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Abstract

The basai neoceratopsian dinosaur Protoceratops hellenikorhinus nov.
sp. is described on the basis of material discovered by the Sino-Belgian
Expéditions in Inner Mongolia, in Campanian (Upper Cretaceous)
deposits at Bayan Mandahu (Inner Mongolia, P.R. China). This new
species is characterised by its large size and by a series of cranial
autapomorphies linked to the important development of the mandibu-
lar adductor musculature. The nasal horns and the fronto-parietal
dépression are better developed in adult males of Protoceratops hel¬
lenikorhinus than in P. andrewsi. Ontogenetic data indicate that devel¬
opment of the nasal horns is delayed after the appearance of sexual dis¬
criminant characters in P. hellenikorhinus. Two discriminant functions,
based on only three measurements, were established: the first one sép¬
arâtes the two species ofProtoceratops, while the second one separates
adult males from adult females and juvéniles within the genus
Protoceratops. Phylogenetic analysis indicates that the family
Protoceratopsidae, including Protoceratops and Bagaceratops, is
monophyletic. Basai Neoceratopsia appeared in Asia, then migrated to
North America. The following migrations (from Asia to North America
but also possibly the return to Asia) could have happened at different
loei of the Neoceratopsia phylogenetic tree.

Key words: Neoceratopsia, Protoceratops, Late Cretaceous, Inner
Mongolia, phylogeny.

Résumé

Protoceratops hellenikorhinus nov. sp., un néocératopsien primitif, est
décrit sur base d'ossements découverts par les Expéditions Sino-Belges
en Mongolie intérieure, dans les dépôts du Campanien (Crétacé
Supérieur) de Bayan Mandahu (Mongolie intérieure, R. P. de Chine).
Cette nouvelle espèce est caractérisée par sa grande taille et une série
d'apomorphies liées au développement important des muscles adducteurs
de la mandibule. Les cornes nasales et la dépression fronto-pariétale sont
plus développés chez les mâles adultes de Protoceratops hellenikorhinus
par rapport à P. andrewsi. Des données ontogénétiques montrent que les
cornes nasales ne s'individualisent chez Protoceratops hellenikorhinus
qu'après l'apparition des caractères sexuellement discriminants. Deux
fonctions discriminantes, basées sur seulement trois mesures crâniennes,
ont été établies, l'une pour séparer les deux espèces du genre
Protoceratops, et l'autre pour séparer les mâles adultes des femelles
adultes et juvéniles au sein du genre Protoceratops. Une analyse phylo-
génétique permet de montrer le caractère monophylétique de la famille
Protoceratopsidae, incluant les genres Protoceratops et Bagaceratops.
Les néocératopsiens primitifs sont apparus en Asie avant de migrer vers
l'Amérique du Nord. Les migrations successives (d'Asie vers l'Amérique
du Nord mais également un possible retour en Asie) ont pu se produire à
différents endroits de l'arbre phylogénétique des néocératopsiens.

Mots-clefs: Neoceratopsia, Protoceratops, Crétacé supérieur,
Mongolie intérieure, phylogénie.

Introduction

Protoceratops is probably the most emblematic dinosaur
from the Gobi Desert. The first specimen was discovered
in the Djadokhta Formation (Campanian) at the legendary
Flaming Cliffs (Bayn Dzak, P. R. Mongolia) by the Third
Central Asiatic Expédition of the AMNH on September
2, 1922 (Andrews, 1932). This skull (AMNH 6251) of a
juvénile individual, lacking the front of the face and the
frill, was described as Protoceratops andrewsi Granger
& Gregory, 1923. Numerous well-preserved specimens
were subsequently unearthed during field seasons 1923
and 1925. Dashzeveg (1963) discovered a new locality
with P. andrewsi at Toogreeg, in the same area and in the
same formation as the type locality Bayn Dzak. In 1971,
the Polish-Mongolian expéditions collected three speci¬
mens of P. andrewsi at Toogreeg (Maryanska &
Osmolska, 1975). Besides P. andrewsi, the Djadokhta
Formation has also yielded the larger basai Neoceratopsia
Udanoceratops tschizhovi Kurzanov, 1992. Other basai
Neoceratopsia were discovered in Late Cretaceous for¬
mations of P.R. Mongolia: Microceratops gobiensis
Bohlin, 1953 (Bayn Shiren Fm: Turonian - Lower
Campanian), Bagaceratops rozhdestvenskyi Maryanska
& Osmolska, 1975 and Breviceratops kozlowskii
(Maryanska & Osmolska, 1975; Kurzanov, 1990)
(Barun Goyot Fm: Campanian). Sereno (2000) consid-
ered Breviceratops as a junior synonym ofBagaceratops.
Nessov also described new Neoceratopsia taxa from
Central Asia: Asiaceratops salsopahtdalis Nessov &
Kaznyshkina, 1989 (Lower Cenomanian of
Karakalpakistan Autonomous Republic, Uzbekistan),
Turanoceratops tardabilis Nessov & Kaznyshkina,
1989 (Upper Turonian of Uzbekistan) and Kulceratops
kulensis Nessov, 1995 (Upper Albian of Karakalpakistan
Autonomous Republic, Uzbekistan).

Basai Neoceratopsia are also known from northern
China. From winter 1929 to May 1931, Sino-Swedish
Expéditions investigated Cretaceous localities in Inner

1) This paper is a contribution to the Excavation Project BL/36/C12
financially supported by the Fédéral Office for Scientific. Technical
and Cultural Affairs (SSTC- DWTC).
O. Lambert has a doctoral fellowship of F.R.I.A.
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Mongolia and western Kansu provinces. From the mate-
rial collected in Kansu, Bohlin (1953) established the
new genus Microceratops with two species:
Microceratops gobiensis, froni Tsondolein Khuduk and ?
M. sulcidens, from Chia Yii Kuan. Dodson & Currie
(1990) considered only one species of the genus
Microceratops, M. gobiensis. Sereno (2000) regarded

M. gobiensis and M. sulcidens as nomina dubia because
of the absence of any diagnostic features on the holotype
material and the abundance of immature individuals.
From one articulated and immature skeleton referred by
Maryanska & Osmolska (1975) to M. gobiensis, he
built a new genus and species, Graciliceratops mon-
goliensis. Bohlin (1953) also described scarce fossils

Fig. 1 — Cranial measurements of Protoceratops. A. Left latéral view of the skull (schematic drawing of a P. andrewsi from
AMNH). B. Dorsal view. C. Occipital view. D. Latéral view of the jaw. (Dodson, 1976, mod.).
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discovered at Ulan-Tsonch in Inner Mongolia as
Protoceratops andrewsi. However, this raaterial is too
fragmentary to be identified at a spécifie or even at a
generic level. Other Chinese Neoceratopsia include
Archaeoceratops oshimai Dong & Azuma, 1997, from
the Lower Cretaceous of the Mazongshan area Gansu
Province. Sereno ( 1997) also regarded Chaoyangsaurus
youngi Zhao, Cheng & Xu, 1999, from the Middle or
Upper Jurassic of Liaoning Province, as a Neoceratopsia.
However, Zhao et al. (1999) preferred the hypothesis that
Chaoyangsaurus is the sister group to Psittacosaurus +
Neoceratopsia, but indicated that more material is needed
to détermine its phylogenetic position more precisely.

The Bayan Mandahu Formation of Inner Mongolia lies
about 50 km northwest of the Lang Shan mountains that
separate the southern part of the Mongolia plateau and
Gobi Basin from the Yellow River alluvial plain (see
location map in Smith et al., this volume). The fossilifer-
ous deposits are exposed along the Ni Qi Daba Gorge that
cuts the badlands of Bayan Mandahu. This gorge is
approximately 45 km long, 1 to 5 wide and 24 to 32 m
deep (Dong & Cheng, 1996). The Bayan Mandahu for¬
mation is located about 25 km west of Ulan-Tsonch local-

ity previously investigated by Sino-Swedish expéditions.
The Bayan Mandahu Formation was explored in 1988
and 1990 by Sino-Canadian expéditions (see e.g. Dong,
1993) and subsequently by Sino-Belgian expéditions in
1995, 1996 and 1999. Sedimentary, geological and
palaeontological data indicate that the Bayan Mandahu
Formation and the Djadokhta Formation in P.R.
Mongolia are stratigraphie corrélatives (Jerzykiewicz et
ai, 1993). The vertebrate fauna of Bayan Mandahu
includes a variety of squamates (Wu et al., 1996; Gao &
Hou, 1996), the turtle Zangerlia neimongolensis (see
Brinkman & Peng, 1996), multituberculate mammals
(Smith et al., this volume), the theropod dinosaurs
Oviraptor philoceratops (see Dong & Currie, 1996),
Velociraptor mongoliensis (Jerzykiewicz et al., 1993)
and Saurornithoides mongoliensis (see Currie & Peng,
1993), and the ankylosaur Pinacosaurus mephisto-
cephalus (see Godefroit et al., 1999). However, the
Bayan Mandahu fauna is largely dominated by protocer-
atopsian dinosaurs. Dong & Currie (1993) referred
embryonic remains to both Protoceratops andrewsi and
cf. Bagaceratops sp. Jerzykiewicz et al. (1993) also sug-
gested the presence of the larger form Udanoceratops.

