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Introduction

Alchough little is known of the first half of their evolu-

tionary  history, margin-headed ornithischians
(Marginocephalia) are represented by a remarkable
array of small- and large-bodied species during the
last 20

Marginocephalians comprise two distinctive sub-

million years of the Mesozoic.
groups, pachycephalosaurs and ceratopsians, both
characterized by a bony shelf that projects from the
posterior skull margin. Pachycephalosaurs, as their
group name suggests, have thickened the skull roof,
the margins of which are ornamented with distinctive
rubercles. Ceratopsians, by contrast, have extended
the posterior shelf as a thin bony frill, which is often
accompanied by one or more cranial horns.

Abundant in lace Early and Late Cretaceous depos-
its in central Asia and western North America, margi-
nocephalians are exceptionally rare earlier in the
Cretaceous (Neocomian) and have never been found
in deposits that are regarded with confidence as
Jurassic in age. Marginocephalian origins, however,
surely date back at least to the Early Jurassic, when
thev diverged from their sister group, the ornithopods.

In this chaprer, the best-known Asian pachycephal-
osaurs and ceratopsians are reviewed and a general
account of their osteology is presented. The phyloge-
netic relationships of all marginocephalians are
considered. The biogeographic history of marginoce-
phalians is particularly interesting, as it clearly
involves a polar dispersal route across Beringia — a
well-trodden passage chat plaved a major role in the
evolution of dinosaurs in the Northern Hemisphere
during the Late Cretaceous (Sereno, 1997, 1099y,
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History of discovery

Excluding large-bodied ceratopsids from North
America and Psittacosaurus and Protoceratops from Asia,
marginocephalian fossils are generally rare and
incomplete. The first relacively complete skeletal
remains were discovered in Alberta and pertain to the
pachycephalosaur Stegoceras validus (Gilmore, 1924
Sues and Galton, 1987) and the ceratopsian
Leptoceratops gracilis (Brown, 191+4). The tvpe skult and
skeleton of Stegoceras (UA 2), still the most complete
pachycephalosaur skeleton  from North America,
revealed the peculiar anatomy of these bipedal orni-
thischians, known previously trom isolated reeth and
thickened skult caps. Shortly after the discovery of the
first skeleton of Leproceraropr (AMNEL 52033, three

additional skeletons were  discovered  (Sternberd
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Table 25.1. Aeeand buen geagraphic vange of pachyeephatosaurs and Ceratopsiany

Taxa Age Known geographic range

Pachveephalosauria
Stenopelix valdensiv Barremian central Europe
Wannanosaurus yanstensis Campanian eastern China
Ciuyocephale luttinore! Campanian southern Mongolia
Homalocephale caluthocercos Maastrichtian southern Mongolia
Ornatotholus browni Campanian western North America
Yaverlandia bitholus Barremian western Europe
Stegaceras validus Campanian western North America
Prengcephale prenes Maastrichdian southern Mongolia
Tylocepbale gilmorei Campanian southern Mongolia
Stygimoloch spinifer Maastrichtian western United States
Pachycepbalosaurus wyomingensis Maastrichdan western United States

Ceratopsia

Psittacosanrus
Chaoyangsaurus youngi
Archacocerarops oshimai
Leproceratops gracills
Udanoceratops tsehizhovi
Bagaceratops rhozhdestcenshyi
Protoceratops andrewsi
Graciliceratops mongoliensis
Mountanoceratops cerorbynchus
Turanoceratops tardabslis
Ceratopsidae

Barremian—early Aptian
latest Jurassic/Neocomian
Neocomian

Maastrichrian

Campanian

Campanian

Campanian

Campanian

Maastrichtian
Cenomanian or Turonian
Campanian—Maastrichtian

China, Mongolia
northern China
norcthern China
western Canada
southern Mongolia
southern Mongolia
southern Mongolia
southern Mongolia
western North America
Uzbekistan

western North America

1951) that, likewise, constitute the most complere
basal ceratopsian to darte from North America.
Expeditions to the Gobi Desert in the 1920s by the
American Museum in New York (see Chapter 12) and
to northern Chinain the 1930s by the Palacontological
Instirute in Uppsala brought to light much of what we
currently know abour marginocephalian diversity
during the Late Cretaceous (Table 25.1). Numerous
skulls and skeletons and the first well documented
growth series were recovered for the basal ceratop-
sians Psirtacosaurus mongoltensis (Osborn, 1923, 192+
Coombs, 1982; Sereno 1987, 19904, b) and Protoceratops
andrewsi (Granger and Gregory, 1923; Brown and
Schlaikjer, 1940; Dong and Curtie, 1993). Several new
genera of pachycephalosaurs and basal ceratopsians
were discovered by subsequent expeditions to
Mongolia and northern China (Maryadska and
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Osmolska, 1974, 1975; Perle er al, 1982; Kurzanov,
1992; Dong and Azuma, 1997; see also Chapters 12
and 13),

Systematics of Asian marginocephalians

Taxonomic definitions

The utility of taxon names based on phylogenetic
definitions has been explored by de Queiroz and
Gauthier (1990, 1992). Node-based or stem-based
phylogenetic definitions were applied to groups with
living members to ditferentiare crown groups (node-
based) from more inclusive groups (stem-based) that
incorporate intervening extinet taxa,

Recently, this approach has been generalized to sta-
bilize the phylogenetic meaning of widely used names
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Table 25.2. Unsunked classification for marginocephalians.
Taxa with node-bascd definitions are shows in bold, and
those with stem-based definitions ave shown in regular type
(Serenn, 1997, 1998). This configuration of phylogenetic

defiuitions specifies four node-stem triplets

Marginocephalia
Pachvcephalosauria
Pachycephalosauridae
Stegoceras
Pachycephalosaurinae
Ceratopsia
Neoceratopsia
Coronosauria
Protoceratopsidae
Ceratopsoidea
Ceratopsidae
Centrosaurinae
Ceratopsinae

for living or extinct clades (Sereno, 1997, 1998, 1999b).
Taxa are defined with respect to one another using the
same reference taxa to create stable node-stem trip-
lets. The unranked classification used in this review is
based on four node-stem triplets (Table 25.2).

Pachycephalosauria Maryariska and Osmolska, 1974
Definition. All marginocephalians closer to Pachyceph-
alosaurusthan Triceratops (Sereno, 1998)

Wannanosaurus yansiensis. Wannanosaurusis based on a
partial skull (Figure 25.1) and several postcranial
bones of one immature individual (IVPP V4447) with
additional vertebrae and limb bones of a second indi-
vidual found nearby (Hou, 1977). Like Yaverlandia,
Wannanosaurus is a small pachycephalosaur, although
the open sutures in the holotype cranium suggest that
at maturity it may have reached a somewhat larger
body size {contrary to Marvanska, 1990, p. 574, who
remarked that the cranial sutures were obliterated).
Wannanosaurus has a tlat dorsal skull table with rela-
tivelv large supratemporal fossae. The associared
postcranial with
Homalocephale and Stegoceras, such as the short forelimb
(humerus less than one-half femoral length), sigmoid-
shaped humerus, and slender distal fibula. Diagnostic

bones share several features
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teatures ot Hannanoranrns include the low, fan-shaped
dentary crowns with a marked median eminence on
the lateral crown surface and the extreme Hexure of
the humerus (proximal and distal ends ser at approxi-
mately 30° to one another).

Goyocephale luttimorei. Goyocepbale is based on a rela-
tively complete skeleton with a partial skull (GI SPS
100/1501) and is the best known of basal pachycephal-
osaurs (Perle ez al, 1982). It falls in the middle of the
range of body size for pachycephalosaurs, similar to
that of Homalocephale, Stegoceras and  Prenocepbale.
Although Perle eral. (1982, p. 117) presented a lengthy
diagnosis for Goyocephale, most of the listed features
characterize other pachycephalosaurs as well. There
are only a few features that are peculiar to Goyocephale,
and these include the sinuous lateral margin of the
skull as seen in dorsal view. The lateral margin is par-
ticularly prominent above the orbit where the two
supraorbitals meet, resulting in an S-shaped edge as
seen in dorsal view. In addition, the sternals in
Goyocephale (Perle e al, 1982, pl. 41) are more slender
and gently curved than those in Stegoceras (LA 2).

Homalocephale calathocercos. Homalocephale, known from
a partial skeleton and flat-headed skull (GI SPS
100/1201; previously listed as GI SPS 100/51,
Maryaniska and Osmdélska, 1974), can be distinguished
from other pachycephalosaurs by the crescent-shaped,
ventrally deflected postacetabular process of the ilium.
Other features, such as the sacral attachments to the
ischium, may eventually prove to be diagnostic, but
these are not preserved in any other pachycephalosaur.

Pachycephalosauridae Sternberg, 1945
Definition. Stegoceras, Pachycepbalosaurns, their most
recent common ancestor and all descendants (Sereno,
1998).

Prenocephale prenes. Based on a beautitully preserved
cranium and partial postcranial skeleton (PAL MgD
[/104; Figure 25.2), Prenocephale is currently the best
known fully domed pachycephalosaur (Maryanska
and Osmolska, 1974). The straight dorsal margin of
the snout, which resembles that in Goyecepbale (Perle of
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Figure 25.1. Wannanosaurus yansiensis (IVPP V4447), partial cranium in right lateral (A} and dorsal (B) views and left lower jaw
in (C) medial view. Abbreviations: a, angular; an, articular surface for the nasal; aprf, articular surface for the prefrontal; asor,
articulation for anterior supraorbital; d, dentary; f, frontal; gl, glenoid; s, laterosphenoid; p, parieral; po, postorbital; popr,
paroccipital process; psor, posterior supraorbital, rp, retroarticular process; sa, surangular; sq, squamosal; stf, supratemporal

fossa; 1-9, position in tooth row. Scale bar equals 10 mm.

al, 1982), differs from the gently arched margin and
shorter premaxilla in Stegoceras (Figure 25.3). In
Prenocephale, the proximal end of the quadrate is
tongue-shaped, and there is an unusual bulbous knob
on the free dorsal maegin of the quadratojugal (pre-
served on both sides). Aspects of cranial ornamenta-
tion, such as the unbroken line of tubercles that
connect those on the postorbital with those on the
jugal, may also be diagnostic tor Prenocephale.
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Tylocephale gilmorei. Tylocephale, known from a single
weathered cranium and the posterior portion of the
lower jaws (PAL MgD 1/103; Figure 25.4), is a fully
domed pachycephalosaur (Maryariska and Osmélska,
1974). As these authors noted, it differs in several
details from Prenocephale, which it otherwise resembles
quite closely. The dome and occiput are narrower, and
the postorbital bar and quadrate are more slender
(Maryariska and Osmoiska, 1974, p. 51). The orbit was
described as more elongate, bur this may be the resule
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Figure 25.2. Prenocephale prenes (PAL MgD 1/104), cranium in left lateral view. Abbreviations: as in Figures 27.1 and 25.3 and
antfo, antorbital fossa; If, lacrimal foramen; pmf, premaxitlary foramen; pr, prootic; pt, prerygoid. Scale bar equals 30 mm.

of dorsoventral crushing of the cranium. The nodular
ornamentation that characterizes the margins of the
dome also differs from that in Prenocepbale. Tylocephale
has a dorsally upturned corner tubercle on the squa-
mosal as in Prenocephale, but there are fewer tubercles
medial to the corner tubercle in Tyocephale, probably
only four on the right side and three on the left {con-
trary to Maryadska and Osmdlska, 1974, fig. 1B4). In
Tylocephale the ornamental tubercles on the postorbital
bar are reduced compared to those in Prenocephale, but
there are tubercles on the supraorbitals above the
orbital margin that are absent in Prenocephale. A large
oval depression, centred on the quadrarojugal and pre-
served on both sides of the skull, may constirute a
feature  of  this

diagnostic pachycephalosaur,

Prenocephale has a similar, although much smaller,

quadratojugal depression, In the lower jaw, the angular
is ornamented with tubercles (contrary to Maryaniska
and Osmolska, 1974, p. 52), and the jaw articulation is
positioned somewhat below the maxillary tooth row,
as in other pachvcephalosaurs. The dentary teeth,
which are the best preserved, are characterized by a
primary ridge and secondary ridges that extend down
much of the crown surface. These crowns are easily
distinguished from those of Stegoceras, in which the
medial side of the crowns are dorsoventrally concave.

