no posterior

exposure of mastoid ( = amastoid) (1) (Thewissen et al., 2001)
89. mastoid foramen present (piercing mastoid) (0); absent (1) (MacPhee, 1994; Thewissen et al., 2001)
90. subarcuate fossa of petrosal contains no deep depression (0); contains deep depression that opens

rostrally and is enclosed medially by bony arch of semicircular canal (1) (see Norris, 1999, 2000)
91. posttemporal canal on petrosquamous suture in caudal view (0); absent (1) (Wible, 1990; MacPhee,

1994; Thewissen et al., 2001)
92. basioccipital crests (= falcate processes) absent (0); present (1) (Geisler, 2001a)
93. occipital condyles broadly rounded in lateral view (0); V-shaped in lateral view or divided transversely

in caudal view (1) (Geisler, 2001a,b)
Axial Skeleton

94. odontoid process of axis forms cranially directed peg (0); spout-like trough dorsal surface (1); bears
medial dorsal ridge/ditch(?) separating two “spout-like” troughs (2) (modified from Webb and Taylor,
1980; Geisler, 2001a)

95. atlantoid facet of axis restricted below neural arch or extends slightly dorsal to base of neural pedicle
(0); extended dorsally at least half way up neural arch (1) (Geisler, 2001a,b; modified from Webb and
Taylor, 1980)

96. cervical vertebrae short, length less than centra of cranial thoracics (0); long, length of centrum greater
than or equal to the centra of the cranial thoracics (1); very long, length close to twice the length of the
cranial thoracic centra (2) (Geisler, 2001a,b; from Gingerich et al., 1995)

97. arterial canal for vertebral artery in cervical vertebrae 1–6: caudal openings exterior to neural canal
(0); inside neural canal (1) (Gentry and Hooker, 1988)

98. revolute zygapophyses of lumbar vertebrae absent (0); present (1) (Thewissen et al., 2001)
99. number of sacral vertebrae less than four (0); four (1); more than four (2) (Thewissen and Domning,

1992; Gingerich et al., 1995)
100. clavicle present (0); absent (1)
101. sacroiliac articulation broad between pelvis and S1 (possibly S2) (0); narrow articulation with end of

transverse process of S1 (1); S1 articulation absent (2) (Geisler and Luo, 1998)
Forelimb

102. scapula, acromion overhangs glenoid (0); does not overhang glenoid (1) (Thewissen et al., 2001;
modified from O’Leary and Rose, 1995)

103. prespinous fossa and postspinous fossa of scapula equal in size (0); postspinous fossa larger than
prespinous fossa (1)
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Table I. Continued

104. greater tuberosity of humerus low, not above head of humerus (0); greater tuberosity enlarged above
head (1); greater tuberosity arched over bicipital groove of humerus (2)

105. deltoid tuberosity of humerus present (0); absent (1) (Theodor, 1996)
106. entepicondyle of humerus wide (0); narrow (1) (Thewissen 2001; modified after O’Leary and Rose,

1995 and Rose and O’Leary, 1995)
107. entepicondylar foramen of humerus present (0); absent (1) (Thewissen and Domning, 1992)
108. supratrochlear foramen of humerus absent (0); present (1)
109. olecranon process short (less than 10% of ulnar length (0); ulna long (1) (O’Leary and Rose, 1995)
110. radius with single fossa for distal humerus (0); two fossae (1); three fossae (2) (Thewissen, 2001;

modified from Geisler and Luo, 1998)
111. radius with single distal fossa for carpals (0); two fossae (1); three fossae (2) 112. radius and ulna

unfused distally (0); fused distally (1) (Theodor, 1996)
113. centrale present (0); absent (1) (Thewissen et al., 1994)
114. magnum and trapezoid separate (0); fused (1) (Webb and Taylor, 1980)
115. lunar rests equally on magnum and unciform in anterior view (0); lunar rests primarily on unciform in

anterior view(1)
116. manus mesaxonic (0); paraxonic (1) (O’Leary and Geisler, 1999)
117. Mc I present (0); Mc I absent (1)
118. Mc II and Mc V full size (0); Mc II and V reduced in diameter, <2/3 of Mc III and Mc IV (1); Mc II

and V reduced length to < 1/2 Mc III and IV (2); Mc II and V reduced to splints or nodules, lacking
phalanges (3); Mc II reduced but with phalanges, Mc V reduced to nodule (4)

119. distal phalanges of manus concave palmar/plantar border (0); flat border (1) (Thewissen et al., 2001;
derived from MacLeod and Rose, 1993)

