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ABSTRACT

Detailed anatomical description of arsinoithere cranial remains from the Lower Oligocene, Fayum
Depression, Egypt, provides the basic data for a systematic investigation. All cranial and some postcranial
features are assessed from a phylogenetic standpoint. Several soft tissue characters are then added to a
cladistic analysis based on 54 derived ungulate morphological characters. The resulting phylogenetic
hypothesis implies that perissodactyls, sirenians, proboscideans and arsinoitheres constitute a
monophyletic unit (5 synapomorphies). However, increasing the tree length by 3 steps reveals a closer
association between hyraxes and perissodactyls. Nevertheless, 13 synapomorphies link proboscideans,
sirenians and arsinoitheres to the exclusion of all other ungulates. Form of the sphenopalatine and
ethmoid foramina, recurved posttympanic process, absence of a fenestra rotundum in the petrosal,
vestigial paroccipital process of the exoccipital and the highly unusual absence of a hypoglossal foramen
in the skull, imply a robust sister-group relationship between arsinoitheres and proboscideans. In this
analysis artiodactyls share only one derived character with all other ungulates studied. Monophyly of
Ungulata, including Artiodactyla, is therefore only weakly supported. It is argued that pedal anatomy of
hyraxes is non-homologous with that of Tethytheria. Arsinoitherium should now be classified within
Tethytheria, sharing a sister-group relationship with Proboscidea. Hyraxes are excluded, thus refuting the
concept of Paenungulata. However, monophyly of the wider concept, Pantomesaxonia, containing
hyraxes, perissodactyls, sirenians, proboscideans and now, arsinoitheres, is supported by this study.

RESUME

La description anatomique détaillée de restes craniens d'arsinoithéres de I'Oligocene inférieur de la
dépression du Fayoum (Egypte) fournit des données essentielles pour une €tude systématique. Tous les
caracteres créniens et quelques traits postcraniens sont évalués d'un point de vue phylogénétique.
Plusieurs caractéres non-ostéologiques sont ensuite ajoutés pour procéder a une analyse cladisdique basée
sur 54 caractéres morphologiques dérivés d'ongulés. L'hypothese phylogénétique en resultant implique
que les périssodactyles, les siréniens, les proboscidiens et les arsinoithéres constiutent une unité
monophylétique (5 synapomorphies). Cependant, une augmentation de la longeur de I'arbre par 'addition
de trois étapes évolutive aboutit a une association plus étroite entre les hyrax et les périssodactyles. Quoi
qu'il en soit, 13 synapomorphies lient les proboscidiens, les siréniens et les arsinoithéres a I'exclusion de
tous les autre ongulés. La position des foramens ethmoidiens et sphéno-palatins, le processus post-
tympanique dirigé vers I'avant, 'absence d'une fenétre ronde dans le pétreux, le processus paroccipital
vestigial de I'exoccipital et 1'absence exceptionelle d'un foramen de I'hypoglosse dans le créne, impliquent
que les arsinoitheres et les proboscidiens sont trés certainement deux groupes-freres. Les artiodactyles ne
partagent qu'un seul caractére dérivé avec tous les autre ongulés étudiés. La monophylie des Ungulata,
Artiodactyls compris, n'est donc que faiblement corroborée. La position phylogénétique des Hyracoidea
est équivoque mais on peut dire que l'anatomie dérivée du carpe et du tarse a été independamment
dérivées chez les téthytheres et chez les hyracoides. Arsinoitherium doit donc &tre maintenant classé
parmi les Tethytheria tout en étant le groupe-frere des Proboscidea. Les hyrax sont exclus des Tethytheria
et donc le concept de Paenungulata est réfuté. Quoi qu'il en soit, la monophylie d'un concept plus large,
celui des Pantomesaxonia, rassemblant les hyrax, les périssodactyles, les siréniens, les proboscidiens et
maintenant les arsinoitheres, est renforcée par cette analyse.



INTRODUCTION

Arsinoitheres were first discovered at the turn of this centuty by H.L. Beadnell
(Beadnell, 1901) and remain to this day one of the least understood of the archaic
Tertiary mammal groups. The genus Arsinoitherium BEADNELL 1902, is well known
only from the Jebel Qatrani Formation of the Fayum Depression, Egypt. These
rhinoceros-sized herbivores constitute a dominant component of the well known Fayum
mammal fauna (Bown et al., 1982). The Jebel Qatrani Formation comprises 340 meters
of fluviatile sandstones, mudstones, silts and gravels, unconformably overlain by the
Widan el Faras basalt. The base of this basalt has been K/Ar dated at 31.0 + 1.0 million
years (Fleagle et al., 1986). Although originally believed to have been upper Eocene
(Beadnell, 1905), the Jebel Qatrani Formation is now held to be largely lower
Oligocene. However, there is still some debate as to whether the age of the basal part of
the sequence is latest Eocene or earliest Oligocene (Bown & Kraus, 1978; Simons,
1990). The type species of Arsinoitherium is A. zitteli BEADNELL 1902, but a
questionable second species, A. andrewsii LANKESTER 1903, may also be present in the
formation.