[n summary, the skull and dentition of Tylocephale
clearly indicate thac it is a distiner, fully-domed
pachycephalosaur thar is similar, and quite possibly
closely related, o Prenocephule. Dingnostic teatures
include a narrow, deep skull and large fossa on the

quadratojugal.
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Figure 25.3. Stegoceras validus (UA 2), cranium in left lateral view. Abbreviations: as in Figure 25.1 and asor, anterior supraorbital;
ec, ectopterygoid; fp, frontoparietal; j, jugal; I, lacrimal; m, maxilla; m1-1 7, maxillary tooth positions; n, nasal; 0s, orbitosphenoid;
pl, palatine; pm, premaxilla, pm1-3, premaxillary tooth positions; prf, prefrontal; 9, Quadrate; gj, quadratojugal; 1-7, postorbital

or squamosal tubercles. Scale bar equals 30 mm.

Ceratopsia Marsh, 1890

Defimirion. All marginocephalians closer to Triceratops
than to Pachycephalosanrus (Sereno, 1998).

Prittacosanrus. Psittacosaurids, or ‘parrot-beaked’
dinosaurs, constitute a tighely knic group of species in
the single genus Psittacosanrus (Figure 25.5), known
oaly from Lower Cretaceous beds in China, Mongolia
and Siberia (Sereno, 1987, 1990a, b; Eberth etal, 1993),
P mongoliensis and P. sinensis, the former the larger and
less derived of the two, are known from many skele-
tons, some with complete skulls. Two additional
species, P. xinfiangensis and P, metleyingensis (Sereno
and Chao, 1988; Sereno eral, 1988), based on less com-
plete material, have been described from China. The
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former has a characteristic pyramidal jugal horn, and
the latter has an extremely short skull that is nearly
round in profile. Recently, two additional species have
been described from Inner Mongolia, P. neimongoliensis
and P. ordosensis (Russell and Zhao, 1996), which are
extremely close to P mongoliensis and P. sinensis,
respectively. Finally, additional species have been
described from China and Thailand (P masongshanen-
sis, P sattayataks), but their taxonomic seatus is ques-
rioned below.

The genus Prittacosaurus and the six species recog-
nized here are diagnosed almost entirely on the basis
of cranial characters. The deep and very short psittac-
osaurid snout, which constitures less chan 40% of skull

lengeh, most closelv resembles that in the aberrant
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Figure 25.4. Tylocephale gilmorei (PAL MgD 1/105), cranium in left lateral view. Abbreviations: as in Figures 25.1-25.3, Scale bar

equals 10 mm.

theropod subgroup Oviraptoridae. The external naris
is positioned very high on the snout, which is com-
posed of the ceratopsian rostral bone and the broadlv
expanded premaxilla (Figure 25.5). The antorbital
fenestra is closed and the antorbital fossa is absent. A
small lateral depression is present on the maxilla in
several species of Psittacosunrus and has been identified
as a reduced antorbital fossa (Sereno, 1987; Sereno and
Chao, 1988; Sereno er al, 1988). This scructure,
however, is regarded here as a neomorphic depression
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unrelated to diverticulae of the cranial sinus system.
Unlike any other dinosaurs, a section of the lateral
wall of the lacrimal canal remains unossified in psit-
tacosaurs; a foramen of variable size between the pre-
maxilla and lacrimal exposes a section of the canal.
Species differences are based primarily on cranial fea-
tures, such as the shape of the jugal horn and length of
the parietosquamosal frill.

The psitracosaurid postcranial skeleton is remark-
ably primitive compared to most other Cretaceous
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Figure 23.5. Priracosaurys mongoliensis, skull reconstruction in left lateral view. Abbreviations: as in Figures 25.1-25.3 and ho,

basioccipital; emf, external mandibular fenestra; Ic, lacrimal canal; lhv, lateral head vein: mp, maxillary process; pap, palpebral,
pd, predentary; ps, parasphenoid, r, rostral; s, sclerotic ring. (From Sereno eral, 1988.)

ornithischians. The relatively long and strongly buile
forelimb and the flattened manual unguals suggest that
psittacosaurids may have been facultatively quadru-
pedal. Unlike later quadrupedal ceratopsians,
however, the external digits of the manus are reduced

or eliminated such that only digits I-IIT are functional.

Neoceratopsia Sereno, 1986
Definition. All ceratopsians closer to Triceratops than to
Pstttacosaurys (Sereno, 1998).

Chaoyangsaurns  youngi. Described briefly by Zhao
(1983, 1986), and in more detail by Zhao ¢r 4/ (1999)
from possible Jurassic beds in northern Chiny,
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Chagyangsaurusis an intriguing basal ceratopsian inter-
mediate in form berween psittacosaurs and other neo-
ceratopsians, Similar to a large psittacosaur in body
size, Chaoyangsaurus is known only from the holotype
specimen (IVPP V11527), which consists of a partial
skull with lower jaws, several cervical vertebrae and a
partial scapula and humerus. The rostral bone clearly
establishes  Chaoyangsanrus as a ceratopsian, and
several features clearly link chis early form with later
neoceratopsians, including the narrow snout, strongly
fHared jugal arch, and pair of reduced, subconical pre-
maxillary teeth (Zhao, 1983; Zhao er 4/, 1999). As in
other neoceratopsians, but unlike psittacosaurs and
other outgroups, the skull appears to be quite large
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relative to girdle and appendicular bones, although
more complete posterania are needed for confirmation
of this. The low, subtriangular maxillary and dentary
crowns are primitive and resemble the condition in
psitracosaurs. Likewise, the relatively broad propor-
tions of the laterotemporal fenestra, absence of an
epijugal ossification, substantial length of the postden-
rarv elements of the lower jaw, and unfused condition
of the anterior cervical vertebrae are plesiomorphic
relative to other neoceratopsians. Unfortunately, the
posterior portion of the dorsal skull roof and occiput
are not preserved, so the presence and development of
the parietosquamosal shelf is not known.

Archacoceratops oshimai. Described recently from Early
beds in China,
Archaeoceratops is known from two partial skeletons of

(Cretaceous Gansu Province,
relatively small size that include a relatively complete
skull with lower jaws (Dong and Azuma, 1996, 1997,
[VPP V11114, VI1115). Archacoceratops is clearly more
advanced than Chagyangsaurus on the basis of many
features of the skull that closely resemble the condi-
tion in Protoceratops and other neoceratopsians, includ-
ing the strong lateral crest on the jugal and the marked
anteroposterior shortening of the laterotemporal
region and postdentary elements of the lower jaw
(Dong and Azuma, 1997, fig. 2). The antorbital fossa
has a sharp rim and oval shape as in Leptoceratops and
Protaceratops (contra Dong and Azuma, 1997, fig. 24).
The short parietosquamosal frill, low number of sacral
vertebrae, and relatively long tapered tail establish
Archaeoceratops as a very primitive neoceratopsian.
Although reconstructed as a biped (Dong and Azuma,
1997, figs. 11 and 12), the pectoral girdle and forelimb
are unknown, and the habitual posture of this early
neoceratopsian cannot be reliably derermined.
Diagnostic features for the genus and species have yet

to be identified, but may involve the dentition.

Udanoceratops tschishevi. Recently described on the
basis of a partial skull from Mongolia (Kurzanov,
1992), Udanocerarops has a skull length of approxi-
mately 0.6 m, which equals that of the largest speci-
mens of Proroceratops (Brown and Schlaikjer, 1940, fig.
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13). Distinguishing  cranial features  include  an
entarged, oval external naris tha, unlike oeher basal
neoceratopsians, exceeds the orbitin maximum diam-
eter. A depression on the posterolateral process of the
premaxilla and an extremely deep and strongly arched
lower jaw also distinguish this new neoceratopsian,
Udanoceratops shares with Leptoceratops the strongly
arched lower jaw and absence of premaxiliary teeth,
but differs from the latter in having straight tooth rows
(Kurzanov, 1992, fig. 2b). The teeth are very similar to
Leproceratops and have enamel on both sides of the
dentary crowns.

Coronosauria Sereno, 1986
Definition. Protoceratops, Triceratops, their most recent
common ancestor and all descendants (Sereno, 1998).

Bagaceratops rozhdestvenskyi. Known from many speci-
mens from the Hermiin Tsav red beds of the
Baruungoyot Formation in Mongolia, Bagaceratops is
second only to Protoceratops in the quantity of known
remains, although the postcranial material has not
been described in detail (Maryariska and Osmélska,
1975; Osmélska, 1986). As discussed below (see 3
Problematic taxa), Breviceratops (Kurzanov, 1990) is
regarded here as a junior synonym of Bagaceratops, and
icis very likely that 2P. kozlowskii and Bagaceratops rozh-
destvenskyi represent the same species,

Cranially and postcranially, Bagaceratops is similarto ¥
Protoceratops in nearly all details. The most outstanding A\
differences in the cranium of Bagaceratops are an oval
accessory fenestra between the premaxilla and maxilla
and a coossified median nasal horn, The premaxil- -
larv—maxillary fenestra appears to decrease in size
with macurity (Maryarska and Osmélska, 1975, hig. 9). :
The median nasal horn, which fuses early in growth -
and migrates posteriorly {Kurzanov, 1990), preserves

traces of a median suture on its posterior aspect in
immature individuals (PIN 3142/1; PAL MgD-1/125).
Thus, the horn is composed of coossified processes of
the nasals, as in centrosaurines (Gilmore, 1917), rather
than a separate median ossification, as in some chas- i

Mmosaurines.

Several other aspects of Bagaceratops appear to be
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artelacts of preservation. The skull has been recon-
structed with a shore, unfenestrared teill, an antorbiral
fossa Hoored in pare by che nasal, and a jugal without
the accessory epijugal ossitication (Maryaniska and
Osmalska, 1975, g 6). The frill in mature individuals,
however, 1s fenestrated, as shown in additional speci-
mens {Kurzanov, 1990, fig. 2; H. Osmélska, pers.
comm.}. The participation of the nasal in the antorbi-
ral fossa, a configuration not found in any ceratopsian,
was reconstructed from a specimen that does not pre-
serve this portion of the fossa (Maryadska and
Osmolska, 1975, pls. 42 and 43). Attachment scars on
the jugal and quadrarojugal (PAL MgD-1/125) indi-
cate that an epijugal, as large and prominent as in
Protoceratops, 1s present in Bagaceratops {contrary to
Dodson and Currie, 1990, p. 613). The squamo-
sal-jugal contact occurs above the laterotemporal
fenestra (contrary to Dodson and Currie, 1990, p. 613),
but this contact is exposed only on the medial side of
the postorbital (Maryaniska and Osmdlska, 1973, p.
158; Kurzanov, 1990, fig. 1). The reduction of this
contact (and the posterior arching of the ascending
ramus of the jugal) may characterize Bagacerarops.
Other features previously considered diagnostic for
Bagaceratops — such as the low number of maxillary
teeth (10) and straight margin of the lower jaw — are
probably due to the immarurity of even the largest
available specimens. All of these features occur in
immature individuals of Protoceratops (Brown and
Schlaikjer, 1940; Kurzanov, 1992). In addition, the
absence of premaxillary teeth in Bagaceratops requires
further documentation, given the poor preservation of
the critical posterior margin of the premaxilla in all
available specimens and the presence of premaxillary
teeth in juvenile individuals (Dong and Currie, 1993).

Protoceratops andrewsi. Based on a splendid series of
skeletons from hatchlings to adults, Proroceratops is the
best known neoceratopsian (Brown and Schlaikjer,
1940). Generic and specific diagnoses for Prooceratops,
nevertheless, do not include any derived features {e.g.,
Steel, 1969) because the skeleton is plesiomorphic in
nearlv all regards ar the level of Neoceratopsia.
Possible autapomorphies include the short lateral pro-

cesses on the roseral, low tab-shaped processes on the
frill margin {three on the squamosal and four or five on
the pariewal), parasagittal nasal prominences, and
hoot-shaped pedal unguals {Figure 25.6).