Hindlimb
120. femur greater trochanter height less than head (0); even with or higher than head (1) (Thewissen,

2001; modified from O’Leary and Rose, 1995)
121. femur, third trochanter present (0); absent (1) (Thewissen, 2001; modified from O’Leary and Rose,

1995)
122. ridges bordering patellar facet equal in height (0); medial border of patellar facet projects beyond

lateral border of facet anteriorly (1)
123. tibia and fibula separate (0); tibia and fibula fused proximally (1); tibia and fibula fused distally (2);

tibia and fibula completely fused (3); tibia and fibula fused only at ends, shaft may be incomplete (4);
fibula reduced to distal splint (5)

124. fibular facet of calcaneum absent (0); flat or simply concave (1); convex (2); concave anteriorly and
convex posteriorly (3) (modified Thewissen and Madar, 1999 and Webb and Taylor, 1980)

125. astragalar canal present (0); absent (1) (Thewissen, 2001; modified from Shoshani, 1986 and
Thewissen and Domning, 1992)

126. proximal trochlea of astragalus flat or weakly grooved (0); deeply excavated (1) (O’Leary and Rose,
1995)

127. head of astragalus mediolaterally convex (0); flat or concave (1) (Thewissen and Madar, 1999)
128. astragalar head dorsoplantarly mildly convex (0); strongly convex (1) (Thewissen and Madar, 1999)
129. astragalonavicular joint lacks defined plane of rotation (0); rotates in dorsoplantar plane (1); oblique

plane (2) (modified after Thewissen and Madar, 1999)
130. astragalocuboid contact absent (0); present (1) (Thewissen and Madar, 1999)
131. sustentacular facet oval and medial (0); rectangular and wide (1) (Thewissen, 2001; modified from

(Thewissen and Madar, 1999)
132. distal calcaneal facet of astragalus indistinct from sustentacular facet (0); distinct (1) (Thewissen and

Madar, 1999)
133. ectal facet concave, facing plantar (0); flat, facing lateral (1) (Thewissen and Madar, 1999)
134. long axes of proximal and distal articulating surfaces of astragalus, when extrapolated, form an

obtuse angle opening medially (0); parallel, no angle (1) (Geisler, 2001a; modified from Gentry and
Hooker, 1988)

135. calcaneal cuboid joint oval, facing distal (0); elongate and oblique (1) (Thewissen and Madar, 1999)
136. cuboid and navicular unfused (0); fused (1) (Webb and Taylor, 1980)
137. ectocuneiform and mesocuneiform unfused (0); fused (1) (modified from Gentry and Hooker, 1988)
138. pes mesaxonic (0); paraxonic (1) (Blainville, 1816; Thewissen, 1994)
139. Mt I unreduced (0); Mt I somewhat reduced, less than 50% of Mt III length (1); Mt I absent or tiny

splint (2) (O’Leary and Geisler, 1999)
140. Mt II and V unreduced (0); less than 50% of length of Mt III (1); absent/ tiny splint (Theodor, 1996)
141. Mt III and IV unfused (0); fused (1) (Webb and Taylor, 1980; Gentry and Hooker, 1988)
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Table II. Character Matrix Used in the Phylogenetic Analysisa

Agriochoerus
0001000111 0012010(01)11 1110200110 0001010000 ?110000100 0001011111 0100000??0 0?000?1102

111??0000? 1011110101 ?110001?02 1010010010 1102111111 1110101120 0
Ambulocetus

???11110?1 11100001?? ?0???0?011 0111101211 ???1?31000 1??0?12??0 1100?11??? ?????00111
11011??0?? ?00???001? 0????11?10 1010010011 000??1???? ??????1120 0

Anthracokeryx
0001000011 0002010100 1200000010 1001000000 ????130000 000001?0?1 ?1???0010? ???????1??

?????????? ??1??????? ??01?????? ?????????0 1??2111111 11101??1?? 0
Antiacodon

????100011 000211000? ??00110110 0000000000 ?21?0000?? 0??0??20?1 ?1???????? ??????????
?????????? ??1??????? ?????????? ?????????1 1?3211111? 11?0?001?1 0

Archaeotherium
10011011?0 0001100001 1400000010 0000000100 001?110010 00000220?1 ?100000000 01?011?1??