The only substantive work concerning Arsinoitherium occurs as a chapter in the
classic monograph on Fayum vertebrates by C.W. Andrews (1906). The bizarre nasal
horn cores and highly derived bilophodonty of the cheek teeth led Andrews to consider
this genus sufficiently distinct as to merit the erection of a new mammalian order, the
Embrithopoda. More recently three new genera have been added to the Embrithopoda;
Phenacolophus (McKenna & Manning, 1977) from Asia, Crivadiatherium (Radulesco
et al., 1976) from Romania and Palaeoamasia (Sen & Heintz, 1979) from Turkey.
These are "tooth taxa" and unfortunately of little help in illuminating higher level
relationships. Andrews briefly compared his material with various large herbivorous
mammals but tentitively envisaged a closer association of Embrithopoda with the order
Hyracoidea than with any other known eutherian group. This presumed relationship was
based primarily on his derivation of an arsinoithére dental morphology from the
dilambdodont pattern seen in primitive hyracoids. A close association between
hyracoids and embrithopods was supported by Gregory (1910) and is echoed in many
texts on mammalian evolution. Although dental anatomy continues to be endowed with
considerable weight in determining mammalian interrelationships, it has long been
appreciated that dental morphology is a weaker guide to phylogeny when employed at
higher taxonomic levels (Matthew, 1909).

This paper presents a broad-based analysis of all non-dental aspects of the
arsinoithere skeletal system. A detailed description of the skull of Arsinoitherium, with
an attempt to extract phylogenetically useful information, forms the basic data. Added
to this are discussions about relevant postcranial features and a reveiw of soft tissue
characters commonly considered of systematic importance in the living taxa under
consideration. Finally, a data matrix comprising 54 derived anatomical features is
analysed using the MacClade computer algorithm to generate a phylogenetic hypothesis
for living orders plus Embrithopoda.



TERMINOLOGY

Cranial nomenclatlure follows that of McDowell (1958) and Novacek (1986),
Periotic terminology follows that of Maclntyre (1972) and Cifelli (1982).

ABBREVIATIONS
Elements me. lac. f. median lacerate foramen
AS alisphenoid opt. 1. optic for.amen
BS basisphenoid opth. f. opthahmc.: foramen
B-OCC basioccipital ot. vac. i
_— cochlea post. lac. f.  posterior lacerate foramen
EX-0CC exoccipital post. pal. f.  postpalatine foramen
FR frontal prl. promontorial lip of periotic
U jugal rep. epitympanic recess of the periotic
LA —— sfa. facial sulcus
MX —__ sph. f. sphenopalatine foramen
NA dissal sphenorb. fis. sphenorbital fissure
oS orbitosphenoid squ. sin. ca.  squamosal sinus canal
PA parietal styl. f. stylomastoid foramen
PL palatine tafc. tympanic aperture of facial canal
PMX premaxilla temp. ca. temporal canal
PRS presphenoid temp. foss.  temporal fossa
PT terygoid ..
pr. ﬁroz ontorium of periotic Processes, Tuberosities
S-OCC supraoccipital Cr. orb. temp. crista orbitotemporalis
SQ squamosal ectg. ectotympanic groove
VO vomar fr.h. frontal horn
ju. tub. jugal tuberosity
Foramina, Fossae, Sulci lambd. cr.  lambdoid crest
alis, ca alisphenoid canal mfl mas_tc?id flange of periotic
aqgcoc. cochlear aqueduct oG goud. 0c01p1tfal'condyle
aqve vestibular aqueduct parocc. pr. paroc01p1@ process
ant. pal. f. anterior palatine foramen postglen. pr. postglenmd.process
ces cerebral surface of periotic POSItym. pr.  posttympanic process L
epitym. rec.  epitympanic recess sqf. squamosal facet of periotic
eth. f. ethmoid foramen tep- ‘e_g“? ©nl process )
ex. aud. me. external auditory meatus He ongH of m. teg_men ympatt
fo. fenestra ovalis . tegmen tyl_np am
fmma. fossa muscularis major tub. mx. tuber maxillare
g:::.l'fos N ;:ziilglzcsians ot Institutional Abbreviations
iam. internal auditory meatus AMNH American Museum of Natural History
inc. f. incisive foramen BMNH British Museum, Natural History
infra. ca. infraorbital canal YPM  Yale Peabody Museum