Graciliceratops mongoliensis, n. gen., n. sp. Bohlin (1953)
erected a new genus, Microceratops, with two new
species on the basis of teeth, fragmentary jaws and
assorted postcrania, much of which he believed to be
from immature individuals. This fragmentary material
came from two localities in different horizons in
Gansu Province, China, the ages of which remain
uncertain (Dong and Azuma, 1997). Bohlin (1953, p.
35) observed that the primary ridge in the dentary
teeth in Microceratops gobiensis may be less prominent
than in the closely related genus Proroceratops. No
other diagnostic features were given, and it can be seen
that the primary ridge varies in strength in the dentary
crowns figured by Bohlin. Furthermore, the holotype
dentary (Bohlin, 1953, fig. 14c) does not have any com-
plete crowns and is now apparently lost (Z. Dong, pers.
comm.}. Young (1958, tig. 1B) referred an isolated
maxiila and other small neoceratopsian material from
Shansi Province, China to M. gobiensis on the basis of
its small size. There appears to be no other basis for
this referral. The second species, Microceratops sulcid-
ens, is based on two isolated teeth, vertebrae and bones
of the manus and pes (Bohlin, 1953, figs. 36-38, pL. I1).
The small size of this material is usuvally the only
feature mentioned in raxonomic diagnoses (e.g., Steel,
1969). Dodson and Currie (1990, tab. 29.1) listed M.
sulcidens as a junior svnonym of M. gobiensis, but gave
no reasons for this synonymy. Given the absence of
anv diagnostic features of the holotype material and
the abundance of immature individuals at manv Asian
localities that have vielded ceratopsian remains, the
genus Microceratops and the species M. gobiensis and M.
suleidens are regarded here as nomina dubia.

Marvariska and Osmolska (1975) referred an articu-
lated skeleton {PAL MgD-I/156) from Shireegiin
Gashuun in Mongolia to Microceratops gobiensis, osten-
sibly because of its small size relative to other basal
neoceratopsians. Although no other reason was given,
this reterral has never been questioned. The primary
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Figure 25.6. Provoceratops andrewsi {ANMNH 6408), cranium in left lateral (A) and

dorsal (B} views. Dashed outline shows position of vomer. Abbreviations: as in
Figures 25.1-25.5 and antfe, antorbiral fenestea; ey, epijugal; eo-op, exoccipital-

opisthotic (fused); ep, epiotic; t, tab-shaped fange; v, vomer. Scale bar equals 50 mm.
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Figure 25.7. Graciliceratops mongoltensis, gen. nov., sp. nov. (A} Partial skull in ventral view and (B) posterior portion of skullin
right lateral view showing inset articular surface for the epijugal. Abbreviations: as in Figures 25.1-25.6. Scale bar equals 10 mm.

ridge in the dentary crowns of this specimen, however,
1s as prominent as in other neoceratopsians. There 1s
no basis, therefore, for referral of this specimen to
Microcerarops ot to the species M. gobiensis. Because this
skeleton is also from an immature individual (as shown
by the disarticulated presacral neural arches and
unfused sacral centra}, its body size at maturity
remains unknown and may well have equalled thac of
Protoceratops.

This skeleton is placed here in a new genus and
species, Graciliceratops mongoliensis (gracilis, L. slender;
cerato-, Gir horn; mongolia, Mongolia, -ensis, L. place),

characrerized by the very slender median and poste-
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rior parietal frill margins (Figure 25.7A} and high tib-
iofemoral ratio (1.2:1). The slender frill margins are
very distinctive and much more delicate than recon-
structed by Marvariska and Osmolska (1975, fig. 1)
The frill extends quite far posterior to the occiput, and
its lateral margins are formed by a well developed pos-
terior process of the squamosal. Like Bagacerarops, the
jugal and squamosal do not overlap extensively, as
shown by well marked articular scars on the postorbi-
ral. A well demarcated scar on the jugal and quadratoj-
ugal indicates thata large epijugal was present (Figure
25.7B). The quadratojugal would have been exposed
primarily in posterior view on the posterior aspect of
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the prominent jugal-epijugal horn, as in most other

basal neoceratopsians.

Ceratopsoidea Hay, 1902

Definition. All coronosaurs closer to Triceratops than to
Protoceratops (Serena, 1998).

Turanoceratops tardabilis. Based on isolated teeth and
cranial fragments of unknown association (Nesov er
al., 1989), Turanoceratops provides important evidence
that two-rooted maxillary and dentary teeth, previ-
ously known only in North American ceratopsids,
appeared first in much smaller Asian ceratopsians
during the Cenomanian or Turonian. Broken horn
cores (presumably from the postorbital), a maxilla,
and predentary were described along with the two-
rooted teeth (Nesov er 4/, 1989, pl. 1, figs. 16-21). The
two-rooted cheek teeth probably indicate an increase
in packing along the tooth row, and a primitive tooth
battery may already have evolved. Turanoceratops
appears to be a small-bodied neoceratopsian. Further
study is required to adequately characterize the genus
and species.

Problematic marginocephalians

Five problematic marginocephalians from Asia are
considered first and set aside. Micropachycephalosaurus
hongtuyanensis (Dong, 1978; IVPP V5542) is based on
fragmentary postcrania of discordant size. Much of
the iliumn (Dong, 1978, fig. 2) exists only as an impres-
sion in rock. Although this taxon has survived recent
systematic review (Maryanska, 1990), no pachyce-
phalosaurian features or autapomorphies are apparent
in this material. Micropachycephalosaurusis here consid-
ered a women dubium.

Psittacosaurus sartayaraki, recently described on the
basis of a partial dentary and possibly a fragment of
the maxilla (TF 2449) from Cretaceous beds in
Thailand, is regarded by the authors as ‘clearly refer-
able to the genus Psitracosaurus {Buffetaur er 4/, 1989,
p- 370). The justification given by Buffetaut and
Suteethorn (1992, pp. 803, 805) for the generic refer-
ence (‘relatively deep and short dentary’ and ‘bulbous
primary ridge and secondary denticles’) and erection
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of a new species (small incipient ventral Hange
‘serongly convex” alveolar region of the dentary and
‘five denticles on both sides of the primary ridge’) is
questionable. The association between the dentary
and maxillary fragment, described as ‘possibly belong-
ing to the same individual’ (Bufferaut and Suteethorn,
1992, p. 801), must be regarded with suspicion as no
supporting evidence for association of these speci-
mens, collected years apart, was presented.

All basal ceratopsians have short, deep denrary
rami, and the primary ridge on the dentarv tooth of
the Thai ornithischian, such as it is preserved
(Bufferaut and Suteethorn, 1992, fig. 2C), 1s not
bulbous as in Psittacosaurus (Osborn, 1923, figs. + and 3;
Sereno and Chao, 1988, fig. 5C; Sereno ef 4/, 1988, fig.
7D). A dentary flange is developed only in some psit-
tacosaurs (P. mongoliensis and P. metleyingensis) and
extends vertically as a ridge across the posterior
portion of the ramus (Sereno, 1990a, b), unlike the
dentary from Thailand. The unusual features of this
dentary are the low position of the predentary attach-
ment surface relative to the tooth row and the abrupt
medial arching of the symphysial region of the
dentary. The anterior end of the dentarv appears
unfinished and weathered (Buffetaut and Suteethorn,
1992, fig. 2E), bringing into question its interpretation
as a broad attachment area for the predentarv. Given
the poor preservation of the dentary and its dubious
association with the supposed maxillary fragment,
assignment to a new genus of uncertain phylogenetic
athnity is not warranted. ‘Psittacosaurus’ sartayaraki is
tentatively referred here to Ceratopsia, incertae sedis.

Psittacosaurus mazongshanensts, described recently
from a skull and partial skeleton from Gansu Province,
China (Xu, 1997; IVPP V12165), may represent a dis-
tinct species. The available description, however, does
not establish that fact convincingly, as there are no
clear diagnostic features that are absent in other psit-
tacosaur species. Until the basis for this species is
clarifed, the partial skeleton is here referred w
Psittacosaurns, incertae sedis, and the species P

mazongshanensisis regarded as a women dubium,

Astacevatops salsopaludalis, described from disarticu- -

fated, fragmentary remains from Cenomanian or early

oy
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Turonian beds in Uzbekiscan, s a small basal ceratop-
sian (Nesov ef wl, 1989), 0F properly assigned
Astuceratops, the unguals are pointed as in most basal
ceratopsians  and unlike the broader unguals in
Protoceratops. The maxillary tooth rows in at least two
individuals have nine teeth, which is fewer than in
subadult specimens of Prosmceratops. The dentition is
indistinguishable from thatin several other basal cera-
topsians, and no other autapomorphies are apparentin
the holotype (a lett maxilla) or referred material.
Asiaceratops therefore 1s regarded here as a nwomen
dubium.

Finally, Kurzanov (1990) recently transferred
Protoceratops kozlowskil to a new genus, Breviceratops.
Maryanska and Osmélska (1975) originally tentatively
referred an immature holotype skull (PAL MgD
1/117) from the locality Khulsan to Protoceratops as a
new species, ?P. kozlowskis. The new referred material
consisss of five partial skulls of immarture individuals
{PIN 3142/1-5; Kurzanov, 1990, figs. 1 and 2) from a
different locality (Hermiin Tsav) in the same forma-
tion (Baruungoyot). The taxonomic status of 2P. koz-
fowskii and Bagaceratops rozhdestvenskyi, the latter based
on marerial also collected at Hermiin Tsav, is compli-
cated by the immaturity and incompleteness of many
of the specimens.

The diagnostic features originally listed for ?P. koz-
Jowskii (Maryariska and Osmdlska, 1975, pp. 143-144)
are either present in juveniles or adults of other
species or are difficult to assess. The position of the
nasal-frontal suture above the orbit, for example, is
not unique to ?P. kozlowskii but rather characterizes
Protoceratops andrewsi and juveniles of Bagaceratops. The
supposed advanced characters in the postcranium,
such as the stronger lateral flare of the iliac preacetab-
ular process, are based on the very immature holotype
skeleron and were not figured or photographed in a
manner allowing comparison. There are no unique
feacures linking ?P. kozlowskii to the genus Protoceratops.
The presence of a nasal horn, which occurs in speci-
mens referred to this species (Kurzanoy, 1990) and in
Bugaceratops, cannot be determined in the material
upon which the species was based. There is some indi-

cation that an accessory premaxilla—maxilla fenestra

may have been present in the holotype skull of 22 kos-
fowwskii (Maryaiiska and Osmolska, 1975, pl. 30, hg. 1a),
as also occurs in specimens later referred to this
species { Kurzanov, 1990) and in Bagaceratops. The char-
acters Kurzanov (1990) invoked to distinguish this
species from Bugaceratops (larger size, higher and wider
skull, and parietal fenestrae) are not valid given the
better preserved material now known tor Bagaceratops.
The only apparent ditference between P, kozlowskit
and Bagaceratops is the presence of premaxillary reeth
in the former, but this can no longer be considered
significant given the presence of premaxillary teeth in
immature individuals of Bageceratops (Dong and
Currie, 1993, fig. 3). The subcvlindrical premaxillary
teeth in these juveniles appear to have been lost during
growth in Bagaceratops, although the one adul skull
with an intact ventral margin of the premaxilla is not
complete posteriorly (PAL MgD-I1/127; Maryarska
and Osmolska, 1975, pl. 43, 1¢). In summary, it seems
very likely that all of the basal ceratopsian specimens
from the Baruungoyot Formation pertain to a single
species. The most appropriate name for that taxon is
Bagaceratops rozhdestvenskyi, the holotype of which
exhibits several diagnostic features. Breviceratops is
regarded here as a junior synonym of Bagaceratops.

Phylogeny

In the following sections, previous work on the phy-
logeny of marginocephalians is reviewed, marginoce-
phali:an svnapomorphies are re-examined, and the
branching pattern within Pachycephalosauria and
Ceratopsia is analyzed. The central phylogenetic
issues to resolve are the affinities of two enigmatic
early marginocephalians, Srenopelix (Schmide, 1969;
Sues and Galton, 1982; Sereno, 1987) and
Chagyangsaurus (Zhao, 1983; Zhao eral, 1999), and the
reality  of the basal

phyvlogenetic subgroups

Homatocephalidae and Protoceratopsidae.