01100?111? 1??????121 ?102011002 0110011310 1102111111 1110100122 0
Arctocyon

0000000000 00101?00?? ??00000000 0001000100 ??0?000000 0001002101 0110010000 00?0000???
???0000000 000??101?? 00??000?00 010?????00 0???000001 0000000?00 0

Artiocetus
000001011? 011000000? ?????????? ?????????? ???00?101? 001?012101 ?1???00?0? ???????100

??0??????? ?00??0???0 0????????? ?0???????? ????011111 0?1010???? ?
Basilosaurus

???111100? 1?100?10?? ?0100010?1 ?1?11?1201 ???1001110 101??12100 ???01??0?1 12?111111?
110??1111? 1100000?0? 2110011010 10010100?1 004??????? ???????121 0

Brachyhyops
?00110???? 0001100?0? ?400000?10 ?0000001?0 ????1????? 0????2???3 ??????0?0? ??????????

?????????? ?????????? ?????????? ?????????? ?????????? ?????????? ?
Bunomeryx

1001000011 000211000? ????10010? 000??00000 ????030100 010?012012 0?10?0100? ??????0104
?1100000?1 ?0???????1 ?????????? 1010011??? ?????????? ???0?0?121 0

Cainothere
00011000(01)1 0001110011 1110000101 1001010000 1110010001 0000022011 0001000000

01000?0104 011?1000?1 ?010100001 0112111102 101(01)110111 1?52111111 0110100121 0
Cebochoerid

?001000011 0002000012 1110200100 0000000000 221?100100 0000112011 01???0010? ???1??0102
0110?0?11? 101?????1? ?????11?12 1????1??11 ?????????? ???????120 0

Choeropotamid
0001000101 000121001? ?110010100 0000000000 ??1?031??? 0000?????? ????100000 0000100001

???11010?0 0???0?0010 ???011?111 1111121010 0100111102 1111111110 1
Diacodexis pakistanensis

0001000011 000100000? ?100000010 0000000000 ???00??000 000011201? 010000001? ??00??100?
11111?000? 1010(01)10110 0???011?11 1010010001 0102111111 1110100120 0

Diacodexis secans
????000011 000110000? ?1???01010 0000000000 11100??0?? ??????21?? 0100000011 ?100000???

???11??11? 1010110?10 01001111?2 10????0?11 0102111111 111010?120 0
Dichobune

0001000101 0000200011 1?10000100 0000000000 ?11000?000 000?01??1? ???????0?? ??100?????
???01??0?? ?????????? ?????0???? ?01??1???? 1???111111 11101001?0 0

Dissacus
???0000101 11100?00?? ??0000?000 1011100200 ????0??0?? 0?????2??? 1??101?101 01?000????

???01?00?? 0?000?0??? 0???100??1 1???????1? ????001121 010000???? ?
Dorudon

100011001? ??100?1??2 10000010?1 ?1?11?1201 2221001110 1010112100 ??0001?001 12?111111?
110??0111? 110??00?0? 2110011010 10110100?1 ?0???????? ?????????? ?

Elomeryx
0001100011 0002010111 1100010100 0000010000 1110030000 00?1012012 01000010?1 0101110102

011000110? 101001???1 0101011012 1010?0001? ??02?11111 1110101110 0
Eoconodon

???0000000 01011?00?? ??0000?000 0011000000 ???00??0?? 0??1?011?? ???100???? ?1011?1???
???????0?? 00???????? ????000??1 ?0???????? ????101??1 ?????????? ?
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Table II. Continued

Georgiacetus
???101111? 1?1000000? ?0??0????? ??1???121? ???10011?? 1?????210? ??001??0?? 12?1111111

110??0?11? 110??0000? 2????????? ?????????? ?????????? ?????????? ?
Hapalodectes

?00000?101 ?11010010? ??000?0000 1011101200 ????0?00?? 1?001?201? 011100000? 00100?0???
???01??01? 00???????? ????0?01?? ?????????? ?????????? ?????????? ?

Harpagolestes
1000100101 111000010? ??0?0?0?00 111?100200 ????000011 ???1?111?1 01?101000? ???????101

011000?0?? 000??????? ????010?11 ?????????? 0???001??? ?????????? ?
Helohyus

0011100011 000110000? ?????00010 0000000000 ????13?00? 0?????0??? ???00?00?0 ?0?00?????
????1???1? ?????????? ?1???????? ?????????? ??0?11111? 11101????? ?

Heptacodon
0000000011 000201010? ??00000101 0001000000 ????130000 000?011101 ?1???????? ??????????