We describe and discuss herein protoceratopsian spec¬
imens collected at the occasion of the Sino-Belgian
dinosaur expéditions (SBDE) in 1995 and 1996. These
are 7 skulls or partial skulls and some post-cranial bones
(see list on Appendix 1). Ail diagnostic material belongs
to a single new species, named Protoceratops helleniko-
rhinus nov. sp.

Abbreviations: AMNH: American Museum of Natural
History, New York, U.S.A.; IMM: Inner Mongolia Museum,
Hohhot, P. R. China; IVPP: Institute of Vertebrate
Paleontology and Paleoanthropology, Beijing, P. R China;
PIN: Palaeontological Institute, Russian Academy of Sciences,
Moscow, Russia; RBINS: Royal Belgian Institute of Natural
Sciences, Brussels

Description of the measurements (see Fig. 1): Most of the
measurements (from 1 to 40) used in the present paper are those
defined by Dodson (1976, tab.2 and text-fig. 1) in
Protoceratops andrewsi. Five additional measurements (1' to
5') were taken on P. hellenikorhinus studied specimens and on
P. andrewsi reference material in the AMNH (see Table 1):
1'. Distance between orbits: minimal distance between dorsal

margins of the orbits.
2'. Antorbital fenestra length: maximal length of the fenes-

tra, taken perpendicularly to the maxilla height.
3'. Antorbital fenestra height: maximal height of this fenestra.
4'. Distance between orbit and supratemporal fenestra:

minimal distance between caudodorsal margin of the orbit
and rostral margin of the supratemporal fenestra.

5'. Distance between nasal 'horns' and supratemporal fen¬
estra: distance between tip of the nasal 'hom' and rostral
margin of supratemporal fenestra, parallel to the bilatéral
symmetry axis of the skull.

Systematic palaeontology

Order Ornithischia Seeley, 1888
Hypo-order Marginocephalia Sereno, 1986

Suborder Ceratopsia Marsh, 1890
Infraorder Neoceratopsia Sereno, 1986

Family Protoceratopsidae Oranger & Gregory, 1923
Genus Protoceratops Granger & Gregory, 1923

Type-species: Protoceratops andrewsi Granger &
Gregory, 1923

Other referred species: Protoceratops hellenikorhinus
nov. sp.

Emended generic diagnosis: Protoceratopsidae with the
following apomorphic characters: tip of predentary reach-
ing or standing higher than the level of the dorsal edge of
the coronoid process; double nasal horn.
The following characters differentiate Protoceratops
from Bagaceratops (sister-group), but they are either ple-
siomorphic, or their polarity cannot be asserted in the cur-
rent state of our knowledge: frill inciined in a caudodor¬
sal direction, parietal fenestrae better developed,
squamosal-jugal suture visible laterally on the rostrodor-
sal edge of the infratemporal fenestra, absence of addi¬
tional antorbital fenestra and higher mandible.

Protoceratops hellenikorhinus nov. sp.

Derivatio nominis: hellenikos (Greek), relative to ancient
Greece; rhis (Greek), nose; with its elevated and angular
snout, this species has some kind of Greek profile.

Holotvpe: IMM 95BM1/1, nearly complete skull of a
'male' specimen.

Paratype: IMM 96BM1/4, nearly complete skull of a
'female' specimen.

Locus typicus: Quarry 95BM1/1 (N 41° 44' 485" - E
106° 44' 703" - Altitude 1307 m) Bayan Mandahu, Urad
Houqi Banner, Bayan Nor League, Inner Mongolia
Province, People's Republic of China (see location plan
in Smith et al., this volume).
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Stratum typicum: Bayan Mandahu Formation, ? correlat-
ed with the Djadokhta Formation in People's Republic of
Mongolia, Campanian, Upper Cretaceous.

Diagnosis: Ventral edge of the dentary straight; caudal
edge of the angular formed by a caudally facing triangu-
lar surface; long projection of the squamosal contacting
the quadratojugal; straight and strongly reduced longitu¬
dinal ridge on maxilla.

Description of the holotype IMM 95BM1/1 (see Figs.
2, 3 and 4; Plates 1 and 2)
This very well preserved skull was found isolated, with¬
out postcranial elements. lt was discovered with its snout
pointing upwards: this 'standing' pose is common for
Protoceratops specimens discovered in both the
Djadokhta and the Bayan Mandahu formations (see
Jerzykiewicz et al., 1993). The only missing pièces of
the skull are the rostral bone (and the rostralmost portion

Measurements/Specimens IMM
95BM1/1

IMM
96BM1/4

IMM
96BM2/1

IMM
96BM1/7

IMM
96BM1/1

IMM
96BM5/5

IMM
96BM5/3

1. basai skull len 430 305 225 365
2. total skull len 720 389 690
3. preorbital len 288 260 112 340
4. postorbital len 170 118 111 185 220 35
5. frill len 320 181
6. skull wid maxilla 86 38 27 54
7. skull wid postorb 230 147 148
8. skull wid jugal 554 425
9. skull wid frill 624
10. skull ht nasal 325 154 118 200 318
11. skull ht postorb 275 148
12. skull ht frill 441 158
13. orbit len 103 67
14. orbit ht 90 38
15. lat temp. fen len 100 59 51 94 115 20
16. lat temp. fen ht 98 77 74 99 141 18
17. parietal fen len 53
18. parietal fen wid 37
21. up temp. fen wid 71 46
22. ext. nares len 72 27 45
23. ext. nares wid 27 12 19
24. maxilla len 215 110
25. maxilla ht 197 81
29. exoccipital len 208
30. quadrate len 256 180 120
31. quadrate wid 24 16
32. quadrate sep 392 330
35. parietal len 340 185
37. jaw len total 414 306 410 425
38. jaw len to cor pr 255
39. ht ramus 106 101 115
40. ht coronoid proc 133 131
1'. dist between orbits 87 86
2'. antorb fen len 71 38 85
3'. antorb fen ht 126 85 52 132
4'. dist orb-suprtemp fen 41 38 33
5'. dist horn-suprtemp fen 161 134 122 163

Table 1 — Measurements taken on the seven best-preserved skulls of Protoceratops hellenikorhinus, following Dodson ( 1976)
for the measurements 1 to 40. The measurements are in millimeters.
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of the premaxillae), the caudal part of the basioccipital
and the longitudinal médian ridge of the frill formed by
the parietals. This skull does not show any indication of
post-mortem déformation. Some sutures are less clear
than others (for example in the area of the nasals, the
lacrimals and the prefrontals). This is a large-sized skull,
with a basai length and a total length respectively esti-
mated at 430 and 720 mm.

Premaxilla -The rostralmost part of this bone is eroded,
because this part of the skull was exposed when this spec¬
imen was discovered in the field. The suture with the
nasal is partially visible, indicating that the ventral part of
the external naris is formed by the premaxilla. The suture
with the maxilla slopes rostroventrally. The ventral mar¬
gin of the premaxilla is straight and continuous with the
rostral part of the ventral margin of the maxilla. No évi¬
dence of premaxillary teeth has been found: there is no
trace of sockets and the ventral edge remains thin along
its whole length.

Antorbital fossa -This fossa forms an oval dépression
extending on the maxilla, the lacrimal and a small part of
the jugal. The great axis of the fossa is slightly oblique
with the dorsal edge in a more caudal position than the
ventral one. Both its ventral and dorsal margins are exca-
vated by pockets that are attenuated rostrally, but well

marked caudally. The dorsal margin of the antorbital
fossa reaches the level of the ventral third of the orbit.

Maxilla - The antorbital fossa forms a large dépression on
the latéral side of this triangular bone. Ventrally to this
fossa, the latéral side of the maxilla is wavy: rostral and
caudal slight dépressions are separated by a convex area.
Ventrally, the alveolar part of the maxilla is shifted medial-
ly and separated from the rest of the bone by a straight, sub¬
horizontal and smooth ridge. This ridge forms an angle of
about 120° with the ventral border of the jugal. The ventral
edge of the maxilla is straight as far as the first alveolus,
then it slopes rostrodorsally towards the premaxilla - max-
illary suture. Only 2 or 3 maxillary teeth are preserved and
the alveoli for the other teeth are hardly discernible; any-
way, there are at least 11 alveoli for each maxilla.