Marainocephalia

Traditional classification. Afeer the description of the
first relatively complete skull and skeleton (Stegoceras
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validus, Figure 15.3) by Gilmore (1924), carly opinion

presented ewo possibilities regarding the athnities of

pachveephalosaurs  ithen rermed  “troidonty’).
Gilmore (1924) and others {Russell, 1932; Sternbery,
1933)

ornithopods, and the Family Pachycephalosauridae

regarded  pachveephalosaurs  as  divergent
was erected within Ornithopoda (Sternbery, 19453).
Others linked pachvcephalosaurs with ankylosaurs
and were influenced by the downwardly curved shaft
of the tschium and posterior extension of the palate
{(Romer, 1927, 1968) or by the armoured, akineuc con-
diton of the skull (Nopcsa, 1929). Brown and
Schlaikjer (1943, p. [46) sided with ornithopod
origins, concluding that pachycephalosaurs shared ‘a
closer relationship to the Ceratopsia—Ornithopoda
line than to the Stegosauria—Nodosauria group’
Besides noting similarities that are now clearly under-
stood as plesiomorphic, they mentioned derived simi-
larities shared with Protoceratops, such as grooved
zvgapophyseal articulations in the dorsal vertebrae
and the downward curve of the ischial shaft. The
former, now known in several pachycephalosaurs, is
not present in Protoceratops or any other ceratopsian;
the latrer constitutes a potential synapomorphy as dis-
cussed below.

In summary, pre-cladistic notions of pachycephalo-
saurian ancestry were based as much on overall simi-
larity as on the presence of shared derived characters.
Bipedal ornithischians, such as pachycephalosaurs and
psittacosaurs, were presumed to have evolved from a
persistently primitive ornithopod stock (e.g.,, Romer,
1968; Steel, 1969; Galton, 1972; Thulborn, 1974) and
were generally classified within Ornithopoda. More
recently, pachycephalosaurs were removed from the
Suborder Ornithopoda and accorded subordinal rank
as Pachycephalosauria (Maryadska and Osmélska,
1975). Removal from Ornithopoda was not initiated on
phylogeneric grounds, but rather was predicated upon
the degree to which pachycephalosaurs were judged to
have diverged from mainline ornithopods. Raising
rank on the basis of morphologic distance, however, is
an arbitrary phenetic decision (Sereno, 1990c), as
arguments opposing such revision atrest {Wall and
(ialron, 1979, p. 1183).

Pre-cladistic discussion of ceratopsian ancestry fol-

lowed a similar pattern — an ambivalent rclariunship
with Oraithopoda, the group believed to encompass
the anceseral mainline of orntthischian evoludon,
[nitially described as a ‘pre-ceratopsian’, Protoceratops
was heralded as the bridge between ceratopsids and
‘such primitive Jurassic Ornithopoda as Hyprilophodon
(Granger and Gregory, 1923, p. 4). The Family
Protoceratopsidae, comprising  Protoceratops  and
Leptoceratops, was later allied with Ceratopsidae within
Ceratopsia {(Gregory and Mook, 1925). Psittacosaurs,
likewise, were originally described and classified as
ornithopods (Osborn, 1923). Although Gregory {1927)
outlined several ceratopsian features in the skull of
psittacosaurs shortly after their initial discovery, many
years elapsed before psittacosaurs were placed within
Ceratopsia. The identification of the ceratopsian
rostral bone, which was inidally regarded as the pre-
maxilla by Osborn (1923), played a kev role in the rec-
ognition of psittacosaurs as basal ceratopsians (Romer,
1968; Maryanska and Osmélska, 1975).

Recent studies. Coombs (1979, p. 679) mentioned
several features that unite pachycephalosaurs and
ankylosaurids including the everted dorsal margin of
the preacetabular process, ossification of an interorbi-
tal septum, ‘tendency to close the supratemporal
fenestra,” and ‘armour-like texturing of the dorsal
skull roof.” As discussed by Sues and Galton (1987, p.
36), these features fail to unite these groups because of
problems of definition, homology, and distribution.
One feature mentioned by Coombs {1979) — contact
between the ilium and ischium on the anterior side of
the acetabulum (i.e., exclusion of the pubis from the
acetabular margin) — is a potential pachycephalo-
saur—ankylosaur synapomorphy. It is clearly manifest
in both ankylosaurs ( Sanrepelta; YPM 541) and pachy-
cephalosaurs (Maryariska and Osmélska, 1974) and 1s
absent in all other ornithischians. This apomorphy,
however, may not be present in the most primitive
pachycephalosaur (see Stengpeliv below) and 15 absent
in thyreophoran outgroups to Ankylosauria as well.
Thus, although character support tor Margin-
ocephalia is not overwhelming (as discussed below),
opposing data is extraordinarily weak in the contextof
arnithischian phylogeny.
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Sereno (1984, 1986} and Marvaiska and Osmolska
1985) provided the tirst characrer evidence to estab-
tish a phylogenetic link berween pachveephalosaurs
and ceratopsians. Coining the name Marginocephalia
for the combined clade, Sereno (1986) narrowed an
initial list of nine proposed synapomorphies to four,
which are furcher tailored here to three: (1) posterior
extension of a parietosquamosal shelf that obscures
the occiput in dorsal view ot the skull; (2) median
contact berween the maxillae that excludes the pre-
maxillae from the anterior margin of the internal
nares; and (3) a short postpubic process that lacks the
distal pubic symphysis.

The first two synapomorphies are unique among
ornithischians. Sues and Galton (1987, p. 36} criti-
cized the first synapomorphy because ‘the parietos-
quamosal shelf of pachycephalosaurs shows no close
resemblance to the frill of ceratopsians, which 1s
characterized by transverse expansion of the parietal
overhang’ The svnapomorphy in question, however,
concerns only the presence of a parietosquamosal
shelf, not the relative composition of the shelf. The
predominance of the parietal in forming the shelf
was listed separately as a ceratopsian synapomorphy
(Sereno, 1986), because the parietal in pachycephalo-
saurs and other ornithischians usually forms only a
small proportion of the posterior margin of the skull
roof. Dodson (1990, p. 562) remarked that the second
svnapomorphy is ‘plesiomorphic for the group
[Marginocephalia],’ although no supporting evi-
dence was cited. Marginocephalian outgroups, never-
theless, exhibit the plesiomorphic condition, in
which the premaxillae form the anterior rim of the
internal nares (e.g, Hypsilophodon, Lesothosaurus,
Sereno, 1991). Sues and Galton (1987, p. 36) rejected
the third synapomorphy because it is also present in
Ankylosauria. The primitive condition (long postpu-
bic process with distal symphysis), however, clearly
obtains in more primitive armoured dinosaurs (thy-
reophorans), basal ornithopods, and the basal orni-
thischian Lesothosanrus and must be considered the
outgroup condition for Marginocephalia. Other fea-
tures, such as the ventral curvature of the ischial
shaft, may eventually support Marginocephalia in a
higher-level quantitative analysis. These features,

however, are particularly homoplastic - e, they are
not unitormly present amony marginocephalians and

absent in outgroups.

Pachycepbalosanria

Traditional classification. "The only pre-cladistic phylo-
genetic tree of pachycephalosaurs shows an ancestral
( Trogdon) and
Pachyeephatosanrus (Brown and Schlaikjer, 1943, p. 148}

relationship  between  Stegoceras
— not surprising given that all other pachycephalosau-
rian genera have been described in the past 25 years.

Recent studies, The description of several new pachy-
cephalosaurs from Mongolia (Maryafiska and
Osmdlska, 1974; Perle et 4/, 1982), China (Hou, 1977)
and western North America (Giffen ez 4/, 1987) has
opened the door to phylogenetic analysis. In the first
cladogram of pachycephalosaurs, Sereno (1986)
arranged five of the best known genera as a series of
sister taxa to the large, fully domed, long-snouted
genus Pachycephalosaurus. Three genera (Wannano-
saurus, Goyocephale, Homalocephale) were positioned at
basal nodes and comprise the so-called ‘Hat-headed’
pachvcephalosaurs. The domed genus Stegoceras occu-
pied an intermediate position as sister taxon to two
fully domed genera, Prenocepbale and Pachycepbalo-
Two {Tholocephalidae,
Domocephalinae) were proposed for subgroups in the

SAUTHS. familial names
analysis, but these are invalid because they are not
based on existing genera. Although the phylogeny was
based on 37 characters, only 13 apply to internal nodes
on the cladogram, which reflects the very incomplete
comparative information available for most pachyce-
phalosaurs.

Sues and Galton {1987) presented an alternative
phylogenetic arrangement, which divides pachyce-
phalosaurs into ‘latc-headed’ (Homalocephalidae) and
‘dome-headed’ (Pachyvcephalosauridae) clades, fol-
lowing an earlier suggestion by Dong (1978).
Marvarska (1990, hig. 27.5) followed Sues and Galton
(1987), but (without explanacion) altered the position
of Tylocepbale among pachycephalosaurids.

The character evidence listed by Sues and Galwon
(1987, p. 35) overlaps broadly with thac in Sereno
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(1986, pp. 243-2H) with some notable exeepuons,
Thickening of the skull rable characterizes all pachy-
cephalosaurs known from crantal remains (Sereno,
1986). The only character evidence supportng the
‘Hat-headed’
(Homalocephalidae) is che Har condition of the dorsal
skull roof (as in Marvarska, 1990, p. 574). The growth

series available for Stegoceras shows, however, that

monophyly ot pachycephalosaurs

during growth the dome rises at the centre of an
already thickened skull table (e.g, NMC 138; Lambe,
1918, pls. 1 and 2). The dome is surrounded by a broad,
thickened, marginal shelf that is indistinguishable
from that in ‘flat-headed’ forms. This strongly suggests
that the ‘flat-headed’ conditon is plesiomorphic
within Pachycephalosauria (because it is also present
early in growth in domed forms).

Within the ‘flac-headed’ group, Sues and Galton
(1987) unite Goyocephale and Homalocephale (1o the
exclusion of Wannanosaurus) on the basis of the small
size of the supratemporal fenestrae and the presence
of squamosal tubercles. But these derived fearures
are also present in all of the domed genera in
their analysis (Stegocerns, Iylocephale, Prenocepbale,
Pachycephalosaurus) and characterize a more inclusive
group of pachycephalosaurs (Sereno, 1986).

Much of the branching pattern in the domed clade
outlined by Sues and Galton (1987} is based on an elab-
orate scenario for the evolution of the fully domed con-
dition. A ‘structural sequence from Ysverlandia to
Pachycepbalosaurus' is hypothesized, beginning with par-
asagittal frontal doming and followed by median frontal
doming, frontal versus parietal doming, and ultimately
1987,
Maryaiiska, 1990). That Majungatholus — based on a
thickened frontoparietal and braincase (MNHN MAJ+
Sues and Taquet, 1979; Sues, 1980) that pertains to an

frontoparietal doming (Sues and Galton,

abelisaurid theropod - has been incorporated
etfortlessly into this sequence is telling. This scenario
could be justified in a quantitative cladistic analysis
only if it were coded as a single, ordered mulustare
character. Moreover, because this doming scenario is
the only character evidence listed for several nodes
within the domed clade (Sues and Galton, 1987), the
wnplied # priorf ordering of this character also specities

the structure of their cladogram.

As far as [ean discern, several of the inferred stages
in the development of the fullty domed condition ~
such as the paired frontal thickenings in boverfundty
(Galton, 1971) = do not oceur in more than one taxon
at any growth stage and therefore constitute autapo-
morphies. Other synapomorphies mentioned by Sues
and Galton

Tylocephale, for example, has a distinct row of tubercles

are based on incorrect information.
on the postorbital and a pair of supraorbital elements;
there is no available character evidence to link
Tylocephale  and  Stegoceras  as  closest  relatives.
Frontoparietal fusion, a synapomorphy used to link
Stegoceras and fully domed pachyvcephalosaurs {Sues
and Galton, 1987), is an informative synapomorphy,
butis also presentin Yaverlandia. In summary, no char-
acter evidence has been discovered to date that will
support the monophyly of ‘flat-headed’ pachycephal-
osaurs. Domed pachycephalosaurs, on the other hand,
have been viewed as a monophyletic subgroup
(Sereno, 1986; Sues and Galton, 1987), in which the
partially domed Sregoceras is the sister taxon to fully
domed genera.