?????????? ?????????? ????0??0?? ??1??0001? ?????????? ?????????? ?
Hexaprotodon

0001000010 001113000? ?301010100 0000000000 ?110120010 0000111111 010?100??1 ?????111?0
0?1??011?? ?000010?21 0101011012 1?10?11011 1002101111 11101001?0 0

Hippopotamus
00001000?0 001113000? ?301000000 0000000000 ??10120010 010011(12)111 0100100??1 0?011111?0

011??011?? ?000110?21 0101011011 1?10?11011 10021111111 110100120 0
Homacodon

??01000011 000210000? ??00000000 0000000000 ??100000?? 0?????2001 ??0??0?00? 0100101???
???????00? 10???(01)???? ?????????? ?????1???? ??5211111?1?10???110 ?

Hyopsodus
0000000010 0001200001 1000010100 0000000100 ?100100000 0001?01001 0001000001 01?0000???

???00?0000 0000?1??1? 000?000?01 1000?0?010 0???000000 010000000? ?
Hyotherium

0101100110 000200000? ?101000000 0000000000 ????1?00?? 0????????? ?????????? ??????????
?????????? ?????????? ?????????? ?????????? ?????????? ?????????? ?

Hypertragulus
?101000011 001200011? ?110210111 1001010000 ??10002001 0001012011 00?00000?0 ?100010101

?11???000? 10000???01 ?112111111 2110010101 1142111111 1111111122 0
Leptochoerid

???1000011 000110000? ????101000 1011000000 ????00?010 0000012011 ?????????? ???????11?
???????1?? ?0???????? ?????????? ?0?????0?? ??3??????? ?????1???0 ?

Leptomeryx
0002000001 0012010111 1(23)10010111 1001010000 ?110000001 0000022012 0??0001000

0100111101 011??00000 1010110?11 0111011112 1011111111 1153111111 1111111122 1
Leptotragulus

?001000001 001202001? ???0000101 0001010000 ??1????1?? 000?011101 ??00000000 10100?????
???0??0?00 ?01??????? ?????????? ???1?????? ?????????? ?????????? ?

Meniscotherium
000000011? 0001210111 1110000101 0001000100 ?100100100 0001?10101 0011010001 00?00?????

???00?0010 0000010011 0000000101 1010000011 0101000?00 0100000010 0
Mesonyx

???0?00001 11110?01?? ?000?0?000 1111100200 ??0?0??1?? 0?????210? 0?11010?01 01000011??
011???10?? 000011?00? 01??010?11 1000?1??11 0???001121 0??0?0?120 0

Mixtotherium
0001000111 0002010001 110?001101 1100010000 ????11?100 000?0?201? ???0??101? ???01?01?2

?11001?1?? ?01??????? ?????????? ?????????? ?????????? ?????????? ?
Pachyaena

?000?00101 ?11000000? ?000001000 1111100200 ??00000010 0??1??21?? ?????????? ??????????
?11????01? 000001010? 0000010?11 1000010011 010?001121 00000001?0 0

Pakicetus
?01?111011 1110000000 1000000010 0111101011 11000010?? 1100?1??11 1100011111 ?10??10110

1101100000 100????11? ?0??011?11 10???1??11 0???111111 111?1?1?20 0
Peccary

0002100100 011020000? ?001110100 0001000000 ???0120000 00?1010013 0100110??0 ?101111122
?11??0111? 1010010111 0112011011 ?110011311 1002111111 1??0100122 1
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Table II. Continued

Perchoerus
1001001010 0002200001 1101000100 0000000000 ?110100000 0001012002 010000101? ?(12)011?0102

?11?00??1? 10(01)??????? ?????????? ?????????? ?????????? ?????????? ?
Phenacodus

0000000110 0001200(01)01 1100010101 0000000100 ?100030000 0?0100010? 0?0100000? 00?11101??
0000???01? 000011001? ??0?000?01 101??0??11 0???000001 0000000010 0

Poebrotherium
1001100001 0012110111 1110000110 0001010000 1110000000 0000110011 0100000?00 01?11?012(34)

111??00001 1010121?01 0112111102 1110011311 1152111111 1111101122 0
Protoceras

?(01)010000(01)1 0012010111 1110(02)00101 1001010000 ???0002000 0101?21111 0?000000?0
0101111102 ?1100?000? 10101?01?1 0112011012 1110011111 11?2111111 1110101122 0

Protoreodon
0001000001 0002010111 111021?101 0001010000 111?000100 0001011111 0????????? ???????1??