Lacrimal -The sutures of this bone with the maxilla,
nasal, prefrontal and jugal are not easily observable. The
lacrimal forms the rostral margin of the orbit and enclos¬
es the caudodorsal part of the antorbital fossa.

Nasal - In latéral view, this bone is strongly angular, so
that it forms a prominent bowed arch on the rostrodorsal
part of the skull. The paired nasals form a dorsomedian
gutter that progressively deepens backwards where it sép¬
arâtes two distinct nasal homs, whose tips are 4 cm dis-

Fig. 2 — Skull of the holotype ofProtoceratops hellenikorhinus (IMM 95BM1/1 ) in left latéral view. acs: angular caudal surface;
ang: angular; d: dentary; ej: epijugal; exo: exoccipital; f: frontal; j: jugal; lac: lacrimal; mx: maxilla; nas: nasal; nh: nasal
horns; pa: parietal; pap: palpebral; pd: predentary; pmx: premaxilla; po: postorbital; prf: prefrontal; q: quadrate; qj:
quadratojugal; r: rostral; sang: surangular; sq: squamosal.
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tant. These nasal horns exceed the level of the dorsal edge
of the postorbitals in height. They are distinctly limited
rostrally by a concavity on the dorsal margin of the nasals;
their caudodorsal border is straight and very inclined
towards the orbits. In dorsal view, the latéral sides of the
nasal are steeply inclined ventrally; the nasals conse-
quently form a wide-based dome, giving the snout a mas¬
sive aspect. The dorsal margin of the small, elongated and
nearly vertical external nares is formed by the nasals.

Prefrontal - The prefrontals form the rostrodorsal limit of
the orbits. They are medially separated from each other by
the contact between the nasals and the frontals and they are
pushed laterally by the strong development of the nasals.

Palpebral - This triangular bone, which contacts medial¬
ly the prefrontal, is thick and prominent. It extends back-
wards, outwards and slightly upwards and roofs the orbit.
Indeed, the palpebral partially covers a latéral notch in the
frontal, along the dorsomedial side of the orbit.

Postorbital - On the caudodorsal corner of the orbit, the
postorbital has the shape of a wing in latéral view. It
extends caudally towards the level of the middle of the
infratemporal fenestra. lts dorsal edge is convex, forming
a dorsal protubérance in latéral view of the skull. lts dor-
solateral side bears a longitudinal crest that progressively
atténuâtes backwards. The ventral process of the postor¬
bital, which participâtes in the caudal margin of the orbit,

Fig. 3 — Skull of the holotype of Protoceratops hellenikorhinus (IMM 95BM1/1) in rostral view. ang: angular; d: dentary; ej:
epijugal; j: jugal; lac: lacrimal; mx: maxilla; nas: nasal; nh: nasal horns; pa: parietal; pap: palpebral; pd: predentary;
pmx: premaxilla; po: postorbital; q: quadrate; sang: surangular; sq: squamosal.
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Fig. 4 — Skull of the holotype of Protoceratops hellenikorhinus (IMM 95BM1/1) in dorsal view. f: frontal; fpd: fronto-parietal
dépression; j: jugal; lj: lowerjaw; nas: nasal; nh; nasal horns; pa: parietal; pap: palpebral; po: postorbital; sq: squamos-
al; stf: supratemporal fenestra.

is rather slender; its rounded tip does not reach the level
of the ventral border of the orbit.

Frontal - The paired frontals fonn the roof of the skull
between the nasals and the parietals. The strong develop-
ment of the nasal dome pushes the frontals caudally, so
that the nasal-frontal suture has a rounded and caudally
concave shape. A strong fronto-parietal dépression excav-
ates the caudal part of the frontals and a small rostral
portion of the parietals. This dépression is deeper rostral-
ly and its rostral wall is very steeply inclined. It extends
forwards beyond the level of the middle of the orbits.

Parietal - The parietals of IMM 95BM1/1 are incom-
pletely preserved: a part of the médian ridge and the mar-
gins of the parietal fenestrae are missing. They are very
thin, except along the caudal margin of the frill and on the
médian ridge. The latéral border of the thin dorsal plate of
the parietal is deeply notched by the long and very wide
supratemporal fenestra; however, a thin latéral ramus of
the parietal still contacts the postorbital and the squamos-
al. At first sight, the frill of IMM 95BM1/1 appears relat-
ively low, when compared to that of the largest specimens
of Protoceratops andrewsi. However, Dodson (1976)

showed that the biometrical characteristics of the frill are

highly variable in P. andrewsi. Moreover, most of the
frills of the specimens on display in the AMNH and in the
PIN are reconstructed (pers. obs.) and cannot be consid-
ered in biometrical analyses. The bilogarithmic diagram
presented in Fig. 5 represents the évolution of the height
of the skull at the level of the frill (measurement 12 of
Dodson, 1976), relatively to the basai length of the skull
(measurement 1 of Dodson, 1976). The allometry coeffi¬
cient between both variables, calculated from P. andrewsi
specimens, is 1.26 (Dodson, 1976, tab. 2); it means that
taller specimens have relatively higher frills than smaller
individuals. Fig. 5 also demonstrates that IMM 95BM1/1
is not significantly distant from the calculated line of
Bartlett's best fit for P. andrewsi. Therefore, it cannot be
demonstrated that the frill of IMM 95BM1/1 is lower
than that of large P. andrewsi individuals. The partial
parietal fenestrae preclude a précisé comparison with
P. andrewsi that seems to have less developed fenestrae.

Jugal - This bone is particularly massive and occupies a
large surface on the latéral side of the skull. Its ventral
border is very rounded, in discontinuity with the longitud¬
inal ridge of the maxilla. The jugal extends far backwards



12 Olivier LAMBERT, Pascal GODEFROIT, Hong LI, Chang-Young SHANG & Zhi-Ming DONG

and downwards, hiding the ventral part of the quadrate,
the articulation of the mandible and part of the coronoid
process in latéral view. In rostral view, the caudal part of
the jugals flares out laterally, giving the skull a particul-
arly wide aspect.

Epijugal - As usual in Neoceratopsia, epijugals are well
developed, covering the distal end of the jugals.

Squamosal - The squamosal is a triradiate bone, formed
by a main rostro-caudally oriented sub-horizontal blade, a
ventral process and a medial wing of this process. The
main ramus participâtes in the latéral border of the frill,
supporting the caudal expansion of the parietal. The ros¬
tral contact with the jugal is relatively reduced, a thin pro¬
jection of the squamosal passing between the postorbital
and the infratemporal fenestra towards the jugal. In latér¬
al view, the dorsal border of the main blade is slightly
convex in its rostral part and concave caudally. The ven¬
tral process is long and slender, extending rostrally along
the sulcus between the shaft and the latéral wing of the
quadrate. This process tapers ventrally and reaches the
quadratojugal on the caudoventral corner of the infratem¬
poral fenestra. The ventral process sends a medial wing
covering rostrally the medial wing of the quadrate and
then, reinforcing it. A second shorter and thinner ventral
process of the squamosal extends caudally along the dor¬
sal end of the quadrate.

Quadrate - The quadrate connects the skull with the
mandible, contacting both the articular and the surangu-
lar. As previously described, the dorsal end of the
quadrate is strongly embedded in the ventral part of the
squamosal, preventing any mobility: the distal end of the
quadrate is wedged between two ventral processes of the
squamosal, while its medial wing is coupled with a latér¬
al wing of the squamosal. The distal articular surface of
the quadrate is very wide and massive.

Quadratojugal - This bone is not easy to distinguish. It
forms the contact point between the caudal surface of the
jugal, the ventral projection of the squamosal and the
shaft of the quadrate. It contacts the caudoventral corner
of the infratemporal fenestra along a short distance.

Exoccipital - This bone forms a sub-horizontal rod
extending caudolaterally front the latéral margin of the
foramen magnum towards the level of the caudal edge of
the quadrate shaft. The exoccipital becomes progressive-
ly higher laterally and its latéral margin is rounded.
Sutures between squamosal, exoccipital and quadrate on
the internai surface of the quadrate are not clear.

Pterygoid - The palate of IMM 95BM1/1 is hidden
because the lower jaw is still in connection with the skull.
However, the pterygoid appears very short, as observed
between the ectopterygoid and the basioccipital.
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Fig. 5 Bilogarithmic diagram showing the évolution of the
height of the skull at the level of the frill (measure-
ment 12 of Dodson, 1976) relatively to the basai
length of the skull (measurement 1 of Dodson,
1976) for individuals of the two species of
Protoceratops. Measurements are in millimeters.