METHODOLOGICAL CONSIDERATIONS

Homology is the basis on which systematists determine relationships among
organisms. The concept of homology, its various meanings and philosophical
justifications, is a subject in itself (see Patterson, 1982, 1987; Tomlinson, 1984, for
penetrating discussions). However, in an evolutionary sense, homology is the essential
similarity between characteristice of different individual organisms due solely to
inheritance from a common ancestor. Following Patterson (1982), homologous
characters are here considered to define monophyletic groups. As such, homologues
only have meaning with reference to specific hierarchical levels of correspondence.
Owen (1843, 1848) first made the distiction between homologous characters (essential
structural correspondence) and analogous characters (structural and functional
similarities derived from disparate sources). In an evolutionary context, analogous
characters result from parallel or convergent evolution and are termed homoplasic
(Lankester, 1870). The first task in any investigation of phylogeny is to distinguish
homologies from homoplasies. Patterson (1892) has suggested three tests of homology:
similarity, congruence and conjunction. The first, shared similarity, is usually that
which initially suggests the possibility of homology (Cracraft, 1981). The congruence
test is based on the assumption that a true homology will not contradict the
characterisation of a specific grouping based on numerous other homologies
(synapomorphies). Finally, the conjunction test suggests that putative homologues are
refuted if found to occur in the same individual organism. According to Patterson,
potential homologies that fail only the congruence test are parallelisms and those that
fail both the similarity and congruence tests but pass the test of conjunction are
convergent characters.

In order to answer the question, to which order of mammals are the Embrithopoda
most closely related ?, it is necessary to narrow the field somewhat. It is now widely
accepted that the class Mammalia consists of three major groupings: Monotremata,
Metatheria, and Eutheria (Novacek er al., 1988). Arsinoitherium was undoubtedly a
placental mammal although only the absence of epipubic bones, upper molar stylar shelf
and separation of the optic foramen from the sphenorbital fissure remain from a list of
twelve eutherian autapomorphies given by Novacek et al. (1988), the rest of which are
soft tissue characters. Within Eutheria, the Embrithopoda are thought to belong to the
supraordinal grouping known as Ungulata. Ungulates constitute a vast array of extinct
groups (see Savage, 1987 and Carrol, 1988) in addition to five surviving orders already
differentiated by the early Palaeogene. Ungulata has long been considered a coherent
group of mammals (Gregory, 1910) although there are only a meagre number of
characters that unite this super-clade (Novacek et al., 1988). Nevertheless, Prothero et
al. (1988) strongly support the monophyly of ungulates, citing six autapomorphies:

1. Astragalus with shorter more robust head.

2. Foramen for superior ramus of the stapedial artery shifted to petrosal or lost.
3. Auditory bulla composed of ectotympanic.

4. Mastoid foramen lost.



5. Lower molar trigonid shortened anteroposteriorly.
6. Large posteriorly projecting hypoconulid on M,.

Since most extinct "ungulate” orders are too poorly known or studied to enable
precise comparison, an attempt is made here to determine the phylogenetic position of
Embrithopoda within living orders alone. This decision accords with Patterson and
Rosen's (1977) assertion that, as recent organisms are accurately contemporaneous and
far better known than fossils, they should be the starting point in any systematic
investigation involving fossils.

Nevertheless, full use is made of fossil members of the groups in question; in
order to test homologies seen in extant members.

Features of arsinoithere anatomy are compared with a wide range of mammals
including condylarths, commonly considered to be the basal stock from which the more
derived orders of ungulates arose. Condylarthra is no longer considered monophyletic
(Prothero et al., 1988) but retains some utility as an umbrella term for archaic
ungulates. In comparisons with living orders, the earliest unequivocal member is usually
taken to be morphotypic for the group in question. Generally speaking, characters
occurring most widely are treated as plesiomorphic whilst those with restricted
distributions are considered apomorphic. Direct comparisons were made where material
was available while primary published accounts were utilised in the absence of actual
specimens.

SKULL

Whereas many large extinct mammals are known only from fragmentary and often
deformed skull material, Arsinoitherium is represented by an extraordinary array of
cranial material. The genus Arsinoitherium is known from three complete adult, four
complete sub-adult and one complete juvenile skull in addition to numerous partial
skulls and skull fragments. The bone is often exceedingly well preserved and has only
very rarely suffered postmortem deformation. The following description is based on the
study of all available material and is a composite of observations made from different
individuals. Cranial sutures in large ungulates tend to fuse very early in development;
the interrelationships of various cranial elements presented below are therefore based
largely on sub-adult specimens.