???????0?? ?01?????01 ?110101?02 1010010011 1102111111 1110101120 0
Protylopus

0001100011 001202011? ?1100?0111 1001010000 ????031000 000?011111 ?????????? ???????1??
011????0?? ?0?????011 ??111??1?? ???00111?1 1102111111 1??0101121 0

Raoellid
???0?01010 000200010? ??00?00011 00000000?1 ?????3?000 000??0??1? 0???????01 ?????00???

1????????? ?????????? ?????01??2 ?????????? ????111111 1????????? ?
Sinonyx

1000000001 111000000? ?000000000 1011100200 ???0000010 0001002101 0111?1110? ?1?0??0101
01?110?0?? 000??????? ?????????? ?????????? ?????????? ?????????? ?

Sus
0101000100 0001100101 1200000100 0000000000 1110100000 0001010010 0100100010 0101111102

1111001110 1010010111 0012011(01)12 2010011111 1001111111 1110100120 0
Synoplotherium

?????0???1 11100?01?? ??00???0?0 1?11100200 ????0??0?? 0001?0110? 0?11010?0? ???????1?2
01100??00? 00???1?10? ?0???10?11 1000?1??11 0???101121 ?????00120 0

Tragulus
01?2100??0 00120001?? ?110?00010 0001010000 ??10002001 001001201? 01000000?? 0100011124

111?100000 0010010?11 01?2111102 1?11111111 1151111111 1111111121 1

aMissing data are coded by “?,” and polymorphic characters are shown in parentheses. For Pakicetus character
number 4, Thewissen and Hussain’s (1998) observations disagree with Gingerich and Russell’s (1990) description
with respect to the number of roots on Pakicetus P1/(the former identifying one and the later identifying two).
Since neither is definitive, we are interpreting the character as unknown “?.”

Fig. 4. Cusp terminology for deciduous lower premolars of cebochoerids. a. lingual view
of dp2-3, MNHN.EBA327, b. occlusal view of dp2-3. bph–buccal posthypoconulid; ecto–
ectostylid; entd–entoconid; hyd–hypoconid; hyld–hypoconulid; lph–lingual posthypoconulid;
pad–paraconid; prd–protoconid.
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dP2: This tooth is only preserved in the specimens of Acotherulum. The tooth crown is
buccolingually narrow and trenchant, with a reduced parastyle. The paracone is the largest
cusp on the roughly triangular crown, with a smaller metacone immediately distal to it.
Distolingual to the metacone is a small barely observable basin, with a small postcingulum.
There is no protocone.

dP3: The crown is complex and triangular, with a large blunt parastyle. Posterior to
the parastyle the trigon is formed by a large blunt paracone and metacone buccally and a
smaller protocone lingually. There is a small paraconule distolingual to the paracone, and a
small ectocingulum is restricted to the distobuccal portion of the metacone and distal edge
of the protocone. In the specimens of Cebochoerus the cingulum is continuous around the
protocone, metacone and the valley separating the two cusps; in Acotherulum, the cingulum
is discontinuous, present only around the bases of the cusps. There is a wide precingulum in
Qu7075 and Qu11283, which is not present in LDB107 or Qu11284, showing no consistent
generic difference.

dP4: The dP4 is quadritubercular, resembling the adult molars more than the dp2-3,
as in most artiodactyls. The buccal cusps are conical, joined by a very slight straight
mesiodistal crest. There is a very small paraconule present on MNHN LDB107, but not in
the other specimen of Acotherulum, MNHN Qu7075, and it is absent in the specimens of
Cebochoerus, in contrast to the M1, which for both taxa bears a small paraconule. There
is no mesostyle, but there is a small parastyle, which is larger in Cebochoerus. There is
a narrow, weakly expressed cingulum on the buccal edge of the paracone and metacone.
As in the M1 for Cebochoerus, there is a wide, short precingulum along the protocone of
the dP4, and a wide postcingulum that extends along the entire distal side of the tooth. In
Acotherulum the precingulum is poorly developed and the postcingulum is absent, as in
the M1. The lingual cusps are slightly crescentic, with a very small lingual cusp near the
mesial end of the base of the metaconule, which is somewhat larger in the specimens of
Cebochoerus than in those of Acotherulum.

dp2: This tooth is preserved in two of the cebochoerid specimens we examined,
MNHN.Qu53 (Cebochoerus sp.) and MNHN.EBA327 (C. lautricensis), and is not known
for Acotherulum. Our description is based primarily on EBA327, as it exhibits much less
tooth wear than Qu53.