Predentary - This bone, which forms the rostral margin of
the mandible, is very massive, rostrally keeled and ros-
trodorsally pointed. Its dorsal margin is slightly concave;
caudally it is subdivided into two branches whose dorsal
surface faces laterally. Both the rostral and ventral margins
of this bone are nearly straight, forming together an angle
of about 125°. A weak constriction on the ventral border of
the mandible marks the contact with the dentary.

Dentary -This bone takes an important part in the latéral
surface of the mandible. Its dorsal border is very wide,
straight, horizontal and pierced by alveoli for more than
10 dentary teeth. The dentary forms the rostral portion of
a wide coronoid process. This process is much higher
than the alveolar surface of the dentary; its rostral border
extends rostrally as an horizontal ridge running along the
two thirds of the height of the bone and progressively
attenuating. Mainly this ridge is responsible for the very
robust aspect of the dentary. The ventral margin of the
dentary is much thinner than the dorsal part and nearly
perfectly straight, parallel to the alveolar surface of the
bone.

Angular - This bone forms the caudoventral corner of the
mandible. Its ventral margin is particularly thin and forms
an angle of about 130° with its caudal side. The latter pro¬
gressively widens dorsally, forming a slightly concave
triangular surface facing caudally, with the straight dorsal
border forming the caudal suture with the surangular.

Surangular - This bone takes an important part in the
articulation of the mandible with the quadrate. In latéral
view, the surangular also widely participâtes in the caudal
portion of the coronoid process. It forms a prominent Ion-



A New Protoceratops from Inner Mongolia 13

gitudinal ridge just above its latéral suture with the angu-
lar. The ventral margin of this ridge slightly rises caudal-
iy-

Articulai• - The sutures of this bone are not easy to distin-
guish. Its internai part looks like a prominent hemisphere
lying on the caudomedian projection of the angular and
the surangular, and wedging the distal end of the quadrate
medioventrally.

Splenial - This bone is set on the internai side of the
mandibular branches. It is very high caudally, its dorsal
border nearly reaching the alveolar surface of the dentary;
its dorsal border gradually goes down forwards, so that
the tapering rostral end of the splenial contacts the ventral
border of the mandible in front of the symphysis. Thus,
the two splenials do not come into contact.

Teeth - The teeth present on the holotype are not suffi-
ciently well preserved to be described. So, the following
description is mainly based on specimens IMM
96BM1/1, IMM 96BM5/5 and IMM 96BM5/2 (see
Plate 3, Fig. 2). The teeth of Protoceratops helleniko-
rhinus are large and robust, more than 50 mm high in the
largest specimens. They are single-rooted and their
crown is distinctly curved: the concave side is labial on
the maxillary teeth and lingual on the dentary teeth.
Enamel is only present on the convex side of the crown.
The apical half of the enamelled side bears a strong lon¬
gitudinal ridge that separates two asymmetrical
depressed areas ornamenteel by thinner parallel longitud¬
inal ridges. The concave side of the teeth is worn away,
indicating an oblique occlusion. Rostral and caudal
sides of the teeth are hollowed by a wide and shallow
longitudinal groove.

Variation in Protoceratops hellenikorhinus
Sexual dimorphism
Brown & Schlaikjer (1940) diffidently suggested the
existence of sexual dimorphism in Protoceratops
andrewsi, with male characters thought to include the
development of nasal horns and of the fronto-parietal
dépression and a greater degree of broadening of the frill.
Subsequently, Kurzanov (1972) suggested the use of
three ratios (measured angles rather than linear dimen¬
sions) as sexual discriminators. Dodson (1976) more
intensively attempted to define and quantify sexual dif¬
férences in P. andrewsi, using both bivariate plots and
multivariate analysis. He demonstrated that measure-
ments of the frill play a great part in the dimorphism, veri-
fying that, in its development, the frill has more signific-
ance than simply serving as a site of origin for masticat-
ory muscles.

A similar pattern of morphologie variation is observed
in Protoceratops hellenikorhinus, indicating that sexual
dimorphism is also important in this new species.
Individuals IMM95BM1/1 (holotype), IMM 96BM5/5
and IMM 96BM1/1 can be grouped together, as they
share the following characters: very high nasals with a
pair of individualised horns, relatively short antorbital
length and external nares with the long axis relatively
close to the vertical. This group of skulls is interpreted as
the adult maies for this species. On the other hand, spec¬

imens IMM 96BM1/4 (paratype) (see Plate 3, Fig. 1) and
IMM 96BM1/7 are both characterised by their low nasals
devoid of well-marked hom, their relatively longer antor¬
bital length and their extemal nares with a more oblique
long axis. In these individuals, regarded as female speci¬
mens of P. hellenikorhinus, an important latéral broaden¬
ing of the dorsal top of the nasals forms two longitudinal,
widened and rounded ridges that are not deeply separat-
ed. A slight fronto-parietal dépression is present on the
skull of the females but this is not as expanded as in the
males and its rostral margin is not as steeply excavated.
Unfortunately, with the exception of IMM 95BM1/1, all
the specimens collected at Bayan Mandahu are too
incompletely preserved to use Dodson's (1976) method
for sexual scoring. For example, the frill, which shows a
great sexual dimorphism in P. andrewsi, is either incom¬
plete or distorted in most specimens of P. hellenikorhinus.

An attempt has been made to establish a discriminant
function, which separates male and female specimens and
combines both species of the genus Protoceratops. It is
based on a few measurements taken on the rostral part of
the skull. The purpose of the discriminant analysis is the
establishment of linear fonctions, based on a combination
of several measurements separating as far as possible
individuals belonging to two or more groups established
'a priori'. The fonctions maximise the ratio of the among-
groups to the within-groups variance and determine the
canonical space. For n groups and p measurements, there
are n-1 discriminant fonctions (if n<p). In a second phase,
it is possible to calculate the discriminant score for each
individual on each function and, from this score, the
probability of being a member of each group. Simple dis¬
criminant analysis is based on original descriptors: the
measurements are not centred and reduced, as it is the
case for the canonical discriminant analysis. Wilk's
Lambda quantifies the distance between the centroids of
the different groups in the multivariate space. It varies
between 0 (maximal dispersion of the centroids) and 1
(no among-groups dispersion). Wilk's Lambda is a mul-
tidimensional généralisation of Student's t-test. Wilk's
Lambda may be transformed into an 'Approximate F' for
comparison with F distribution. (Legendre & Legendre,
1984, mod.)

The SYSTAT version 8.0 (SPSS Inc., 1998) programme
was used to perform the discriminant analyses in the pres¬
ent paper. The studied sample is composed of 19 skulls of
Protoceratops andrewsi, housed in the AMNH and a-pri-
ori classified as adult males, adult females and juvéniles
by Dodson (1976) (the fonsexed' skull AMNH 6413 is
rejected in the present analysis), and of 3 skulls of P. hel¬
lenikorhinus classified following the same criteria. Other
skulls from Bayan Mandahu available for this work are
not sufficiently well preserved to be included in a dis¬
criminant analysis.

The discriminant function found here is a linear combi¬
nation of 3 measurements on the skulls of the genus
Protoceratops: preorbital length (preorb. 1.), maxillary
width (max. w.) and nasal height (nasal h.). This func¬
tion is:

Y = 0.033 preorb. 1. + 0.064 max. w. - 0.063
nasal h. + 0.229
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Wilks'lambda = 0.296 Approx. F = 15.084 df = 3
p = 0.0000 (< 0.0005)

With this fonction, the séparation between the two groups
(8 maies and 14 females and juvéniles) is recovered for
96 % of the sample (see Fig. 6 = canonical scores). Only
one male (AMNH 6467) does not fall into the correct

group. This fonction is practical because it is based on

only 3 measurements taken on the rostral part of the skull,
usually much better preserved than the caudal part.

Ontogeny
The smallest skull of the sample (IMM 96BM5/3, see
Plate 4, Fig. 1) has a total length estimated at 120 mm,
thus more or less six times smaller than the biggest adult
male IMM 96BM5/5. Although very incomplete, IMM
96BM5/3 displays the contact between the squamosal and
the quadratojugal on the caudoventral corner of the
infratemporal fenestra, an autapomorphy of
Protoceratops hellenikorhinus.