The principal work on the arsinoithere skull is still Andrew's (1906) thorough
osteological description. However, he omitted certain details that were either not present
in his material or overlooked. Moreover, Andrews made little attempt at detailed
comparison of arsinoithere skull features with other eutherian groups. Consequently the
cranium of Arsinoitherium has remained largely unexploited from a phylogenetic point
of view.



GENERAL CONFIGURATION

The most striking feature of the arsinoithere skull is the development of a
formidable cranial armoury. A massive pair of anterior horns project anterodorsally,
rising from a common base across the entire transverse width of the skull. In cross-
section they tend to be triangular, the dorsal surface being flat and the anterior surface
forming the triangular apex. A pair of much smaller cranial appendages rise at the base
of the great horns on either side of the rostrum above the orbit. In anterior view the
snout tapers to a remarkably narrow termination. Above the snout the nasal opening is
capacious and retracted to a level above the anterior part of the first molar. In older
individuals an ossification in the mesethmoidal cartilage descends from the anterodorsal
border of the nares to fuse with the premaxilla below. The skull is widest dorsally
between the smaller frontal homn cores, behind which the braincase narrows to a
minimum width above the posterior part of a deeply excavated temporal fossae. More
posteriorly it flares into the occipital region above the squamosal root of the zygoma.
Due to pronounced forward tilting, the occiput is broadly exposed in dorsal aspect. A
strong lambdoid crest forms a tight anteriorly directed arc that flares laterally to form
robust tuberosities above the occipital condyles. The occipital condyles are large,
pedunculate, widely spaced and, in dorsal view, project strongly behind the occiput.

NASAL
Description

The nasal bones of Arsinoitherium form the major portion of the aforementioned
great horn cores and in consequence are the most aberrant of any mammalian group.
The naso-facial suture (C7805) runs transversely across the base of the nasal inflation
and descends anteroventrally to join the maxilla just posterior to and level with the nasal
incision in lateral aspect (plate 1). Extracranial and intracranial surfaces of the nasals
have diverged such that the nasals are invested with an extensive system of sinuses.
These are confluent with the frontal sinus system, thus rendering the horn cores
essentially hollow. Indeed, although strengthened by an internal system of buttresses,
laminar bone of the horns is in some places as thin as 5Smm. The ventral surface of the
nasal bones constitutes the dorsal roof of the external nasal opening and in life would
have housed the mesethmoidal cartilage along a median groove. The prenasal
ossification present in older individuals was said by Andrews (1906) to have borne
depressions for the attachment of nasal muscles. This assertion was presumably based
on M.8463, which bears a distinct pit on the anteroventral part of the nasal septum. Re-
examination of this specimen revealed that the pit is in fact an artifact of breakage.
Moreover, no other specimens with complete nasal bars exhibit a pit in this position; it
therefore seems unlikely that this late ossifying element would have borne muscle
fibres.



Discussion

The primitive condition for nasal bones in eutherian mammals is exemplified in
early insectivore-like mammals where they are narrow, elongate and forwardly
projecting (Ictops in Butler, 1956). Some eutherian groups secondarily reduce and/or
retract the nasals (eg. tapirs, seacows and elephants) in order to accommodate
hypertrophied nasal musculature. Although this is an advanced condition, it has
occurred several times during placental evolution in groups as diverse as the South
American astrapotheres and pyrotheres and some cetaceans; it is therefore a poor
indicator of affinity. The nasals of Arsinoitherium, inflated and drawn out to constitute
the massive anterior horn cores, are certainly apomorphic; indeed they do not compare
with cranial appendages in any other mammal groups and are therefore of little use in
determining higher order relationships. Although the nasal bones are unlike those of
other ungulates, the nasal incision (in lateral view) lies a considerable distance behind
the snout and possibly indicates the presence of a small proboscis.

PREMAXILLA
Description

In lateral aspect (plate 1) the premaxilla-maxillary suture rises at the posterior
border of the canine alveolus and trends steeply posterodorsally to contact the nasal at a
horizontal suture that runs posteriorly from the nasal incision. Where this suture
contacts the narial border a distinct bony swelling rises to provide a point of muscle
attachment. In some individuals the dorsal moiety of the premaxilla actually makes a
short contact with the frontal bone. Indeed, even in individuals where this contact is not
present the premaxilla is excluded from the frontal by only a very short lateral suture
between nasal and maxilla. The paired premaxillary bones converge dorsally below the
nasal opening, where they fuse anteriorly but remain open more posteriorly, presumably
to house the cartilaginous nasal septum (Andrews, 1906). In palatal aspect (plate 2) the
premaxillary-palatine suture courses posteriorly from the canine alveolus and disappears
abruptly as it rises into the incisive foramen. This foramen is a single deep,
posterodorsally trending cavity. Palatal exposure of the premaxilla is short and houses
the alveoli of an incisiform canine and three incisors that are therefore closely crowded.
The alveolus of the first incisor is enlarged relative to succeeding incisors, contralateral
teeth being separated by a short gap along the premaxillary mid-line suture.