dp2: dp2 has two roots, and the crown is triangular in outline. The apex of the triangle
forms the main cusp, which is situated above the junction of the two roots. The tooth
bears an anteroposteriorly arranged series of smaller cuspids, giving the crown a serrated
appearance. The main central cuspid, the protoconid, bears a mesiodistally-oriented crest
that continues to both ends of the tooth. Mesial to the protoconid are two smaller cuspids,
a paraconid and a smaller, more mesial cuspate parastylid. Distal and very slightly lingual
to the protoconid is a large hypoconid. It is intermediate in height between the paraconid
and the protoconid. Distal to the hypoconid crest is a small talonid with a buccolingually-
oriented ectostylid, but EBA 327 has a break in this portion of the tooth. There appears to
be no discrete metaconid on either specimen. There is a small cuspid on the mesiolingual
end of the ectostylid that probably represents the hypoconulid. Buccally, the tooth crown
bears a very faint cingulid, which is absent lingually.

dp3: The dp3 is more complex than the dp2, although the basic morphology is similar.
There is a small cuspate parastylid in most of the specimens, which is especially large on
Qu65, but this part of the tooth is obscured by plaster in EBA327. The protoconid of the
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dp3 is not as high, and the hypoconid and paraconid are larger and blunter than on dp2. The
hypoconid is distal and slightly lingual to the protoconid, and the entoconid is very tightly
appressed to it—with wear it appears to be merged with the hypoconid, presenting a wider,
more ovate wear facet. The crown is wider buccolingually than dp2, and the mesiodistal
crest and buccal cingulid are more distinct. The protoconid and hypoentoconid are joined
by the cristid obliqua. The talonid is complex, and larger and projects more to the lingual
side than on dp2. The crown is deeply basined between the mesiodistal crest of the tooth
and a more lingual crest borne on the lingual side of the hypoentoconid. Distal to the
hypoconulid, the mesiodistal crest appears to split, causing the hypoconulid to appear as a
cuspate junction of these three crests. The crests form a deep basin, ringed with one or two
additional accessory cuspids, the lingual and buccal posthypoconulids, of which the buccal
is only well-developed on EBA327. The talonids are worn on most of the specimens, so the
presence of a buccal posthypoconulid on the other specimens cannot be established. The
ectostylid is absent.

dp4: The dp4 resembles that of other artiodactyl taxa, bearing the distinctive 6-cusped
morphology (Luckett and Hong, 1998), squaring off the mesial end with a small pseu-
doparaconid. There are no clear differences between the dp4’s of the two genera, but all of
the dp4’s show some degree of wear that might obscure any differences.

Phylogenetic Results

We found 148 shortest trees at 669 steps (CI = 0.288, RI = 0.592, RC = 0.171, HI =
0.732). A strict consensus of the 148 shortest trees and the support metrics for each node
is presented in Fig. 5 (see Tables I and II and Supplementary Information). The consensus
of the shortest trees shows several important areas of conflict between our analysis and the
results of Geisler and Uhen (2003) and Thewissen et al. (2001).

Our analysis shows a monophyletic Cetartiodactyla, consistent with Geisler and Uhen
(2003, 2005) and Thewissen (2001), with a monophyletic Artiodactyla, in agreement with
Thewissen (2001) and Geisler (2001a) but not with Geisler and Uhen (2003, this volume)
and Boisserie et al. (2005). This may be a result of our inclusion of a number of ankle char-
acters from Thewissen (2001), our new dental characters, from the inclusion of additional
taxa drawn from basal artiodactyl lineages, or our choice of outgroups. Clearly additional
character data are needed to resolve the issue of artiodactyl monophyly.

Our analysis also supports the monophyly of Selenodontia, supporting Gentry and
Hooker’s (1988) results, but it is important to note that very few ruminant taxa were included,
as we did not expect them to contribute to resolving the position of the more basal parts of
the tree. Our results also show some groupings, especially among the selenodonts, that are
unorthodox, and weakly supported, such as the paraphyly of Protoceratidae, Oreodontoidea,
Ruminantia, and even Suidae and Tayassuidae. We suspect that this is a result of two factors:
low taxon sampling within these groups, and we may have omitted characters that would
have supported the monophyly of these groups. These regions of the tree are likely to be
very sensitive to additional data.

The basal position of leptochoerids in our analysis is similar to the basal position
reported by Gentry and Hooker (1988), where the family was the sister-taxon to Dia-
codexis metsiacus (here referred to D. secans). Many other analyses of basal cetartiodactyl
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Fig. 5. Strict consensus of 148 shortest trees. Numbers below nodes indicate decay
index values for that node, numbers above nodes indicate bootstrap proportions for that
node where support is >50%.

relationships have omitted leptochoerids (Geisler, 2001a,b; Thewissen et al., 2001; Geisler
and Uhen (2003, 2005), presumably because they are not well-known and no postcranial
data have been described for them, but the basal positions indicated by Gentry and Hooker
(1988) and this study indicate that additional data on leptochoerids might help to resolve
basal nodes in the tree.