The second smallest skull, IMM 96BM2/1 (see Fig. 7;
Plate 4, Fig. 2), has a total length of 389 mm. Dodson
(1976) suggested that, in P. andrewsi, sexual maturity may
be recognised at the moment when maies can be distin-
guished from females and juvéniles by morphometric
characters: according to this criterion, the youngest mature
maie he recognised is AMNH 6409, with a total length of
the skull of 304 mm. The skull IMM 96BM2/1 already
shows a relatively important nasal height and the long axis
of the external nares is sub-vertical; it may thus be regard-
ed as a mature maie. However, nasal horns are not indi-
vidualised in this specimen. Therefore, development of the
nasal horns is delayed in relation to the appearance of sex-

^ Maies ^Females and juvéniles ^

IMM 95BM1/1 IMM 96BM2/1 AMN46467 IMM^6BM1/4/ \ / I
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Fig. 6 — Canonical scores for the discriminant fonction sep-
arating adult maies from adult females and juvé¬
niles of the genus Protoceratops. Skulls of P. hel¬
lenikorhinus are coded IMM.

ual discriminant characters in P. hellenikorhinus. The term
"sub-adult" is used by Sampson et al. (1997) on cen-
trosaurine dinosaurs for individuals with complete sexual
maturity but lacking several adult characters.

Several very small skulls found at Bayan Mandahu by
the Sino - Canadian expéditions in 1988 and 1990 were
identified as embryos of P. andrewsi by Dong & Currie
(1993). However, it is not possible to identify these spe¬
cimens at a spécifie level from the published descriptions
and illustrations, as diagnostic characters are not pre¬
served, or very difficult to distinguish in such very young
individuals. In the current state of our knowledge, they
must rather be referred to as Protoceratops sp. Without
further evidence, the presence of P. andrewsi at Bayan
Mandahu seerns very unlikely.

Fig. 7 — Skull of young adult maie Protoceratops hellenikorhinus IMM 96BM2/1 in left latéral view. ang: angular; d: dentary;exo: exoccipital; f: frontal; j: jugal; lac: lacrimal; mx: maxilla; nas: nasal; pa: parietal; pmx: premaxilla; po: postorbital;q: quadrate; r: rostral; sq: squamosal.
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Other sources ofvariation
Several other characters are variable within the
Protoceratops hellenikorhinus sample, but this variabil-
ity can be explained neither by ontogeny nor by sexual
dimorphism.

The level of the ventral margin of the orbit, in relation
with the rostral and caudal parts of the skull shows some
degree of variation. For example, the dorsal margin of the
antorbital fossa is lower, in relation to the ventral margin
of the orbit, in IMM 96BM5/5 than it is in the holotype
IMM 95BM1/1.

The longitudinal ridge on the maxilla, very attenuated
on the holotype, is even more reduced on the specimens
IMM 96BM1/7 and IMM 96BM2/1. The angle between
the attenuated longitudinal ridge on the maxilla and the
lower margin of the jugal varies from one skull to the
other, because of the easy déformation of the thin ventral
margin of the jugal, which then shows different orienta¬
tions on the different skulls.

The character 'contact between squamosal and quadra-
tojugal on the caudoventral corner of the infratemporal
fenestra' is also variable. Indeed, some skulls do not dis¬
play this contact. But this is probably an artefact of
préservation due to the slenderness of the distal extremi-
ty of the ventral projection of the squamosal, which is
easily broken off.

The specimen IMM 96BM6/4, consisting of a left
maxilla, a left jugal, a right hindlimb and a series of cau¬
dal vertebrae in connection, is still problematic for gener-
ic identification. The maxilla lacks the longitudinal well-
marked ridge characteristic of Protoceratops andrewsi
and the neural spines of the caudal vertebrae clearly pro¬

ject caudally, whereas these spines are nearly perfectly
vertical in P. andrewsi (Brown & Schlaikjer, 1940). It
may therefore be referred to as P. hellenikorhinus.
However, no criteria have been found to differentiate this
fragmentary specimen from Bagaceratops rozhdestven-
skyi Maryanska & Osmólska, 1975. This latter taxon
has been described from the Barun Goyot Formation in
P.R. Mongolia, but Jerzykiewicz et al. (1993) and Dong
6 Currie (1993) mentioned its presence in the Bayan
Mandahu Formation. Bagaceratops mainly differs from
Protoceratops by the presence of a supplementary antor¬
bital fenestra, a shorter and nearly horizontal frill prob¬
ably devoid of parietal fenestrae, and an odd nasal horn.
These diagnostic parts of the skull are unfortunately not
preserved in IMM 96BM6/4. However, the shape of the
caudodorsal projection of the jugal is rather reminiscent
of that of Protoceratops.

Comparions with Protoceratops andrewsi
For the comparison with Protoceratops andrewsi, see
Brown & Schlaikjer, 1940, Fig. 4 pages 150-151, Fig.
7 pages 160-161, Fig. 14 page 180, Fig. 18 page 198, Fig.
20 page 204 and Plates 5 and 6.

A first important, although not diagnostic, différence
between both species of the genus Protoceratops is the
larger size of the skull in adult maies of P. hellenikorhi¬
nus. In this species, the total length of the skull is up to
800 mm (estimation for the skull IMM 96BM5/5) (see
Fig. 8), whereas the skull of P. andrewsi specimens stud-
ied by Dodson (1976) do not go beyond 491 mm.

In P. andrewsi, the longitudinal ridge on the maxilla is
well marked and more dorsal in its medial part than in its

Diagram showing the total length of the skull (measurement 2 of Dodson, 1976) for individuals of the two species of
Protoceratops. The measurements are in millimeters.



16 Olivier LAMBERT, Pascal GODEFROIT, Hong LI, Chang-Young SHANG & Zhi-Ming DONG

rostral and caudal parts, drawing a curve. This ridge is
thus continuous with the ventral margin of the jugal. In P.
hellenikorhinus, on the other hand, this ridge is strongly
attenuated, rectilinear and discontinuous with the ventral
limit of the jugal.

Nasal horns are not well developed in P. andrewsi, but
only incipient; the dorsal margin of the nasals forming the
horn is regularly convex in this species. In P. helleniko¬
rhinus, on the other hand, the rostral border of the nasal
horns is distinctly concave in adult maies, so that they
look better individualised. Sexual dimorphism in the
development of the nasal honts is more important in the
latter species. The position of these horns, far from the
rostral end of the skull and near the orbit, does not seem
to be appropriate for fighting. Thus, this structure has
more probably a visual récognition function as previous-
ly proposed by Dodson (1976).

The contact between the ventral process of the
squamosal and the quadratojugal, on the caudoventral
corner of the infratemporal fenestra, is diagnostic for P.
hellenikorhinus and has never been observed in P.
andrewsi (Brown & Schlaikjer, 1940).

The bilogarithmic diagram presented in Fig. 9 shows
that the exoccipital is proportionally much shorter in the
holotype of P. hellenikorhinus than in P. andrewsi.
Unfortunately, this bone is never completely preserved in
other specimens collected by the SBDE at Bayan
Mandahu.

In P. hellenikorhinus, the rostral margin of the predent-
ary is straighter than in adults of P. andrewsi, in which
the rostral and the ventral margins of the predentary are
not distinct and form a continuous curve. The condition
observed in P. hellenikorhinus is closer to that in juvé¬
niles of P. andrewsi, in which there is also a distinct
angle between the rostral and ventral margins of the pre¬
dentary.

In the same way, the ventral border of the dentary is
straight in both P. hellenikorhinus and in the juvéniles of
P. andrewsi, whereas it is distinctly curved in adults of P.
andrewsi. The absence of curvature is apparently not
linked to a decrease in height of the mandibular ramus, as
shown in Fig 10. On the other hand, the straight ventral
border of the dentary gives a more robust aspect to both
the rostral and caudal parts of the mandible, forming a
straight ventral margin by keeping the juvénile condition
of P. andrewsi.

The caudal triangular surface of the angular, described
above in P. hellenikorhinus, is also present in P. andrewsi.
However, it has a more latéral orientation in the latter
species, being exposed on the latéral side of the mandible.
According to Haas (1955), this surface represents the
insertion area for M. depressor mandibulae\ the other end
of this muscle inserts on the latéral wing of the squamos¬
al. If this interprétation is correct, Ostrom (1964) showed
that M. depressor mandibulae is not very efficient in
Protoceratops andrewsi. Because of the rotation of the
triangular surface of the angular, M. depressor mandibu¬
lae inserts in a more caudoventral position relatively to
the articulation area of the lower jaw and is therefore
mechanically more efficient in P. hellenikorhinus.