Stenopelix valdensis, based on the natural mold of a
single postcranial skeleton (GPI 741-2) from the
Early Cretaceous {Barremian) of Europe (inadver-
tently listed as Berriasian in age by Dodson, 1990, p.
563), has been regarded in recent studies as a basal
pachycephalosaur (Maryariska and Osmolska, 1974
Sereno, 1987), a basal ceratopsian (Sues and Galton,
1982), and, most recently, the sister group to
Pachycephalosauria plus Ceratopsia (Dodson, 1990, p.
563). Regarding the latter hypothesis, no supporting
evidence was mentioned and it will not be considered
further. Sues and Galton (1982, p. 188) also did not
specify svnapomorphies for their referral of Srenopelix
to the Ceratopsiy, stating only that such reference was
based on the ‘structure of the pelvic girdle, especially
the form of the ilium and the reduced pubis” However,
[ am not aware of any derived characters in the pelvic
girdle shared by Srengpelix and ceratopsians or, for that
matter, by ceratopsians alone. The downwardly
curved preacetabular process of the ilium in Stenopelix
occurs in several ornithischian subgroups (e.g., pachy-
cephalosaurs), and the short prepubic process figured
by Sues and Galton (1982, fig. 1) for Stenopedry is half
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the Tength of the process as preserved in the natural
nould (Schmide, 1969, ig. ).

The hypothesis of Maryarska and Osmolska (1974,
pp. 48, 101), that Srenopelix shares a close relationship
with pachycephalosaurs, deserves closer scrutiny. Two
of the three characters listed to support this connec-
tion — tibia shorter than femur, and pubis excluded
from the acetabulum — are not valid. Regarding the
arsg, the tibia and femur are equal in length in
stegoceras, the only pachycephalosaur in which this can
e measured. Other marginocephalians and a variety
of marginocephalian outgroups, moreover, have very
similar tibiofemoral ratios. Regarding the second
feature, the pubis in Stewopelix clearly forms a
significant portion of the acetabular margin, as
observed by Sues and Galton (1987). The third feature
mentioned by Maryaiska and Osmolska (1974) —
elongate anterior caudal ribs — is based, apparently, on
the eclongate posterior sacral ribs in the holotype
skeleton (Sereno, 1987). This unusual feature, also
present in pachycephalosaurs, is discussed below.
Present results. The following summary of pachyce-
phalosaur phylogeny is based on an analysis of 41
characters in 12 species (Table 25.3; Figure 25.8;
Appendix, Sereno, 1999a). The character data is
derived for the most part from 37 synapomorphies
listed in Sereno (1986, pp. 243—4). Some of these were
omitted upon review; others were combined in the
process of character coding; and several new charac-
ters have been added. One character, the position of a
neomorphic process on the iliac blade (character 28),
is not phylogenetically informative {because it cannot
be polarized). Using Ceratopsia and Ornithopoda as
successive outgroups, the analysis resulted in 15 most
parsimonious trees (42 steps; consistency index, 0.95;
cetention index, 0.97; Fig. 25.8). These trees differ only
in the position of two taxa that are based on frontopa-
rictals — Ornatotholus and an undescribed dwarf pachy-
cephalosaur from Alberta. Ornatotholus forms an
unresolved trichotomy wich Homalocephale and a group
consisting of Yaverlandia and more derived, domed
forms. The dwarf form belongs among fully domed
pachycephalosaurs, but its more precise relations
cannot be determined without additional informarion.
Removal of Ornatethelus and the dwart pachycephalo-

saur from the analysis resules ina single tree involving
nine pachycephalosaurs and that lacks any homoplasy
(41 steps; consistency and retention indices, 1.0).
There is no available character evidence supporting
the monophyly of Hat-headed pachycephalosaurs.
Using the framework phylogeny of nine pachycephal-
osaur genera mentioned above, six additional steps are
required to maintain a clade of flat-headed pachyce-
phalosaurs. Most of the additional homoplasy is intro-
duced by Wannanosaurus, which is disnctly more
primitive than other pachycephalosaurs. As discussed
below, however, some of this apparent plesiomorphy
may be ateributable to the immaturity of the holotype.
Although the present analysis is nearly free of
homoplasy and does not support the monophyly of
flat-headed pachycephalosaurs, the most parsimoni-
ous arrangement is not particularly robust. Accepting
trees two steps longer than the most parsimonious tree
(42 steps) for the nine most complete taxa yields five
trees, the strict consensus of which collapses the more
Gaoyocephale
Homalocephale and collapses most relationships among

advanced position  of relative  to
domed genera. The loss of structure is caused by the
significant amount of missing data for most available
taxa (approximately 50% or more in two-thirds of
included genera).

In the following discussion, character numbers cor-
respond to those tabulated in the Appendix, and syn-
apomorphies are described at their least inclusive
node (ie, under delaved-transformation optimiza-

tion).

Basal pachycephalosaurs. Stenopelix is positioned in this
analysis as the most basal pachycephalosaur on the
basis of three synapomorphies: (1) elongate posterior
sacral ribs; (2) strap-shaped distal end of the scapular
blade; and (3) distal expansion of the preacetabular
process of the ilium. The peculiar elongare posterior
sacral ribs (fourth to sixth) in Stenopelix and other
pachycephalosaurs broaden by about 30% the trans-
verse width of the posterior end of the sacrum
(Maryarska and Osmélska, 1974). The strap-shaped
scapular blade, preserved, but not yet described, n
Stenopelix (Sereno, 1987) is very similar to that in
Sregoceras, the only other pachycephalosaur in which
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Figure 25.8. Calibrated phylogeny for marginocephalians based on cladistic relationships established in this anatysis and
recorded temporal ranges. The ages of Chagyangsanrus and Archacoceratops are uncertain, but probably lie somewhere between the
latest Jurassic and the end of the Neocomian. Abbreviations: 1, Marginocephalia; 2, Pachycephalosauria; 3,
Pachycephalosauridae; 4, Pachycephalosaurinae; 5, Ceratopsia; 6, Neoceratopsia; 7, Coronosauria; 8, Protoceratopsidae; 9,
Ceratopsoides, 10, Ceratopsidae.

this bone is known {Sues and Galton, 1987, fig. 10). A the preacetabular process of the ilium in Stenopelix is
strap-shaped scapular blade also occurs in a few basal ~ broader than the base of the process by about 30%.
neoceratopsians ( Protoceratops; Brown and Schlaikjer,  This is very similar to the shape of the process in
1940, fig. 26) and in heterodontosaurids (Santa Luca,  several pachvcephalosaurs. Distal expansion of the
1980). The lobe-shaped expansion of the distal end of  preacetabular process occurs only rarely in other
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Table 23.3. Charucter-tuxon matrix for Pachycephalosanria. (See Appendix for characters and characier states J

10 20 30 10
ORNITHOPODA {0000 00000 00000 00000 00000 00X00 00000 00020 0
CERATOPSIA 00000 00090 (0000 00000 00000 00X00 00000 00020 0
Stennpelix e 22220 02022 22220 20027 22 X00 (02222 PRRE2 2
Hamnanosanrus 22211 1HI1] 11100 02022 P220? prar? 20000 02200 2
Grayocephale 12111 L 11211 [RRRN! 11102 22002 20000 02200 0
Homalocephale 12112 e 22111 1t211 P11 11111 10000 00000 0
Ornatotholus 22212 22 22212 2p22? £erle pp2P? 20020 02222 2
Yaverlandia 22212 12022 a22le 2222 22222 2pp2? 21020 Qpz22 2
Stegoceras PEL11 11111 1111 11111 11111 11111 11114 00060 0
NA dwarf sp. 22217 22022 22212 p23ap pPP12 2Pppe? 21121 12222 2
Tylocephale 22212 11112 22211 trer? 2rrll peper? ?111H 11100 0
Prenocephale 12111 1112 22211 11221 21111 11111 11111 11100 0
Stygimoloch 28212 L1122 22212 12222 PPP1? sepp? 21111 1220l 1
Pachycephalosanras 2221 irne 22l 11202 Porl1l 2pape 21111 11011 1
ornithischians  (e.g, Cemtrosawrus, Lull, 1933;  Classic pachycephalosaur ornamentation is present

Kentrosaurns, Galton, 1982),

All remaining pachycephalosaurs, including the
diminutive Wannanosaurus (Figure 25.1), are united by
a suite of cranial and postcranial synapomorphies.
The classic cranial features of pachycephalosaurs are
already evident and include a thickened frontal and
parietal portion of the skull roof (4), broadened and
flattened postorbiral-squamosal bar (6), broad expo-
sure of the squamosals on the occiput (7), two supraor-
biral elements forming the roof of the orbit lateral to
the frontal (8), and an arched premaxillary—maxillary
diastema (5) that very likely accommodated a dentary
canine (Hou, 1977, fig. 1). Postcranial synapomorphies
include the shortened forelimb (humerus less than
30% of femur) (10), bowed humeral shaft (11) with
reduced deltopectoral crest (12), and slender midshaft
of the fibula (13). Most of these postcranial synapo-
morphies can be verified as absent in Stewopelix.

Several synapomorphies link other ‘flat-headed’
pachycephalosaurs, in particular Goyocepbale and
Homalocephale, with more advanced forms. The supra-
temporal openings are reduced in size and the frontals
are excluded from their margins (14). The skull is less
kinetic, as evidenced by the broad postorbital-jugal
bar (13) and the plate-shaped basal tubera (17).

with a linear row of at least five prominent tubercles
on the posterior rim of the squamosal (16) and a
smaller row of tubercles on the angular (18). Only
rarely are the squamosal tubercles suppressed
(Goodwin, 1990, fig. 14.5). In the most advanced
pachycephalosaurs, such as Pachycephalosanrus, the
squamosal tubercles are clumped. Diagnostic features
in the girdles include shafted sternals (21), which
resemble those in ankylosaurs and in advanced igua-
nodontians, and the presence of an unusual subtrian-
gular process that projects medially from the dorsal
margin of the iliac blade (23).

Several of these synapomorphies cannot be scored
in Wannanosaurus because of the incompleteness of
available material (IVPP V4447, V4447.1). The appar-
ent immaturity of these remains (as suggested by the
open sutures), moreover, may cast doubt on the inter-
pretation of other features, such as the rubercle row on
the angular, that may appear with age. Therefore, the
position of Wannranosaurus, as the sister taxon to other
pachycephalosaurs, is regarded here as tenuous.

Homalocephale appears to be more advanced than
Goyocephale in two regards. In Goyocephale the parietal
roof between the supratemporal fossae is smooth and
teansversely arched as in basal ceratopsians and
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ornithopods. In Homalpeephale the parietal is flattened,
broadened transversely, and textured (24), similar to
other thickened portions of the skufl root, and the size
of the supratemporal fossae is reduced (Perle er al,
1982). Other
Homalocephale and more advanced pachycephalosaurs

craniat  synapomorphies uniting
include the highly derived prerygoquadrare processes,
which project posteriorly above the palate (26), and
the complete separation of subtemporal and occipital
spaces by a tlange ot the prootic and basisphenoid (27)
(the condition in Goyocephale remains unknown). In the
postcranium, the medial process on the iliac blade,
which is positioned above the acetabulum in
Goyocephale, is located more posteriotly on the postac-
etabular process (28) and continues to the distal end of
the process as a tapering flange (29).

In Yaverlandia and all other pachycephalosaurs, the
frontals fuse early in ontogeny, completely obliterat-
ing the interfrontal suture internally and externally
(32). The frontals also fuse to the parietal, although
this suture is often visible on the roof of the braincase
(common in Stegoceras). The holotype and only speci-
men of Yaverlandia (MIWG 1530) follows this pattern,
with both the interfronral and frontoparietal sutures
fused externally, though the latter are sull visible on

the internal surface of the roof of the braincase.

Pachycepbalosauridae, domed forms. Stegoceras bridges a
morphological gap between flat-headed forms and
those with a fully developed dome (Figure 25.3). In
Stegoceras the coossified frontoparietal is strongly
domed by upgrowth of vertical columns of bone (33),
most of which occurs long after hatching. Doming of
the frontoparietal on this scale appears to have
evolved only once among pachycephalosaurs. In
Stegoceras the dome never fully incorporates sur-
rounding elements ot the dorsal skull roof, which
have deep columnar bone along their surtural contact
with the frontoparieral, but which always maintain at
least a narrow external shelf. This is true even in the
oldest, most prominently domed individuals (see
Goodwin, 1990, figs. 144 and 14.5). Ocher features
that unite Stegoceras and fully domed forms include
the closure, or near closure, of the supratemporal
tossa (35) and the strong posterior displacement of the

parictal and squamosal over the occipur (34), as1s bese
visualized in side view. Significant doming ot the
frontoparietal and closure of the supratemporal fossa
may constitute correlated characters, yet they oceur at
different times during growth in Stegoceras (doming
firse, with closure of the fossa occurring very late in

growth).