The placement of Artiocetus at the base of the Cetacea, and Ambulocetus with the
more derived basilosaurids and Georgiacetus differs from other phylogeny reconstructions,
probably for the same reasons that we found paraphyly in selenodont groups. The node
uniting the other cetaceans to the exclusion of Artiocetus is supported by the presence
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of maxillary embrasure pits (character 51) and a thick involucrum in the ectotympanic
(character 79).

One of the most interesting results of our analysis is the relationship of anthracotheres
with the clade of suoids, cebochoerids, and entelodonts, rather than as the sister-taxon to
hippopotamids, while the choeropotamids [including haplobunodontids, following Hooker
and Weidmann (2000) and Hooker and Thomas (2001)] cluster with the dichobunids and
Helohyus. While the support values for the suoid portion of the tree are relatively low,
we found no support for a sister-taxon relationship between the anthracotheres and the
hippopotamids.

DISCUSSION

The jaws of Cebochoerus and Acotherulum show a distinct difference in morphology
between the third and fourth deciduous premolars. The dp4 of the cebochoerids examined
(Figs. 1 and 2) displays the 6-cusped morphology typical of artiodactyl taxa whose dp4
is described (Luckett and Hong, 1998). The adult molars that are erupted posterior to dp4
are blunt-cusped and characteristic of other early artiodactyls. In the adult premolars of
cebochoerids, the p4 lacks a paraconid entirely, and none of the premolars show any trace of
the unusual juvenile morphology. However, the morphology of the dp2-3 of cebochoerids is
highly unusual among artiodactyls, and resembles that of basilosaurid cetacean deciduous
and adult teeth (Fig. 3(a)), and is similar to the description of the adult upper teeth of Geor-
giacetus (Hulbert et al., 1998). The cusps in cebochoerids are arranged along a midline
mesiodistal crest, giving the teeth the appearance of serrated triangles, although they retain
small talonid basins as in other artiodactyls (Fig. 1(b)). In contrast, the third deciduous
premolars of two relatively primitive Eocene artiodactyls, Diacodexis (UM 79924) and
Antiacodon (CM 53969; Fig. 3(b)), show a more tribosphenic pattern, with large para- and
protoconids and a long distal crest with a small, weakly basined talonid and a robust ec-
tostylid, and lacking a metaconid and accessory cuspids. The anterior deciduous premolars
of cebochoerids do not resemble those of the hippopotamids, which also lack any accessory
cuspids on dp2-3.

The second and third deciduous premolars of basilosaurid cetaceans have more, better-
differentiated denticles than those in cebochoerids, and the cusp homologies in the former
taxa are difficult to assess. In certain fossil cetaceans, dp4 is similar to the anterior de-
ciduous premolars and does not resemble that of any artiodactyl (Uhen, 2000). Deciduous
teeth of Dorudon show no sign of the talonid basin found in the cebochoerids (Uhen,
2000, 2004). The deciduous teeth described for Pakicetus (Gingerich and Russell, 1990;
Thewissen and Hussain, 1998) are much less complex than those of basilosaurids and
dorudontids, lacking the aforementioned accessory denticles. Thus, the described de-
ciduous teeth of pakicetids (Thewissen and Hussain, 1998) do not resemble those of
cebochoerids.

Pearson (1927), in detailed descriptions of the basicrania of early artiodactyls, com-
pared cebochoerids with anthracotheres and hippos, and suggested that cebochoerids might
represent an ancestor to hippopotamids and anthracotheres. Colbert (1935), preferred an
anthracotherid ancestry for hippos, an interpretation that has dominated in the literature,
although palaeochoerids (formerly referred to as Old World tayassuids) have also been
suggested as potential ancestors for hippos (Pickford, 1983). The features of cebochoerid
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deciduous dentition led us to re-examine the cebochoerid hypothesis in our phylogenetic
analysis.