In the maies of P. andrewsi, the fronto-parietal dépres¬
sion does not extend rostrally beyond the level of the cau¬
dal margin of the orbit, as observed in the maies ofP. hel-
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Fig. 9 Bilogarithmic diagram showing the évolution of the
exoccipital length (measurement 29 of Dodson,
1976) relatively to the basai length of the skull
(measurement 1 of Dodson, 1976) for individuals
of the two species of Protoceratops. Measurements
are in millimeters.

lenikorhinus, in which it extends rostrally up to the level
of the middle of the orbit. According to Brown &
Schlaikjer (1940) and Dodson & Currie (1990), the
development of the fronto-parietal dépression in ceratop-
sians reflects the extension of the insertion areas for the
adductor muscles of the lower jaw, because it strengthens
the summit of the skull against the increased tension
resulting from the action of these muscles. Consequently,
the more important extension of this dépression in P. hel¬
lenikorhinus, in comparison with P. andrewsi, may be
correlated to the more robust lower jaw, the caudally ori-
ented surface on the angular, but also with the quadrate
deeply embedded in the squamosal, with a wide ventral
end, and with the particularly widened supratempora!
fenestrae.

Both splenials do not come into contact in the holotype
of P. hellenikorhinus IMM 95BM1/1. Unfortunately, this
area is not accessible in other skulls available for the pres¬
ent study, so that variation of this character is unknown in
P. hellenikorhinus. The splenials always come into con¬
tact in P. andrewsi (Brown & Schlaikjer, 1940).

A discriminant function was found that permits a good
séparation of both species within the genus Protoceratops.
This function is a linear combination of the following
measurements: postorbital length (postorb. 1.), maxillary
width (max. w.) and nasal height (nasal h.).
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Fig. 10 — Bilogarithmic diagram showing the relation
between height of the ramus (measurement 39 of
Dodson, 1976) and total length of the jaw (meas¬
urement 37 of Dodson, 1976) for individuals of
the two species of Protoceratops. Measurements
are in millimeters.

Y = 0.014 postorb. 1. - 0.110 max. w. + 0.33 nasal
h. - 0.529
Wilks' lambda = 0.497 Approx. F = 5.728 df = 3
p = 0.0067

Although this function pennits the complete séparation
between the members of the two groups ( 18 specimens of
P. andrewsi and only 3 specimens of P. hellenikorhinus,
see Fig. 11), Wilks' lambda and 'p' remain relatively
high, because of the small number of P. hellenikorhinus
specimens available for this analysis.

Phylogenetic relationships of Protoceratops

The phylogeny of basai Neoceratopsia and more particu-
larly the status of the family Protoceratopsidae have
recently been discussed by several authors. Sereno (1986)
believed that the Protoceratopsidae are not monophyletic,
but constitute a group of successively more derived forrns,
Montanoceratops Sternberg, 1951 being the most
derived member of the paraphyletic Protoceratopsidae.

On the other hand, Dodson & Currie (1990) consid-
ered that the Neoceratopsia may be subdivided into two
monophyletic families, the Protoceratopsidae, including
Protoceratops, Montanoceratops, Leptoceratops Brown,
1914, Bagaceratops, Microceratops and the

i \ imm 9(\/
96bm1/4

imm 95bm1/1

'
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Fig. 11 — Canonical scores for the discriminant function
separating the two species of the genus
Protoceratops.

Ceratopsidae. Characters that may ultimately establish
the monophyly of Protoceratopsidae include a shallow,
circular antorbital fossa, inclined parasagittal process of
the palatine, and a maxillary sinus. Within
Protoceratopsidae, Montanoceratops would be the sister-
group of Protoceratops. Ceratopsidae form a better
deftned monophyletic group, as they would share more
than 50 synapomorphies.

The cladogram proposed by Chinnery & Weishampel
(1998) is based on a revision of Montanoceratops and
includes recent, but fragmentary, discoveries from Asia:
Asiaceratops, Breviceratops and Udanoceratops.
Protoceratopsidae are here regarded as a monophyletic
group formed by Protoceratops, Leptoceratops and
Udanoceratops. Protoceratopsidae form the sister-group
of a monophyletic node formed by Breviceratops,
Bagaceratops, Montanoceratops and Ceratopsidae. The
position of Breviceratops and Bagaceratops within this
clade remains unsolved. Montanoceratops is positioned
as the sister-group of Ceratopsidae.

As no consensus exists to date concerning the exis¬
tence, the composition and phylogenetic relationships of
the family Protoceratopsidae, we have decided to conduct
our own cladistic analysis, using Hennig 86 programme
(Farris, 1988) and in the light of the anatomical obser¬
vations on Protoceratops hellenikorhinus. This analysis
includes the following taxa: Protoceratops,
Leptoceratops, Archaeoceratops, Bagaceratops (includ¬
ing Breviceratops', Sereno, 2000), Montanoceratops, and
the family Ceratopsidae (unanimously regarded as mono¬
phyletic). Psittacosaurus Osborn, 1923 and the
Pachycephalosauria were respectively chosen as the first
and second outgroups. Several genera of primitive neo-
ceratopsians have not been taken into account because
they are known from too fragmentary material, or they
clearly require revision. This is the case for
Graciliceratops (Sereno, 2000), Asiaceratops,
Udanoceratops, Kulceratops, Chaoyangsaurus and the
possible Asian early ceratopsid Turanoceratops. We have
only retained 31 cranial characters that can be directly
observed on the studied Protoceratops hellenikorhinus
material. All are equally weighted. Characters were
coded from direct observations on specimens from the
IMM, IVPP, PIN and AMNH, but additional information
was collected from literature. The characters and their
polarity are briefly described in Appendix 2. Several
characters, culled from literature about neoceratopsian
phylogeny not retained in the present analysis are also
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briefly discussed in Appendix 3. The character-taxon
matrix is presented in Table 2.

The cladistic analysis resulted in one more-parsimonious
tree shown in Fig. 12, with a tree length of 41 steps, a con-
sistency index (C.I.) of 0.87 and a rétention index (R.I.) of
0.87. The distribution of synapomorphies among the
recognised nodes is summarised below, in reference to
character list in Appendix 2. For multistate characters, the
number between brackets refers to the character polarity.

.5

Fig. 12 — Tree generated by Hennig 86, showing relation-
ships between groups of neoceratopsians (C.I. =
0.87, R.I. = 0.87, tree length = 41 steps).

Node 1 represents the Neoceratopsia (Sereno, 1986),
characterised by:

Basai skull length 20 - 30 % of body length (char¬
acter 1).
Frill extending far beyond the occiput (character
20).
Maxillary teeth with a prominent primary ridge on
their labial side (character 30).

Node 2 (Leptoceratops and more derived Neoceratopsia)
is supported by:

Keeled rostral (character 2).
Presence of epijugals (character 14).

Triturating surface inclined laterally along at least
the caudal part of predentary (character 24(1)).
Enamel only on the labial side of maxillary teeth and
on the lingual side of dentary teeth (character 27).

Node 3 (Protoceratopsidae, Montanoceratops and
Ceratopsidae) is supported by:

Triturating surface of predentary inclined laterally
along its entire length (character 24 (2)).
Contact point between maxilla, lacrimal and jugal
included within the antorbital fenestra (character 7).
Development of a fronto-parietal dépression (char¬
acter 13 (1)).
Straight squamosal - parietal suture: medial flange
of squamosal absent (character 18).

Node 4 represents the monophyletic family
Protoceratopsidae, with the genera Protoceratops and
Bagaceratops, herein characterised by the following
synapomorphies:

Small elliptical external nares (character 4( 1 ))
Nasal horn caudal to premaxilla - maxilla suture
(character 6(2)).
Antorbital fenestra of comparable size or larger than
orbit in adult specimens (character 8).
Tip of the predentary distinctly higher than the cau¬
dal part of this bone in latéral view (character 23).

As previously postulated by Sereno (1986) and
Chinnery & Weishampel (1998), Montanoceratops may
be regarded as the sister-group for Ceratopsidae. These
taxa form the superfamily Ceratopsoidea (sensu Sereno,
1986), characterised by:

Nasal horn rostral to premaxilla - maxilla suture
(character 6(1)).
Length of infratemporal fenestra representing less
than 10% of the basai length of the skull (character
15).
Supraoccipital excluded from the toramen magnum
(character 22).
External nares greater than 10% of basai skull
length (character 4 (2)).