Pachycephalosaurinae, fully domed forms. In fully domed
pachycephalosaurs, the bones that are sutured to the
lateral and posterior aspects of the frontoparieral are
fully incorporated into the vault of the dome (36). In
the side view of the skull, tubercles occur only on the
portion of the squamosal that projects away from the
curve of the dome (Figure 25.2). The primitive parie-
tosquamosal shelf, such as that in Stegoceras, extends
posteriorly and laterally from the junction of the
parietal, postorbital and squamosal — the remnant of
the supratemporal fossa. No such shelf is present in
fully domed pachycephalosaurs. In the top view of the
skull, the posterior margin of the dome is vertical, or

near vertical, and lacks any development of a posterior

shelf.

"This structural aspect of fully domed pachycephal-
osaurs has been confused by reference to the cluster of
nodules on the squamosal in Pachycepbalosanrus and
Stygimoloch as a ‘parietosquamosal’ or ‘squamosal’ shelf
(Galton and Sues, 1983; Maryanska, 1990). These
nodules are attached to the back end of a fully domed
skull that lacks any remnant of the original parieto-
squamosat shelf. This can be verified in specimens that
lack the squamosals, as in the case of the disarticulated
frontoparietal of Stygimoloch (Giffen er al, 1987, fig. 3).
[n this specimen, the steep, shelfless profile of the
dome is exposed even in this subadult individual. The
ornamentation of the squamosal should not be con-
fused wich the primitive shelf that extends posteriorly
from the supratemporal fossa.

The only other synapomorphy known to be shared
by at least three fully domed forms ( Tylocephale,
Prenocephale and  Pachycepbalosaurus) is the establish-
ment of a contact berween the jugal and quadrate (37)
(Figure 25.4). Although these bones approach each
other in Sregoceras (Figure 25.3), they do noc establish

sutural contace. Tylocephale and Prenocephale shave a
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unique oval fossa on the quadratojugal (38) that may
mdicate a close relationship (Figures 25.2 and 254,

Styeimoloch + Pachycephalosaurus, hypernoded forms. The
large Maastrichtian pachycephalosaurs from western
North America, Pachycephalosanrus and  Stygimoloch,
appear to be closely related. Both forms have a cluster
of enlarged nodes on the squamosal (39), pronounced
development of snout tubercles (+1), and proportion-
ately long snouts (40). A proportionacely long, noded
snout is preserved in Pachycephalosaurus and inferred
for Stygimoloch on the basis of the low angle of the ante-
rior end of the frontals and the presence of enlarged
frontal nodes (Giffin et af, 1987, p. 405, figs. 2, 3). The
clumped configuration of nodes on the squamosal in
these forms is also unique among pachycephalosaurs.
Alchough it is difficult to establish a one-to-one corre-
spondence, there are at least six or seven main nodes
in both
Pachycephalosaurus and Stygimoloch (Sues and Galton,

whose bases are in mutual contact
1987). In the latter genus, three are extended as horn

cores.

Ceratopsia

Traditional classification. Psittacosaurs, like pachyce-
phalosaurs, were believed to have evolved from a
central ornithopod stock and were originally classified
within Ornithopoda {Osborn, 1923). Once the median,
bill-supporting bone that capped the anterior end of
the psittacosaur snout was properly identified as the
ceratopsian rostral bone (Romer, 1956, 1968), psittaco-
saurs were allied with ceratopsians (Maryariska and
Osmblska, 1975). Other small-bodied ceratopsians
have been placed in the Family Protoceratopsidae,
which was originally erected for Protoceratops (Granger
and Gregory, 1923), but has served over the years as a
repository for all small-bodied ceratopsians except
psittacosaurs. The monophyly of the large-bodied
forms within the Family Ceratopsidae has never been
questioned.

Recent studies. The fivst cladistic analysis of basal cera-
topsians not surprisingly placed Psistacosanries a3 the
outgroup to other ceratopsians, which were placed in
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Neoceratopsia {Sereno, 1986). The arrangement of
basal neoceratopsians, tormerly  classificd  within
Protoceratopsidae, has been more  controversial.
Sereno (1986) argued that some protoceratopsids are
more closely related to ceratopsids that others. [n par-
ticular, Leprocerarops was regarded as more primitive,
and Montanoceratops as more derived, than other proto-
ceratopsids. Dodson and Currie (1990, p. 610, fig. 29.9),
by contrast, favoured protoceratopsid monophyly, and
presented a cladogram showing a fully resolved pecti-
nate protoceratopsid clade. Although no evidence was
given to support the branching sequence within the
clade, three synapomorphies were mentioned to
support the monophyly of the traditional Proto-
ceratopsidae: a circular antorbiral fossa, inclined para-
sagiteal process of the palatine, and maxillary sinus.

A distinctly oval (rather than circular) antorbital
Leproceratops,
Bagaceratops, and probably Montanoceratops (MOR 542).

fossa  characterizes Protoceratops,
Chaoyangsaurus may also have an oval antorbital fossa,
but only a portion of its margin is preserved. The prin-
cipal difficulty with this synapomorphy is that avail-
able outgroups are difficult or impossible to score
because the fossa is strongly reduced or absent. In
Psittacosaurus, for example, there is no antorbiral
fenestra or fossa. The external depression on the
maxilla (formerly identified as the antorbital fossa;
Sereno et al, 1988, fig. 5) does not communicate with
the nasal cavity and is not homologous with the oval
fossa in basal neoceratopsians. Among ceratopsids,
chasmosaurines often retain at least a small antorbital
fossa (Forster ef al, 1993, fig. 3). The dorsal margin of
the fossa forms an arc across the maxilla and lacrimal
and is not that different in shape, although less incised,
from that in basal neoceratopsians. The posteroventral
margin of the fossa, however, is straight. To conclude,
the oval antorbital fossa may link basal neoceratop-
sians, but it is an ineffective character in a cladistic
analysis because the plesiomorphic ceratopsian condi-
tion remains unclear.

The two remaining characters mentioned by
Dodson and Currie (1990) to support protoceratopsid
monophyly are difficult o justity. Osmalska (1986, p.
132) mentioned that the snout in both psittacosaurids
and basal neoceratopsians was particularly deep and
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the angle of the palatine verv steep. This is also true of

ceratopsids, inwhich the palatine assumes a parasagit-
tal orientation (Hatcher ef af, 1907, fig. 26). If Dodson
and Currie (1990) meant to refer to the ‘vertical trans-
verse wing of the palatine,’ this process appears to be
fully developed in this manner only in Protoceratops,
Bagaceratops, and absent in
Leptoceratops and Psittacosaurus, as noted by Osmolska
{1986, p. 152). The distribution of the ‘maxillary sinus’
described by Osmdlska is poorly known. Developed as
aspace above the toth row, it communicates with the
antorbital fossa, which communicates with the nasal
cavity via the antorbital fenestra, suggesting that the
‘maxillary sinus’ may be a ramification of the nasal
cavity (contrary to Osmélska, 1986, p. 154; Witmer,
1995). The distribution of this cavity among ceratop-

ceratopsids; it is

sians is poorly known.

Other evidence, such as the prominence of the
wedge-shaped epijugal (24), may eventually be shown
tosupport the traditional assemblage of protoceratop-
sids as a monophyletic clade. The jugal/epijugal crest
1slow in Prittacosanrus, Chaoyangsaurus and ceratopsids.
A plate-shaped sagittal crest on the parieral (60) also
links several basal neoceratopsians (Leprocerarops,
Protoceratops, Bagaceratops) but is lacking in others
(Gracilicerarops, Montanoceratops).

Present results. "The following summary of ceratopsian
phvlogeny is based on analysis of 72 characters in 10
ceratopsian genera (those reviewed above) and
Ceratopsidae (see Appendix; Figure 25.8; Table 254).
The character data are a modification and extension of
synapomorphies listed in Sereno (1986, p. 244; 1990b,
pp.  587-388).
Ornithopoda as successive outgroups, the analysis

Using Pachycephalosauria  and
vielded three most parsimonious trees differing only
inthe resolution of a trichotomy between Protoceratops,
Bagaceratops, and  Graciliceratops (consistency index,
U.86; retention index, 0.92). Accepting trees one step
longer breaks the tenuous link between Leptoceratops
and Udanocerarops and creates a trichotomy berween
these genera and Coronosauria. Protoceratopsidae
Sensy Stricto (Protoceratopy, Bagaceratops, Graciliceratopy)
collapses when trees two seeps longer than the
minimum are accepred.

Reconstituting the eraditional  Protoceratopsidae

requires four extra steps; and eight are required if

Taranoceratops is included in the family. Thus, these
data show a decided preference for a paraphyletic
arrangement of small-bodied neoceratopsians. Here,
Protoceratopsidae is tentatively restricted to include
only Protoceratops, Bugaceratops, and Gracilicerarops, as
discussed below. [n the following discussion, character
numbers correspond to those tabulated in the
Appendix. When synapomorphies have an ambiguous
location on the cladogram due to missing data or
homoplasy, they are described under the least inclu-
sive group that they could characterize (i.e. delaved-
transformation optimization).

Ceratopsia. The monophyly of Ceratopsia is based
exclusively on cranial synapomorphies, the most strik-
ing of which is the neomorphic rostral bone (1), a
median, bill-supporting element surured firmly to the
tall and narrow anterior end of the snout (Figure 25.5).
Other cranial features include broad, pointed jugals (3,
), which give the skull a distinctly subtriangular
shape in dorsal view (Gregory, 1927; Maryariska and
Osmolska, 1975). The vaulted premaxillary palate (6)
is deeply arched in psittacosaurs and narrower and
more bird-like in neoceratopsians in contrast ro the
flat secondary palate that is present in Lesothosaurur
(Sereno, 1991) and other ornithischians. The ventral
process of the predentary has an unusually broad base
{7) supporting the dentary symphvsis.

The absence of ceratopsian postcranial synapomor-
phies reflects the conservative form of the postcra-
nium in basal ceratopsians rather than missing
information. In psittacosaurs the postcranium is
remarkably primitive, differing only in minor ways
from that in hypsilophodontids (Sereno, 1987). Basal
neoceratopsians, likewise, exhibit few modifications in
the postcranium. Except for some maodification of the
axial column, there is no major alteration of the post-
cranial skeleton among nonceratopsid ceratopsians,

Neoceratopsia. “The discovery of Chagyangsanrus (Zhao,
1983 Zhao et al, 1999), the oidest known ceratopsian,
has begun to bridge the substantial morphologic gap
beeween psittacosaurs and neoceratopsians. les linkage
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with later neoceratopsians is based on cranial synapo-
morphies alone. The subevhindrical, procumbent form
of the premaxillary teeth i Chugyangranrur establishes
this unusual tooth form as the plesiomorphic condi-
tion within Neoceratopsia. Simtlar premaxillary teeth
are now known in Archacoceratops (Dong and Azuma,
1997), Protoceratops, (Brown and Schiaikjer, 1940), ac
least one specimen ot Bagaceratops (Dong and Currie,
1993), and a basal neoceratopsian from the Two
Medicine Formation (Gilmore, 1939; USNM 13863).

The marked increase in the relative size of the skull
{10), which measures (without the frill) as much as
20-30% of the length of the postcranial skeleton,
characterizes neoceratopsians. Chaoyangsaurus appears
to have a large skull relative to the preserved portions
of the scapula. The keeled, pointed predentary (13),
distally tapered ventral process of the predentary (14),
and lack of a significant retroarticular process (13)
constitute further links between Chaoyangsaurus and
other neoceratopsians which can be scored as primi-
tive in neoceratopsian outgroups. Other features, such
as the keeled, pointed shape of the rostral bone (12),
are less decisive because the rostral is a neomorphic
bone; neoceratopsian outgroups that lack the rostral
cannot be used to polarize characters involving this
bone. Thus, potential neoceratopsian synapomorphies
involving the rostral (11, 12) may also be regarded as
plesiomorphic, with the condition in Psittacosaurus
interpreted as derived.