Discussion

The premaxilla in most mammals is a small element confined to the front of the
snout. However, in arsinoitheres the premaxilla extends posterodorsally, approaching
and sometimes contacting the frontal. This is a very rare condition in eutherian
mammals and has been used to unite sirenians with proboscideans (Novacek, 1986:
Novacek & Wyss, 1986, 1988). Tassy & Shoshani ( 1988), on the other hand, prefer to
treat premaxillary-frontal contact as being independently attained in both sirenians and



proboscideans. They base their assertion on the observation that this contact is not
present in Moeritherium (Upper Eocene of Egypt) (Tassy, 1981). Although the
premaxilla does not actually contact the frontal in Moeritherium, it does extend
posterodorsally and is therefore excluded from that contact by only an exceedingly short
nasomaxillary suture. A posterodorsally extensive premaxilla is therefore retained here
as a derived character present in tethytheres and arsinoitheres (character 2 in table 1).

As glirids (Novacek, 1985) and plesiadapid primates (Gingerich, 1976) also
possess a premaxillary-frontal contact it therefore seems likely that this condition could
be correlated with either a retracted nares or enlargement of the upper incisors. It could
also be argued that the somewhat retracted nares and massively expanded nasal horns in
Arsinoitherium have led to the independent acquisition of this character. However, if an
extended premaxilla were a prerequisite for retracted narial openings or the
development of large nasal appendages, one would expect the living tapir and extinct
titanotheres to possess this characteristic. In both animals, the premaxilla is small and
confined to the anterior portion of the snout. Moreover, the premaxilla of living hyraxes
with remarkably enlarged incisors does not approach the frontal bone.

The configuration of the incisive foramina varies within mammals, although most
commonly they are rather small, paired openings at the anterior end of the palate.
Rodents and lagomorphs exhibit a highly derived state in which the foramina are long,
narrow openings set more posteriorly in the palate (Novacek, 1985). In arsinoitheres
there is a single large foramen. Such confluence of the incisive foramina is a very
restricted character within eutherians (character 3 in table 1). Amongst ungulates,
perissodactyla and artiodactyls of primitive aspect possess paired anteriorly situated
incisive foramina. Hyraxes also exhibit the more general state. The arsinoithere
condition is shared with the early proboscideans, Moeritherium (Tassy, 1981) and
Numidotherium (Mahboubi et al., 1986) and with sirenians. Evidently the same
condition was achieved secondarily in some perissodactyls including Tapirus and could
be correlated with retraction of the narial opening. The incisive foramina are associated
with Jacobson's organ, a chemosensory sac situated in the anterior nasal chamber. The
derived state of the incisive foramen in tethytheres and arsinoitheres may well reflect a
modification of this organ associated with hypertrophy of the upper lip.

MAXILLA
Description

As mentioned above, in lateral aspect the maxilla contacts the nasal for a short
distance along a horizontal suture although in some specimens the premaxilla interposes
sufficiently to preclude this contact (plate 1). Just posterior to the latter contact the
maxilla descends posteroventrally to contact the lacrimal posterodorsally. Below this
junction it forms a broad contact with the anterior process of the jugal behind. The
infraorbital canal which transmits the infraorbital nerve (second branch of the trigeminal
nerve), artery and vein, emerges just below and in front of the lacrimal (above posterior
loph of first molar) and opens posteriorly into the anterior orbit. The infraorbital canal is
completely enclosed by the maxilla; it is exceedingly short and of great diameter. The
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maxilla forms a dominant component of the orbit (plate 3) The maxillary dental capsule
is greatly expanded (tuber maxillare) and constitutes the floor of the orbit. A dorsally
trending flange of maxilla forms the anterolateral orbital wall, thus excluding the
palatine from any possible contact with the lacrimal. In palatal view the maxilla is
extensive (plate 2). A maxillary-palatine suture runs from the posterolateral margin of
the palate forwards along the tooth row. Level with the middle of the second molar, the
suture turns abruptly medially to join the mid-line suture at about ninety degrees.
Anteriorly the maxilla forms the posterior border of the incisive foramen. The
zygomatic process of the maxilla arises lateral to the last molar; it is very short and
makes only a limited contribution to the zygomatic arch.