It must be noted that the character 'vertical-notch shear
tooth occlusion pattern' (character 27 (1)) is convergent-
ly acquired by Montanoceratops and Leptoceratops. The

Characters

Taxa 5 10 15 20 25 30
Pachycephalosauria 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 7 0 0 0 0 0 0 0 0

Psittacosaurus 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Archaeoceratops 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 ? 0 0 0 0 0 1 0

Leptoceratops 1 1 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 1 0 0 0 1 0 0 1 1 0 1 0

Bagaceratops 7 1 0 1 0 2 1 1 0 0 0 0 1 1 0 0 0 1 0 1 0 0 1 2 0 0 1 0 0 1 0

Protoceratops 1 1 0 1 0 2 1 1 0 0 0 0 1 1 0 1 0 1 0 1 0 0 1 2 0 0 1 0 0 1 0

Montanoceratops 1 7 ? 2 ? 1 1 0 0 ? ? ? 7 1 1 0 7 1 7 1 7 1 7 2 7 0 1 1 0 1 7

Ceratopsidae 1 1 1 2 1 1 1 0 1 1 1 1 2 1 1 1 1 1 1 1 1 1 0 2 1 1 1 2 1 1 1

Table 2 — Character-taxon matrix of 31 characters for cladistic analysis of 6 ingroup and 2 outgroup taxa. Character state '0' is
the primitive state; character states ' 1 ' and '2' are the derived states. Unknown character states are designated with '?'.
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polarity of the following characters is unknown in
Montanoceratops, so it cannot be asserted whether they
characterise Ceratopsoidea or Ceratopsidae:

Tip of rostral oriented caudoventrally (character 3).
External nares subdivided by a médian septum formed
by paired premaxillae and nasals (character 5).
Contact between paired prefrontals (character 10).
Palpebral fused to prefrontal (character 11).
Development of orbital horns (character 12).
Development of secondary skull roof (character 13
(2)).
Squamosal shorter than parietal (character 17).
In occipital view, squamosal extending ventro-
medially with paroccipital process consequently
shortened (character 19).
Epoccipital bones present (character 21).
Coronoid process hook-like in shape (character 25).
Lower dental row extending caudally beyond the
level of the coronoid process (character 31).

The family Ceratopsidae is unanimously regarded as a
well supported monophyletic node. In the present analys-
is, they share the following cranial and dental synapo-
morphies:

Squamosal - quadratojugal contact on the ventral
margin of the infratemporal fenestra (convergently
acquired by Protoceratops hellenikorhinus) (char¬
acter 16).
More than two teeth in vertical series (character 26).
Vertical sheer tooth occlusion pattern (character 28
(2)).
Cheek teeth with two roots (character 29).

Palaeobiogeography

Neoceratopsian dinosaurs are currently known from Asia

and North America. Consequently, members of this taxon
migrated between both areas by Late Cretaceous times.
The results of the cladistic analysis are interesting not
only from a phylogenetic point of view, but also from a
palaeobiogeographic perspective. Whereas more or less
précisé information is available about the âge and discov-
ery spots of taxa taken into considération in a phyloge¬
netic analysis, these data must always be deduced by sev-
eral ways for the common ancestor - or node - of sister
taxa. Because sister taxa have the same time of origin, it
is possible to establish the minimal âge of origin for
clades. This is the method of 'ghost lineages', developed
by Norell (1992). The estimation of ghost lineage dura-
tion in the cladogram presented in Fig. 12, has not been
attempted, because of the absence of data about the âge of
the basai Neoceratopsian Archaeoceratops, that strongly
affects the interprétation of ghost lineage duration for the
whole Neoceratopsia group. However, phylogenetic rela-
tionships also constrain palaeobiogeographic inferences
(Weishampel & Jianu, 1997). If the phylogenetic topo-
logy of a clade is a priori regarded as correct, the parsi-
mony principle may also be applied to the palaeobiogeo¬
graphic history of the clade. The best palaeobiogeograph¬
ic scenario will therefore be that implying a minimal
number of migratory shifts. Two equally parsimonious
palaeobiogeographic scénarios have been deduced from
the cladogram presented in Fig. 12. These scénarios are
presented in Fig. 13. Archaeoceratops, the most basai
taxon of the group has been found in Asia, as the out-
group Psittacosaurus. Therefore, it may be confidently
asserted that neoceratopsians have an Asian origin. In the
first scenario (see Fig. 13 A), the clade formed by
Leptoceratops and more derived neoceratopsians also
have an Asian origin. This hypothesis implies two migra-
tory shifts from Asia to North America: one migration,
leading to Leptoceratops, occurred before the Late

Fig. 13 — Two more parsimonious palaeobiogeographic scénarios deduced from the tree in Fig. 12. AS: Asia; NA: North
America. Arrows indicate the minimal migratory shifts. A: first scenario with a migration towards Leptoceratops
before Late Maastrichtian and another migration leading to Ceratopsoidea before Late Campanian. B: second scenario
with a migration leading to common ancestor ofLeptoceratops and higher neoceratopsians, before, or at the beginning
of the Campanian and another migratory shift of the Protoceratopsidae common ancestry, before, or at the beginning
of Campanian.
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Maastrichtian, while the other one, leading to the North-
American Ceratopsoidea, occurred before the Late
Campanian. In the second scenario (see Fig. 13 B), the
common ancestor for Leptoceratops and higher neocer-
atopsians originates from North America. It therefore
implies an earlier dispersai of neoceratopsians from Asia
towards North America, before, or at the beginning of the
Campanian. It also implies a second migratory shift of the
Protoceratopsidae common ancestor from North America
back to Asia before or at the beginning of the Campanian.
Other palaeobiogeographic scénarios based on the same
cladogram imply more migratory shifts between Asia and
North America and are therefore less parsimonious. If the
Asian genus Turanoceratops is really a Ceratopsidae, as
postulated by Nessov (1995), or even a Ceratopsoidea, it
will in any case imply another migratory shift from Asia
to North America. However, Turanoceratops clearly
requires revision and more material is needed before tak¬
ing it into considération from a palaeobiogeographic
point of view.
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Abbreviations of Table 1
antorb fen: antorbital fenestra; cor pr: coronoid process; dist:
distance; ext: external; ht: height; len: lenght; orb: orbit; sep:
séparation; suprtemp fen: supratemporal fenestra; wid: width.

Appendix 1
List of the specimens used in this study
IMM 95BM1/1: holotype of Protoceratops hellenokorhinus:

well preserved large skull.
IMM 96BM1/1: large skull.
IMM 96BM5/5: large skull.
IMM 96BM5/2: right dentary, 4 teeth, right squamosal and

quadrate.
IMM 96BM1/4: paratype of P. hellenikorhinus: moderate

size skull.
IMM 96BM1/7: large skull.
IMM 96BM2/1 : small skull.
IMM 96BM5/3: partial very small skull.
IMM 96BM6/4: left maxilla and jugal, right hindlimb and

series of caudal vertebrae.

Appendix 2
Characters and character states for determining the phylogenet-
ic position of the genus Protoceratops.
1. Relative size of the skull: basai skull length less than

15% of total body length (0), or between 20 and 30% ( 1 ).
(modified from Sereno, 1986). The low aspect of the
dentary in latéral view is correlated to the important elon-
gation of the skull in ceratopsids.

2. Shape of the rostral: transversely widened (0), or keeled
(1). (Sereno, 1986).

3. Orientation of the tip of the rostral: ventral (0), or cau-
doventral (1).

4. External nares width: small (less than 10 % of basai
skull length) and rounded (0), small and very elongated
(1), or increased in size (more than 10 % of basai skull
length) and complexity in shape (2). Character treated as
unordered (modified from Gregory & Mook, 1925 and
Chinnery & Weishampel, 1998).

5. Nasal septum formed by nasals and premaxillae:
absent (0), or present (1). (Lull, 1933 ).

6. Nasal horn in adults: absent (0), rostral to premaxilla -

maxilla suture (1), or caudal to premaxilla - maxilla
suture (2). Character treated as unordered.

7. Position of antorbital fenestra: rostral to maxilla -

lacrimal - jugal contact point (0), or including this point (1).
8. Relative size of antorbital fenestra: smaller than orbit

(0), or similar in size or larger than orbit for adult speci¬
mens (1).

9. Relative size of orbit: large orbit, width 20% or more of
basai skull length (0), or reduced to less than 20% of basai
skull length (1 ). (Chinnery & Weishampel, 1998).

10. Middle prefrontal suture: absent (0), or present (1).
(Sereno, 1984).

11. Palpebral: free (0), or fused to prefrontal ( 1 ). (Chinnery
& Weishampel, 1998).

12. Orbital horns: absent (0), or incipient to well-developed
(1). (Granger & Gregory, 1923).

13. Fronto-parietal dépression: absent (0), present (1), for¬
mation of secondary skull roof (2). Character treated as
ordered.(modified from Sereno, 1986 and Chinnery &
Weishampel, 1998).