Archaeoceratops  +  Leptocevatops +  Udanoceratops +
Coronosauria. Major modification of the ceratopsian
skull 1s apparent in all neoceratopsians more advanced
than Chaoyangsaurus (Zhao, 1983; Zhao er al, 1999).
The postorbital and supratemporal bars are broad-
ened into strap-shaped struts (22), and the dorsal and
particularly the ventral margins of the laterotemporal
fenestra are shortened (23). Although the jugal is
prominent in all ceratopsians, it forms a wedge-shaped
process capped by the horn-covered epijugal (24) in
neoceratopsians more advanced than Chaoyangsaurus.
An epijugal was not described by Dong and Azuma
(1997) in drchacoceratopy, but this bone is commonly
disarticulated and lost in subadule individuals and was

probably present in this early neoceratopsian. The

region 1s  reconfigured by othe

[ad

supratemporal
confluence of the supracemporal fossae in the midiine
(32 and the upward tilo of the posterior margin of the
parietal (31). Modifcations in the lower jaw include a
cropping surtace on the predentary ( 3+4), the participa-
tion of the splenial in the median symphysis (39}, and
major expansion of the coronoid process (37). The
more closely packed dentition (20) in these neocera-
ropsians ts characterized by the inset margin at the
base of the maxillary and dentary crowns on their
lateral and medial surfaces, respectively (17).

Leptoceratops + Udanocerargps + Coronosauria. Several
cranial features unite Leptoceratops, Udanoceratops and
coronosaurs, but nearly all of these have an ambiguous
distribution because of missing data for drchacocerataps.
The most significant postcranial modifications among
basal neoceratopsians involve the cervical and caudal
vertebrae. The anterior three cervical vertebrae coa-
lesce in Leptoceratops (NMC 1889) and more advanced
neoceratopsians (+1), and the neural spines of the
mid-cervicals (third and fourth) are as tall as the axis
(4#2). The distalmost caudal vertebrae have propor-
tionately short centra, rudimentary neural arches and
articulate with small chevrons (44). In Psittacosaurns
and Archaeoceratops, by contrast, the distalmost caudals
have cylindrical centra that lack neural arches and do
not have associated chevrons. In Leproceratops and
Coronosauria, the mid-caudal vertebrae have particu-
larly long neural spines and long chevrons, resulting in
a ‘leaf-shaped’ tail in lateral view (45). Prittacosaurus
(Sereno, 1987) and Archacocerarops (Dong and Azuma,
1997, fig. 5) clearly lack these modifications, although
the latter genus has been reconstructed with a leaf-
shaped tail (Dong and Azuma, 1997, fig. 11).

Leptoceratops + Udanoceratops. A single synapomorphy
suggests that Leptoceratops and Udanoceratops constitute
a subgroup within Neoceratopsia. [n several genera of
basal neoceratopsians, the lower margin of the jaw is
arched  (Leproceratops,  Udanoceratops,  Bagaecratops,
Protoceratops), but in Leptoceratops and Udanoceratops the
downward arching of the ventral margin (47) is pro-
nounced and begins under the retroarticular process

(48) rather than under the coronoid region. However,
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the material for Cdanoceratops is very limited and the
close relationship o Leproceratopr is supporred only by

this single feature,

Coronosauria. "The  synapomorphies  that  diagnose
Coronosauria are located principally in the cranium.
At least a rudimentary nasal horn is present (30),
though least developed in Protoceratops (Brown and
Schlaikjer, 1940, fig. 13B), and the supratemporal
fossae are disdincely teiangular (31) with long axes
diverging posteriorly (32). In coronosaurs, enamel 1s
present only on the lateral side of the maxillary
crowns and medial side of the dentary crowns. In
Leptoceratops, Udanocerarops (Kurzanov, 1992), and more
basal ceratopsians, by contrast, enamel is present on
both sides of the crowns.

The frill is particularly well developed (Figure
25.6). The parietal portion extends far posterior to the
quadrate head (54), the distal portion of which has a
sizable pair of fenestrae (33), one on each side of the
midline. The fenestrae weaken the frill, which is fre-
quently broken away along the anterior margin of
these openings (as in the initial specimens of
Bagaceratops, Maryaiska and Osmolska, 1975). A dis-
tinct posterodorsal process of the squamosal, the frill
process (59), forms much of the lateral margin of the
frill. Except in chasmosaurines, the squamosal does
not extend as far posteriorly as the parietal, and the
posterolateral corners of the frill are rounded. In the
anterior view of the skull (that encountered in display;
Brown and Schlaikjer, 1940, pl. 6C), the frill forms a
semicircular corona, from which the group name was
derived. In Montanoceratops (TMP 82.11.1) the poste-
rior extension of the parietal is less extreme, although
the presence of sizable parieral fenestrae suggest that
the parietal frill was longer than that in Archaeoceratops
and Leptocerarops, The absence of a discrete frill
process on the squamosal (AMNH 35464 TMP
32.11.1), however, introduces homoplasy. If corono-
saurs splitinto protoceratopsid (semsy stricto) and cera-
topsoid clades, as the data suggest as a whole, the frill
process on the squamosal either was reduced in
Montanoceratops or evolved independently in protocer-
atopsids (sersu stricr) and Ceratopsidae. | regard the
former optimization (accelerated transtormation with

Juss) as the more likely, given the derived form of the
pariceal (somewhac lengehened and fenestrated) in
Montangeeratops.

Postcranial synapomorphies for Coronosauria are
limited to the axial column and include the presence
of a neomorphic element anterior to the atlas, the
hvpocentrum (56), and an increase to eight sacral
vertebrae (57) with neural spines in mutual contact
(38),

Protoceratopsidae (sensu stricto). Three synapomorphies

suggest that  Graciliceratops,  Protoceratops, —and
Bagaceratops may constitute a monophyletic subgroup
within Coronesauria. This subgroup, here referred to
as Protoceratopsidae (sensu stricto), is characterized by
a narrow strap-shaped paroccipital process (61), very
small occipital condvle (62), and uprurned dorsal
margin of the predentary (63). Two of the three
( Protoceratops and Bagaceratops) share a blade-shaped
parietal sagittal crest (63) (Figure 25.6), but this is
absent in Gracificeratops and present in at least one

genus ourtside this subgroup (Leptoceratops).

Ceratopsoidea, Montanoceratops and ceratopsids share
five synapomorphies, two of which are present in the
poorly known central Asian species Turanoceratops
(Nesov eral, 1989). The anterior ramus of the squamo-
sal is particularly deep in Moutanoceratops (AMNH
5464: twice as long as deep) and plate-shaped in
Ceratopsidae (22), which continues a trend in ceratop-
sians toward reduction of the laterotemporal fenestra.
The nasal horn, which is quite well developed in
Montanoceratops (AMNH 5464), is positioned over the
external naris (65) rather than more posteriorly as in
Bagaceratops and Protoceratops. Given thac the nasal horn
is a neomorph, however, the primitive position of the
horn cannot be determined. [t may be that the posteri-
otly positioned horn in protoceratopsids (sensu stricro)
is derived, as suggested by its posterior migration
during growth (Kurzanov, 1990). Two more decisive
characters are present in the lower jaw in
Montanoceratops and ceratopsids — the dentary ramus
increases in depth toward its anterior end {66), a
unique proportion among ornithischians, and the

dentary teeth have very prominent primary ridges
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(64). The larrer can also be observed in Furanoceratops
(Nesov eral, 1989, pl. 1, ig. 16).

‘Turanoceratops -+ Ceratopsidae. "The umque two-rooted
cheek teeth (69) of ceratopsids, which lock together
successive teeth in a vertical column, are also present
in the recently discovered ceratopsoid Turanoceratops
(Nesoy, 1989, pl. 1, hgs. 16 and 19). Despite the pres-
ence of two roots, there appears to be only two teeth in
a vertical column in this ceratopsoid, as opposed to
four or five in the much larger-bodied ceratopsids.
Other aspects of the teeth in Turanoceratops are also
advanced, including the sharp angle of the crown to
the axis of the roots (70) and the reduction in height of
the secondary ridges relartive to the primary ridge (71).
Broken horn cores (Nesov ez af, 1989, pl. 1, fig. 18)
suggest that Turanocerarops had postorbital horns (72)
as in ceratopsids. Postorbital horns have also recently
been reported in an even more primitive neoceratop-
sian with single-rooted cheek teeth from approxi-
matelv coeval deposits in western North America
(Moreno Hill Formation; Childress, 1997). More com-
plete and associated remains of these Cenomanian—
Turonian forms will shed light on the initial stages of
the evolution of the derived dental and cranial adapta-
tions of ceratopsids.

Evolutionary trends

Body size

Both pachycephalosaurs and ceratopsians exhibit
trends toward increasing body size, with maximum
recorded body size (length) in each group appearing
in the Maastrichtian (latest Cretaceous). The body
size of the ancestral marginocephalian probably did
nor exceed 2 m, because known basal marginocephal-
wans (Stenapelix, Prittacosaurns, Chaoyangsaurus) and
basal

members of marginocephalian outgroups

{Ornithopoda, Thyreophora) have never exceeded
this length.

Among pachyceephalosaurs, moderate body size
(2—3 m) probably evolved by the Early Cretaceous,
when many pachycephalosaurs in chis body size range

must have diverged. Large body size (6—8 m) was
attained only among Maastrichtian pachycephalo-
saucs (Stygimoloch, Pachyeephalosanrys) and presumably
evolved some time in the Late Cretaceous. At least
twice during the evolution ot pachycephalosaurs,
marked decrease in body size yielded some of the
smallest ornithischians on record: Yeverlandia and an
as vet undescribed North American species of similar
size. These pachycephalosaurian dwarfs, represented
by fully coossified skull caps of marure individuals, do
not appear to form a clade, but rather seem to have
evolved independently from ancestors of moderate
body size. Not included here among dwarf pachyce-
phalosaurians is the basal pachycephalosaur Wanunano-
saurus, the materials of which may be immarture.

The trends described above are asymmetrical
(McKinney, 1990). The range of body size increased
over time, from a minimum skeletal length of about
two metres in the Early Cretaceous to skeletons four
or five times that length toward the end of the Late
Cretaceous. In pachycephalosaurs, the body size range
appears to have extended to smaller values as well, to
skeletal lengths no greater than one metre. In both
pachycephalosaurs and ceratopsians, the asymmetri-
cal trend roward increase in bodv size is accretive,
because species of moderate body size persisted
alongside their larger cousins in the latest Cretaceous
(Maastrichtian). [n ceratopsians, increase in body size
was also accretive, but unlike pachycephalosaurs,
large-bodied species greatly outnumbered smaller
species in the Maastrichtian. Mean body size for cera-
topsians, therefore, increased more dramatically
toward the end of the Cretaceous.

Daoming of the skull roof

The extraordinary thickening of the skull roof in
pachvcephalosaurs occurred in several stages, accord-
ing to the best estimate of the phylogenetic history of
this group. First, the entire skull table was thickened,;
later, in one clade (Pachycephalosauridae), a dome
arose composed principally of the trontal and parietal;
finally, in one subgroup of that clade {Pachycephalo-
saurinae), the dome expanded t incorporate other
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bones of the skull table tully (Figures 25, 2 and 25.3).
Excluded here are relatively minor proportional
changes in the dome that characterize some genera,

The most remarkable factabout this trend in cranial
thickening is thart, despite body size evolution over
mare than an order of magnitude ( Yaverlandia to
Pachycephalosanrus), doming of the skull cap appar-
ently occurred only once and was never reduced or
eliminated. In this regard, the predominance in the
data of characters pertaining to the skull roof 1s cause
for concern, because of the potenual to create an
artificial transformation series. Nonetheless, there 1s
no indication in available character evidence that a
vaulted dome evolved more than once, that such a
dome was ever later substandally reduced, or that it
was ever subject to marked sexual dimorphism (con-
trary to Chapman eral, 1981).

Extension of the frill

The evolution of the frill among ceratopsians followed
a somewhat more complex course than the thickening
of the skull roof among pachycephalosaurs. In psitrac-
osaurs the short parietosquamosal shelf projects hori-
zontally over the occiput (Figure 25.5). In the basal
neoceratopsians  Archaeoceratops and  Leproceratops, a
posterodorsally inclined, transversely broadened frill
has evolved, composed almost entirely of the parietal.
The frill incorporates the squamosal laterally and
becomes progressively more hyperextended in Late
Cretaceous protoceratopsids (Figure 25.6) and cera-
topsids, with the longest frills (relative to skull length)
occurring among chasmosaurines.