Discussion

Contact between the maxilla and frontal in the lateral wall of the face in
Arsinoitherium is very short due to appreciable retraction of the narial incision and
expansion of the nasal bones. Maxillary-frontal contact is reduced in many disparate
groups of eutherian mammals and in ungulates is largely a reflection of posterior
expansion of the nasal bones. The wide distribution of this characteristic is taken to
indicate its plesiomorphic nature. However, Prothero et al. (1988) have drawn attention
to a potentially derived condition in perissodactyls where the pars facialis of the
lacrimal excludes the frontal from the maxilla by contacting the nasal bone (character 11
in table 1). There is some variation in this trait within Perissodactyla although primitive
members (Hyracotherium, Palaeotherium) show the derived condition and are
therefore taken to be archetypal. Interestingly, this character is variably present in living
hyraxes where the maxillary-frontal contact is always marginal. However,
Megalohyrax (Oligocene, Egypt) has a more extensive lacrimal pars facialis (Gregory,
1920) which, nevertheless, does not contacts the nasal bone. This suggests that the
derived state in some living hyraxes has no bearing on the perissodactyl condition.
McKenna (pers. comm.) would consider this feature to be pleisiomorphic for mammals
in general. Although a nasal-lacrimal contact is known in marsupials, since it is absent
in the earliest eutherians (Kielan-Jaworowska, 1981, p.- 30), and unknown in any other
eutherian group, with the exception of perissodactyls, it is here maintained as derived
for Perissodactyla.

The exceedingly large diameter and anteroposterior shortening of the infraorbital
canal in Arsinoitherium (character 4 in table 1) is highly derived with respect to
Muller's (1934) postulate of a long and narrow infraorbital foramen being primitive for
mammals. Novacek & Wyss (1986) considered the very short infraorbital canal in
sirenians and proboscideans to be Synapomorphic whilst Tassy (1981) utilised its
position (under the orbit) to unite the two. Tassy's character, however, appears to be
more the result of anterior positioning of the orbit in Moeritherium and sirenians.
Certainly, the remarkable shortening of the infraorbital canal of Arsinoitherium is a
derived state which may prove to be synapomorphic (linking tethytheres and
embrithopods), although the position of the orbit is not advanced as in tethytheres. The
exceedingly broad calibre of the canal in arsinoitheres is matched only by the condition
in sirenians and presumably reflects hypertrophy of the nerves and vessels supplying the
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upper lip. Although the infraorbital canal in more modern proboscideans is of large
calibre, in Palacogene genera (Palaeomastodon, Barytherium, Numidotherium and
Moeritherium) this opening is actually quite small although sometimes very short. The
infraorbital canal in remaining modern orders (hyraxes, perissodactyls and artiodactyls)
is fairly long and narrow and presumably plesiomorphic. However, more specialised
members of Perissodactyla secondarily shorten the canal.

The maxilla makes a variable contribution to the orbital mosaic of bones in
eutherian mammals. Novacek (1980, 1985) has considered the transformation of orbital
characters and generally concurs with Muller's (1934) scheme for primitive eutherians.
In Arsinoitherium the maxilla makes an extensive contact with the frontal in the
anterior orbital wall, thus confining and excluding the palatine from this region of the
orbit (character 5 in table 1). Assertions that the primitive condition is one in which the
maxilla is excluded from contact with the frontal in the anterior orbit by expansion of
the palatine are based on the fact that this situation obtains in a wide variety of
mammals (some marsupials, carnivores, tree shrews, artiodactyls and perissodactyls)
and is characteristic of known Cretaceous therians (Kielan-Jaworowska, 1981).
However, it has been argued that the expanded orbital process of the maxilla in archaic
primates is primitive (Le Gros Clark, 1959; Cartmill, 1975) and that expansion of the
palatine in the orbit of other primates is a neomorphic development. With respect to
ungulates, proboscideans and to a lesser extent sirenians, exhibit an expansion of the
maxilla within the orbit as do modern hyraxes. Perissodactyls and artiodactyls however,
show the primitive arrangement. Unfortunately the functional significance of the various
character states in this part of the skull are poorly understood. Novacek (1980)
suggested that enlargement of the palatine reflected enlargement of the eye and that
expansion of the maxilla within the orbit could be correlated with enlargement of the
nasal chamber. However, tubulidentates with enlarged palatine and reduced maxillary
contributions to the orbit possess reduced eyes and an enlarged nasal chamber
(Thewissen, 1985). Although the classical assignment of polarity is accepted here
(enlarged orbital process of the palatine being primitive); in agreement with Novacek
(1985), more detailed ontogenetic studies within a variety of taxa are required before
transformations in this anatomical region of the skull can be considered unequivocal.