The results of this phylogenetic analysis (Fig. 5) support a monophyletic Cetar-
tiodactyla (with distinct artiodactyl and cetacean clades). Although Cetartiodactyla and
Artiodactyla are each monophyletic, neither is strongly supported, both having decay index
values of three (Bremer, 1994), and the decay index values of surrounding nodes indicate
that alternative placements for Cetacea are not much longer: placing Cetacea as the sister-
taxon to Hippopotamidae requires 15 steps more than in the shortest tree, as sister-taxon
to the Anthracotheriidae costs 11 steps, and as sister-taxon to the Cebochoeridae costs
10 steps. Given how few taxa can currently be scored for the deciduous dentition, and the
amount of missing data in other key artiodactyl taxa for basicranial characters, the stability
of these nodes is questionable, and additional data may alter the topology to favor artio-
dactyl paraphyly. The implication of these results is that further data from new fossils and
from reanalysis of existing collections, especially for deciduous teeth, will be instrumen-
tal in documenting and understanding the morphological transitions in early whales and
artiodactyls.

The resemblance between juvenile cebochoerid premolars and the juvenile and adult
teeth of archaeocete whales may be construed in two ways: either this feature is a synapo-
morphy that with additional ontogenetic and basicranial data, will support a relationship
among cebochoerids, hippopotamids, and whales; or it represents a convergent morphol-
ogy that is unique to cebochoerids among artiodactyls. Our data currently support the latter
interpretation, but the support metrics indicate that our results are far from conclusive.
If the whales and cebochoerids are closely related, then the characteristic adult dentition
of derived archaeocete whales might represent a case of heterochrony. Heterochrony has
been suggested (Thewissen and Williams, 2002) as a possible mechanism both for the
evolution of monophyodont homodont teeth and for the elongation of the spine in whales.
However, the argument for heterochrony in this case is predicated on a close phylogenetic
relationship between cebochoerid artiodactyls and archaeocete whales, a relationship that
requires additional morphological data to support it. Further data to test this hypothesis may
be found in deciduous dentitions, dental eruption sequence, and basicranial morphology,
particularly among other basal artiodactyls.

A relationship between cebochoerids and whales would complicate our biogeographic
and temporal understanding of these groups, and the earliest artiodactyls (and possibly also
the earliest pakicetids) do not share the deciduous morphology of cebochoerid artiodactyls
and archaeocete whales. Cebochoerids are only known from the early Eocene through early
Oligocene fossiliferous deposits of Europe, whereas archaeocete whales are found in early
Eocene deposits of Asia and middle Eocene of North America. Nonetheless, our findings
highlight the need to both collect new fossil specimens and re-examine existing specimens
for ontogenetic information.

Results from molecular studies have stimulated morphological analysis of the whale–
artiodactyl relationship, but many of those have focused on early whales and mesonychids
with significantly less emphasis on the early artiodactyls. Molecular data cannot be collected
for the vast majority of fossil species; thus, understanding the evolutionary transitions
that took place in the earliest whales and artiodactyls will require a greater emphasis
on morphological character recognition, especially in the many poorly known groups of
Eocene artiodactyls.
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List of characters that support Cetartiodactyla (node 82 → 83), and Artiodactyla (node
83 → 84). Ambiguous (→) and unambiguous (⇒) transformations taken from a strict
consensus tree are displayed for both delayed transitions (DELTRAN) and accelerated
transitions (ACCTRAN) along with the consistency index (C.I.).

Character Transformation DELTRAN C.I. ACCTRAN C.I.

CETARTIODACTYLA
9 0 ⇒ 1 0.273 —

10 0 → 1 0.125 —
38 1 → 0 — 0.500
49 0 → 1 — 0.200
54 1 ⇒ 0 0.125 —
56 0 ⇒ 1 0.222 —
64 1 ⇒ 0 0.333 —
72 0 → 1 — 0.429
74 0 → 1 — 0.125
75 0 → 1 — 0.143
85 0 → 1 — 0.250
91 0 ⇒ 1 0.333 —

106 0 ⇒ 1 0.167 —
107 0 ⇒ 1 1.000 —
109 0 → 1 — 0.167
113 0 ⇒ 1 0.333 —
116 0 → 1 0.667 0.667
120 0 → 1 — 0.167
126 0 ⇒ 1 0.500 —
128 0 → 1 — 1.000
133 0 → 1 1.000 —
135 0 → 1 1.000 —
138 0 → 1 — 1.000
139 0 → 2 0.400 0.400

ARTIODACTYLA
4 0 → 1 0.250 —
9 0 → 1 — 0.273

10 0 → 1 — 0.200
12 1 ⇒ 0 0.333 —
14 0 → 1 0.182 —
54 1 → 0 — 0.125
56 0 → 1 — 0.222
58 1 ⇒ 0 0.111 —
59 0 ⇒ 1 0.143 —
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