14. Epijugal: absent (0), or present (1). (Sereno, 1986).
15. Relative size of infratemporal fenestra: large infratem-

poral fenestra, length 10% or more of basai skull length
(0), or reduced to less than 10% of basai skull length (1).
(Sereno, 1984; Chinnery & Weishampel, 1998).

16. Squamosal - quadratojugal contact on the ventral
margin of the infratemporal fenestra: absent or located
in a different area (0), or present (1). (Sereno, 1984).

17. Squamosal length: extending to the caudal border of the
parietals (0), or shorter than parietal (1). (Ostrom, 1966).

18. Squamosal - parietal suture: caudal part of squamosal
forming a medial flange towards the parietal (0), or
straight suture, without medial flange of squamosal (1).
(Sereno, 1986).

19. Squamosal - exoccipital relation: in occipital view,
squamosal limited to dorso-lateral border of paroccipital
process (0), or extending ventro-medially, with paroccip¬
ital process being consequently shortened (1) (contra
Sereno, 2000, who regards short paroccipital process as
plesiomorphic for Ceratopsidae).

20. Relative length of the frill: reaching the level of the
occiput (0), or extending far beyond the occiput (1 ).

21. Epoccipital bones: absent (0), or present (1). (Lull,
1933).

22. Position of supraoccipital: bordering the foramen mag¬
num (0), or excluded from the margin of the foramen
magnum (1). (Penkalski & Dodson, 1999).

23. Dorsal border of predentary: in latéral view, tip of the
predentary nearly at the same level than caudal part of
this bone (0), or distinctly higher (1).

24. Triturating surface of the predentary: horizontal (0),
inclined laterally along at least its caudal part (1), inclined
laterally along its entire length (2). Character treated as
ordered. (Sereno, 1986).

25. Shape of coronoid process: with gently curved, convex
summit (0), or attainina a rostral hook on the summit (1).
(Lull, 1933).

26. Number of teeth in vertical series: two (0), or more than
two (dental batteries) (1). (Sereno, 1986).

27. Enamel: on both sides of the teeth (0), or on the labial
side of the maxillary teeth and on the lingual side of the
dentary teeth (1). (Sereno, 1986).

28. Tooth occlusion direction: oblique sheer (0), vertical-
notch sheer ( 1 ), or vertical sheer (2). Character treated as
unordered. (Ostrom, 1966; Chinnery & Weishampel,
1998).

29. Root of cheek teeth: simple (0), or double (1). (Gregory
& Mook, 1925).

30. Maxillary teeth: devoid of prominent primary ridge on
their labial side (0), or with a prominent primary ridge
(1). (Sereno, 1986).

31. Lower dental row: do not extend past the rostral border of
the coronoid process (0), or extending caudally to the level
of the rostral border of the coronoid process (1). (Granger
& Gregory, 1923; Chinnery & Weishampel, 1998).

Appendix 3

Examples of characters, culled from literature about neocer-
atopsian phylogeny, that are not retained in the present analy-
sis.

Basioccipital contribution to the occipital condyle - Sereno
(1986) considers that exclusion of the basioccipital from the
foramen magnum is a synapomorphy for Neoceratopsia. In
Protoceratops, this character is highly ontogenetic: the basioc¬
cipital contributes in the foramen magnum margin in juvéniles,
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while exclusion is better marked in larger specimens ( Brown &
Schlaikjer, 1940).
Shape of rostrodorsal orbit (Hatcher et al., 1907; Chinnery
& Weishampel, 1998) - This character is not taken herein into
considération, because it is very difficult to quantify and it is
highly variable, mainly depending on the state of préservation
of the fossil. It also dépends on the presence of the palpebral,
whose préservation is seldom in non-ceratopsid Neoceratopsia.
Lacrimal contribution to orbit (Sereno, 1984) - The
intraspecific variability of this character is very high, so that it
has been decided to reject it in the present phylogenetic analy-
sis. Chinnery & Weishampel (1998) assess that the lacrimal is
reduced in size in Psittacosauridae, which contradicts Sereno's
(1987, 1990) illustrations.
Downwards curve of maxilla - Chinnery & Weishampel
(1998) consider that this character is present in Leptoceratops
and Udanoceratops, but not in other ceratopsians. However,
this character is variable in Protoceratops and, in some speci¬
mens, it is equally well developed as in Leptoceratops.
Presence of premaxillary teeth (Gregory & Mook, 1925) -

Premaxillary teeth are present in pachycephalosaurs
(Maryanska, 1990) and occur in some basai Neoceratopsia,
including Archaeoceratops (Dong & Azuma, 1997),
Leptoceratops (Brown & Schlaikjer, 1940) and
Protoceratops andrewsi (Brown & Schlaikjer, 1940).
However, this character must be regarded very cautiously, as
absence of these teeth may be an artefact ofpréservation in non-
ceratopsid Neoceratopsia since premaxillary teeth are very frag¬
ile. Moreover, as the ventral border of the premaxillae is very
thin, it is very difficult to discern alveoli when the teeth are bro-
ken off and this border is easily eroded.
Fusion of nasals - According to Chinnery & Weishampel
(1998), fusion of paired nasals would be synapomorphic for
advanced ceratopsids, while these bones remain distinct in the
majority of basai neoceratopsians. It has been observed that
fusion of the skull bones is very variable in Protoceratops

(Brown & Schlaikjer, 1940) and thus may rather be regarded
as an ontogenetic character in this genus, as probably in other
non-ceratopsid Neoceratopsia.
Sagittal crest of the frill - The shape of this crest is used by
Sereno (2000) for his cladistic analysis but the character
'rounded' seems highly variable on crest of Ceratopsidae, for
which the shape and robustness of the crest have to be correlat-
ed with the more or less developed frill and size of parietal fen-
estrae.

Shape of mandible ventral border - This character, as
defmed by Chinnery & Weishampel (1998), has not been
taken in considération in the present phylogenetic analysis, as
the straight ventral border, observed in several taxa, apparently
reflects different phenomena. In Protoceratops hellenikorhinus,
it reflects the robust aspects of both the rostral and caudal parts
of the mandible (see above). In Ceratopsidae, on the other hand,
it is clearly correlated to the important elongation of the rostral
part of the skull. The mandible of Bagaceratops, also charac-
terised by a straight ventral border, very closely resembles that
of Protoceratops andrewsi juvéniles. As currently described
specimens of Bagaceratops are very small (see Maryanska &
Osmolska, 1975, tab. 5), they are either juvénile, or neotenic
forms; in any case, the straight border of the mandible may
rather reflect an ontogenetic phenomenon.
Relative length of predentarv - According to Chinnery &
Weishampel (1998), long predentary (more than 67% of the
length of the dentary) is synapomorphic for their family
Protoceratopsidae (Protoceratops, Leptoceratops and
Udanoceratops; see matrix in their appendix 3, but character
not considered in the text). However, this character is clearly
ontogenetic in Protoceratops, the predentary being proportion-
ally shorter (less than 67 %) in larger specimens. In
Psittacosaurus, the small value of the ratio 'length of the pre¬
dentary / length of the dentary' reflects the small size of the pre¬
dentary, while in ceratopsids, it rather reflects the important
elongation of the dentary.
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Plate 1

Skull of the holotype of Protoceratops hellenikorhinus (1MM 95BM1/1) from Bayan Mandahu. A: left latéral view;
B: right latéral view; C: rostral view. Scale bar = 20 cm.

Plate 2

Skull of the holotype of Protoceratops hellenikorhinus (IMM 95BM1/1) from Bayan Mandahu. A: caudal view; B:
dorsal view. Scale bar = 20 cm.

Plate 3

Fig. 1 — Skull of the paratype of Protoceratops hellenikorhinus (IMM 96BM1/4) from Bayan Mandahu. A: left lat¬
éral view; B: rostral view; C: dorsal view. Scale bar (for A and B) = 10 cm.

Fig. 2 — Isolated teeth found with the skull pièces of Protoceratops hellenikorhinus IMM 96BM5/2 from Bayan
Mandahu. A and C: lingual or labial views (we don't know if these teeth belong to dentary or maxilla); B and
D: rostral or caudal views. Scale bar = 2 cm.

Plate 4

Fig. 1 — Skull of a juvénile of Protoceratops hellenikorhinus (IMM 96BM5/3). A: left latéral view; B: detail of the
left infratemporal fenestra showing the long and thin (slightly broken) ventral projection of the squamosal
along the quadrate. Scale bar for A = 2 cm.

Fig. 2 — Skull of a young adult maie of Protoceratops hellenikorhinus (IMM 96BM2/1). Left latéral view. Scale bar
= 10 cm.
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