PALATINE
Description

In ventral view the palatine is pierced by a pair of small oval foramina at a point level
with the middle of the second molar and just posterior to the point at which the palatine-
maxillary suture turns towards the midline (plate 2); the foramina open into faint
anteriorly trending troughs. Posterior palatine canals, that in life would have transmitted
the descending palatine veins, form large oval openings situated lateral to the
posterolateral edge of the palate, behind the last molar. The palatine constitutes the
medial border whilst a posteriorly directed process of the maxilla completes the lateral
margin of the postpalatine canal. From this opening the palatine vein would have risen
in a groove situated on the posteromedial side of the tuber maxillare that debouches into
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the posterior orbit. The posterior border of the palate rises to form the rounded lip of a
rather weak post palatine torus curving in a gothic arch towards the mid-line. The mid-
line apex of the postpalatine torus is level with the posterior loph of the last molar. A
faint tubercle rises on either side of the postpalatine mid-line. More posteriorly the
palatine wings thin to contact the pterygoid process of the alisphenoid on either side. In
most mammals a lateral vertical process of the palatine is broadly exposed in the orbital
fossa, whereas in Arsinoitherium this element is represented only by a remarkably
small moiety (plate 3). It is confined anteriorly by the orbital process of the maxilla and
ventrally by the expanded tuber maxillare. The sphenopalatine foramen (orbitonasal
foramen of Andrews, 1906: Text-fig. 4), which in living mammals conveys the
sphenopalatine nerve, artery and vein, pierces the palatine just posterior to the orbital
flange of the maxilla and is closed ventrally by the expanded dental capsule of the
maxilla. A thin process of the palatine projects more posteriorly and is underlain by an
equally thin projection of the alisphenoid against which the palatine terminates. Located
at this point is a smaller, slit-like foramen: the dorsal palatine foramen (for descending
palatine artery and nerves). In younger specimens a sub-vertical suture occurs on the
pterygoid flange which is here held to be the junction between the descending process
of the palatine in front and a descending process of the alisphenoid behind.

Discussion

In palatal view, the presence of a short elliptical postpalatine canal in
Arsinoitherium is an unusual feature. This structure occurs in some lipotyphlan
insectivores and tubulidentates. However, in these groups the canal is enclosed within
the palatine whilst in arsinoitheres it is closed laterally by a process from the maxilla (as
in some rodents). There is no development of a large postpalatine canal in any other
group of ungulate and so its development in Arsinoitherium must be treated as either
pleisiomorphic or autapomorphic.

As previously discussed, a large orbital process of the palatine contacting the
lacrimal is primitively present in the anterior orbital wall of therian mammals. In
arsinoitheres the palatine is confined to the anteroventral comer of the orbit by an
orbital wing of the maxilla in front and by the frontal above. The palatine in hyraxes and
sirenians is broadly exposed within the orbit but is precluded from contact with the
lacrimal by the maxilla. There is no orbital exposure of the palatine in proboscideans
(Tassy, 1981), which presumably reflects the ventral expansion of the frontal and
dominance of the maxilla in the orbital floor. Perissodactyls exhibit the primitive
condition, in which the palatine makes a broad contact with the lacrimal in the orbit.
Russell er al. (1983) described an archaic artiodactyl (Diacodexis pakistanensis) in
which the palatine is exposed in the orbit but precluded from contact with the lacrimal
by a descending process of the frontal that contacts the ventrally confined maxilla. Their
comparisons with a whole range of early artiodactyls revealed that the condition in D.
pakistanensis was not typical and presumably represents a specialization in that genus.
The typically primitive condition is present in most artiodactyls and is here considered
archetypal for the order. Great reduction of the palatine in the orbit of Arsinoitherium is
treated as a derivation (character 6 in table 1).
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Two foramina typically pierce the orbital wing of the palatine and show some
variation within eutherians. The sphenopalatine foramen and dorsal palatine foramen in
lipotyphlan insectivores open into a common orbital recess that appears to be a
eutherian specialization (Novacek, 1986). More commonly and presumably therefore
more primitively, the sphenopalatine and dorsal palatine foramina are well separated
and situated high in the orbit. In artiodactyls and perissodactyls the sphenopalatine
foramen is a large circular opening within the body of the orbital wing of the palatine
while the dorsal palatine foramen is either missing or merged with the sphenopalatine
foramen. A more restricted condition is seen in proboscideans, where the sphenopalatine
foramen is more anteriorly situated and notches the maxillary border within the floor of
the orbit (character 8 in table 1). The sphenopalatine foramen in Arsinoitherium is also
anteriorly situated and confined to the maxillary border. In common with
proboscideans, the derived position of this foramen in arsinoitheres is undoubtedly
correlated with reduction of the orbital wing of the palatine. Hyraxes appear to be
independently specialised in this regard; the sphenopalatine foramen is situated
posteriorly, medial to the tuber maxillare where it notches the anterior border of the
alisphenoid.

LACRIMAL
Description

The lacrimal of Arsinoitherium is observed as a discrete ossification only in
juvenile individuals where it occurs as a tiny trapezoidal bone bearing a faint tubercle in
the superior border of the antorbital rim. It is confined dorsally and medially by the
frontal and anteriorly by the maxilla. Ventrally it abuts the dorsally ascending ramus of
the jugal. In none of the specimens studied was there a traceable lacrimal foramen.

Discussion

Gregory (1920) presented a detailed appraisal of lacrimal morphology in
mammals. He considered the confinement of the lacrimal to the antorbital rim as being
the generalised and therefore primitive condition within mammals. The pars facialis of
the lacrimal in artiodactyls is greatly enlarged, often housing a fossa or vacuity and is
considered autapomorphic within ungulates (Prothero et al., 1988). The lacrimal is also
exposed on the face in perissodactyls and some hyraxes (see discussion of frontal),
although not to the same extent as in artiodactyls and if derived, is probably
independently so. Positionally the lacrimal in Arsinoitherium is typically primitive
although the complete lack of a nasolacrimal foramen is surely derived. Blainville
(1844) cited loss of the lacrimal foramen as one of a number of characters linking
Proboscidea and Sirenia. There is no distinct lacrimal or lacrimal foramen in
Moeritherium (Andrews, 1906; Tassy, 1981) and no lacrimal foramen has been
described in Numidotherium although the bone is present (Mahboubi et al., 1986).
Moreover, the Barytherium skull from Dor el Talha (Libya) has no obvious lacrimal
foramen (pers. obs.). However, early sirenians do possess a nasolacrimal foramen
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(Savage, 1976), so that its loss in more modern sirenians must be considered as
secondarily derived within the group. Due to the presence of a lacrimal foramen in such
primitive elephantiforms as Phiomia and Deinotherium, its absence in Moeritherium
has been considered autapomorphic for the genus (Tassy, 1981; Tassy & Shoshani,
1988). If reversal in elephantiform progenitors seems unlikely, the independent loss of
the nasolacrimal foramen in Palaeogene proboscideans and arsinoitheres must be
invoked.

JUGAL
Description

The jugal in arsinoitheres is a very long element constituting almost the whole of
the zygomatic arch. In contrast to many mammals, the jugal exhibits very little lateral
bowing. The anterior part of this element forms the aforementioned anterodorsally
projecting ramus that terminates against the lacrimal, forming the external antorbital
rim. It bears an extremely prominent laterally projecting bony process that emanates
from almost the length of the orbital rim below the lacrimal and presumably anchored
exceedingly powerful nasolabial muscles (plate 3b). The jugal-maxillary suture trends
posteroventrally to terminate at a level just behind the last molar, at which point there
occurs a prominent muscular groove. The jugal then rises posterodorsally forming the
free zygoma, to contact the zygomatic process of the squamosal near the back of the
orbit. The ventral border of the jugal progrades posteriorly to the anterior margin of the
glenoid cavity where a robust process from the squamosal overrides it in a strong almost
horizontal suture above the alisphenoid canal (plate 1). In ventral view (plate 2), at the
posterior margin of this suture, the jugal is slightly expanded transversely and
excavated, thus making an anterolateral contribution to the temporomandibular joint.

Discussion

A large jugal is generally accepted as primitive for eutherians (Novacek, 1986 and
taxa cited therein; p. 39), being present in Cretaceous members of that subclass (Kielan-
Jaworowska, 1981). Nevertheless, extension of the jugal to the posterior margin of the
glenoid fossa has been treated as a synapomorphy linking Proboscidea, Sirenia and
Hyracoidea (Novacek, 1982, 1986; Novacek & Wyss, 1986, 1988). The jugal in
sirenians stretches further posteriorly than in most mammals although it in fact ends at
the anterior border of the glenoid cavity as in arsinoitheres. Moreover, the posteriorly
extended jugal in hyraxes forms a lateral facet that articulates with the mandibular
condyle whereas in proboscideans there is no such articulation (Fischer, 1989). It
therefore seems likely that extension of the jugal to the posterior border of the glenoid
cavity in proboscideans and hyraxes evolved independently and that sirenians and
arsinoitheres exhibit a more primitive state (Tassy, 1981; Tassy & Shoshani, 1988;
Fischer, 1988). This assertion is strengthened by consideration of an additional jugal
specialisation obtaining in proboscideans. In Arsinoitherium the jugal primitively forms
the border of the orbital rim (Gregory, 1920) whereas the anterior part of the jugal in
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