The trend outlined above toward longer and broader
frills is complicated by the presence in Montanoceratops
ot a short frill, composed almost entirely of the parie-
tal. Other features of Monranoceratops clearly justty its
derived position among neoceratopsians (such as the
parietal fenestrae in the frill). Either the frill was short-
ened in Montanoceratops, with concomitant reduction in
the participation of the squamosal, or the frill was
lengthened independently in protoceratopsids (sensu
striceoy and ceratopsids. Only the discovery of addi-
tional taxa can resolve this question.

Trophte adaptations

Pachycephalosaurian jaw morphology and tooth torm

appears to  have undergone only superhcial
modification. The structure of the lower jaw remains
primitive with the dentary forming no more than half
of the lower jaw; the tooth row remains relatively
loosely packed with spaces between adjacent crowns;
toth form remains primitive with triangular crowns
and simple roots; and the dentary canine and asso-
ciated diastema between the premaxillary and maxil-
lary teeth — a derived condition present in basal
pachycephalosaurs such as Goyocephale — 1s clearly
maintained in fully domed forms such as Prenocepbale.
The ceratopsian snout, jaws and teeth, by contrast,
had undergone considerable transformation by the
Late Cretaceous. Marked change in the form of the
snout is present as early as the latest Jurassic or Early
Cretaceous and clearly predates the angiosperm radi-
ation (Figure 25.9). Moreover, the bird-like neocera-
topsian snout, formed by a very narrow rostrum and
pointed, upturned predentary, had also evolved by the
earliest Cretaceous, as evidenced by Chaoyangrauras
(Figure 25.9). Other neoceratopsians show a more
advanced condition of the lower jaw and tooth rows.
The postdentary elements are reduced, a bevelled
cropping edge is present on the predentary, the cheek
teeth are more tightly packed, and the rate of tooth
replacement is increased. The crowns of the cheek
teeth, in addition, are taller than in psittacosaurs with
ename] restricted to a single side. The discovery of
Archacoceratops in the Early Creraceous of Asia demon-
strates that many of these adaptations were estab-
lished during the Early Cretaceous, when
psittacosaurs with simple jaws and dentitions were
more abundant. Most of these changes, likewise,
significantly predate che rise of angiosperms toward
the end of the Early Cretaceous (Figure 25.9).
Two-rooted cheek teeth must also have evolved
before the end of the Early Cretaceous, given the pres-
ence of two-rooted reeth in the Cenomanian ceratop-
s1an Turanoceratops (Figure 25.9). Dentary batteries are
known only among ceratopsids from the Campanian
and Moaastrichtian of western North America and
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might well be correlated with an increase in body size.
Thus, there is a trend roward increased packing and
replacement in the dentition which culminartes in the
tooth-supported  dental  batteries of ceratopsids.
Almost identical trends occurred somewhat earlier in
ornithopods, including the dominance of the dentary
in the lower jaw, increased relative heighe of the tooth
crowns and asvmmetry of the enamel, and increased
compaction and replacement of cheek teeth (Sereno,
1007},

Biochronology

Temporal calibration of the phylogeny provides
insight into (1) major missing lineages that have left no
fossil record and (2) the timing of cladogenic events.
Three major missing lineages are apparent in the calt-
brated phvlogeny of marginocephalans, the longest
occurring before the earliest known marginocephat-
ian. A missing lineage, possibly as long as 100 million
vears — one of the longest among major groups of
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dinosaurs ~ precedes the oldest marginocephalian
carguably Chaoyangsanrns), as evidenced v che
appearance ot the sister taxon to Marginocephalia
(Ornithopoda) during the Early Jurassic (Figure 25.8).
Given the relatively small body size of known basal
marginocephalians, their predecessors may have been
as small, or smalier, and less likely to have entered the
fossil record. Other factors, such as habitat preference,
may also may have contributed to the absence of fossil
evidence for the earlv appearance of marginocephal-
ians, because several small-bodied ornithopods are
recorded during the early Jurassic. The origin of
pachvcephalosaurian and ceratopsian lineages may
date back to the Earlv Jurassic, given the low number
of derived features shared by both subgroups.

Other missing lineages, 40-30 million years in
duration, are predicted for Late Cretaceous pachyce-
phalosaurs and neoceratopsians. The discovery of the
Earlv Cretaceous pachycephalosaur Yaverlandia and
the neoceratopsians Chaoyangsaurus and Archacoceratops
identify major missing lineages preceding closely
related genera (Figure 25.8). With the exception of
Stenopelix, the most primitive pachycephalosaurs are
Late Cretaceous in age, but must be the descendants of
lineages that diverged early in the Cretaceous.
Likewise, a long missing lineage precedes domed
pachvcephalosaurs (pachycephalosaurids). Among
ceraropsians, a long missing lineage precedes all Late
Cretaceous neoceratopsians, as established by the
Early Cretaceous genus drehacoceratops (Figure 25.8).

Notone of these missing lineages is associated with
major structural modification. Among pachycephalo-
saurs, nearly all of the many unusual postcranial fea-
tures (such as the ossified caudal tendons}) are present
in Goyocephale, and therefore must have evolved no
later chan the earliest Cretaceous (Figure 23.8).
Likewise, among early ceratopsians, most structural
change seems to have occurred after the divergence of
Chaoyangsaturus. From available remains, Archaeoceratops
appears 0 be very similar to primitive Late
Cretaceous neoceratopsians such as Protoceratops, sug-
gesting that the majority of the cranial moditications
that characterize Late Cretaceous neoceratopsians

had already evolved by the earliest Creraceous,

though several of these Teatures currently have an
ambiguous temporal origin because of missing data

for drchacoceraiaps.

Biogeography

Except for two Early Cretaceous pachycephalosaurs,
Stenapelix and  Yaverlandia, and one ceratopstan,
Chaoyangsaurus, marginocephalians are known exclu-
sively from late Early and Late Cretaceous deposits in
central Asia and western North America. Their phy-
logeny has direct bearing on their biogeographic
history. Their limited biogeographic distribution, and
the fact that no species has ever been found distributed
across both areas, suggests a possible phylogenetic
solution.

Previous hypotheses proposed a central Asian
origin for the group in the Early Cretaceous, followed
by a one-way dispersal event from Asia, across
Beringia, to western North America in the Larte
Cretaceous for ceratopsians (Maryaiska and
Osmolska, 1973} and for other groups as well (Russell,
1993). This hypothesis predicts thar, for each group
distributed across these two areas, Aslan taxa will
compose a basal paraphyletic subgroup that, via a
single, one-way dispersal event, gave rise to a mono-
phyletic subgroup in western North America.
Alternative biogeographic scenarios would be consis-
tent with different phylogenetic patterns. If a given
group were distributed iniually across both central
Asia and western North America and later divided by
a Cretaceous vicariance event, for example, group
members on each land mass would compose mono-
phyletic sister clades. Or, if a given group had a more
complicated biogeographic history, with multiple, bi-
directional dispersal events across Beringia, an alter-
nating pattern of Asian and western North American
taxa would obtain.

The marginocephalian phylogeny presented here
clearly favours the latter biogeographic scenario
(Figure 25.10; Sereno, 1997, 1999a). Although Asian
pachveephalosaurs and ceratopsians predominate at
the basal end of their respective phylogenies, the alter-
nating areal relationships among marginocephalians
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in pachycephalosaurs and ceratopsians is shown by body silhouettes (palacogeographic projection courtesy of the

Paleogeographic Atlas Project, University of Chicago).

requires a minimum of three dispersal events in two
directions across Beringia in each group. Phylogenetic
patterns suggesting bi-directional dispersal also occur
in other Cretaceous dinosaurian groups with a similar
bimodal distribution during the Lare Cretaceous
(hadrosaurids,  ornithomimids,  tvrannosaurids;
Sereno, unpublished data).

The tectonic and palaeogeographic history of the
north polar region during the Cretaceous is consistent
with the emergence during the late Early—early Late
Cretaceous of a high-latitude dispersal route. That
route formed when the North Slope block coltided
with the Fast Siberian block, joining it with the
western North American land mass (Worrall, 1991, fig.
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8). Following the shoreline along a continuous, active
trench, that route would have passed within five
degrees of the paleopole during the Late Cretaceous.
This polar passage, hidden from direct sunlight for six
months of the year, may have functioned as a sweep-
stakes dispersal route (McKenna, 1973), periodically
allowing passage of animals from one side to the other.
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APPENDIX
Character coding and distribution of character states are
shown below for 41 characters in 12 pachycephalosaurian
genera and 72 characters in 10 ceratopsian genera and
Ceratopsidae. All characters in the pachycephalosaurian
data set are binary; 6 of the 72 characters in the ceratopsian
data set are three-state characters and the remainder are
binary. One character in the pachycephalosaurian data set
(character 28) and three characters in the ceratopsian data
set (characters 12, 21, 67) are uninformative because the
structures involved are neomorphic (i.e. impossible to
polarize with outgroups). Characrer-state abbreviations: 0
= plesiomorphic state; 1, 2 =derived states; ? =not pre-
served or unknown; X =unknown as a result of transfor-

mation.
Pachycephalosauria
Characters and character states
Pachycephalosauria

L. Sacral rib length: subrectangular (0); strap-shaped (1).

2. Scapular blade, distal width: broad {0); narrow (1).

3. Preacetabular process, shape of distal end: tapered (0};
expanded {1).

aunanesanrus + other pachycephalosaurs
+. Frontal and parietal chickness: chin (0); thick (1).
3. Arched premaxilla-maxilla diastema, dentary canine:
absent (0); present(l).
6. Postorbital-squamosal bar, form: bar-shaped (0}
broad, flarrened ().

7. Squamosal exposure on oceiput: restricted 10); brogg
(1)

8. Anterior and posterior supraothbital bones: absent (0
present (1),

9. Postorbital-squamosal  wbercle row:  absent (0y;
present (1),

10. Humeral length: more (0), or less than (1), 50% of
femoral length.

U Humeral shaft form: straight (0); bowed (1).

12 Delropectoral crest development: strong {0} rudimen-
tary (1)

13. Fibular mid-shaft diameter: 1/4 or more (0), or 1/5 of
less (1), mid-shaft diameter of tibia.

Gayocephale + more derived pachycephalosaurs

14. Postorbital-parietal contact: absent (0); present (1).

15. Postorbiral-jugal bar, shape: narrow (0); broad (1)

16. Squamosal tubercle row (510 7): absenc (0}; present(1).

17. Angular tubercle row: absent (0); present(1).

18. Basal tubera, shape: knob-shaped (0); plate-shaped (1).

19. Zygapophyseal articulations, form: flar (0% grooved (1),

20. Ossified interwoven tendons: absent (0); present (1).

Z1. Sternal shape: plate-shaped (0); shafted (1).

22 Ihiac blade, lateral deflection of preacetabular process:
weak (0); marked (1).

23. Iliac blade, medial tab: absent (0); present (1).

Homalocephale + more derived pachycephalosaurs

2+ Parietal seprum, form: narrow and smooth {0); broad
and rugose (1).

25. Quadratojugal ventral margin, length: moderate {0);
very shore (1).

26. Prerygoquadrate rami, posterior projecrion of ventral
margin: weak (0); pronounced (.

27. Prootic-basisphenoid plate: absene (0); present {1).

28. Iliac blade, position of medial tab: above acetabulum
(0); on postacetabular process (1).

29. lliac blade, medial flange on postacetabular process:
absent (0); present (1),

30. Tschial pubic peduncle, shape: transversely (0}, or dor-
soventrally (1), lattened,

31. Pubic body: substantial (0); reduced (1).

Yaverlendia + Pachycephalosauridae
32. Interfrontal and frontoparietal surures: open (0%
closed (1),

Pachvcephalosauridae
33. Frontoparietal doming: absent (0); presenc (1),
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o Parteral —squamaosal posteion relative to occipat dorsal
(0 posterodorsal (1),

35 Supratemporal opening: open (O closed (1),

Pachveephalosaurinae

36. Frontopanetal doming, extent: incomplete (1), or com-
plete (1), posteriorly and laterally.

37. Jugal-quadrate concact: absent {0); present (1),

Tylocephule + Presocephale
38. Quadratojugal tossa: absent (0); present (1).

Stygimoloch + Pachycephalosaurus

39. Preorbital skull length: much less than (0), or subequal
to (1), length from anterior orbital margin to posterior
aspect of quadrate head.

40. Squamosal node cluster: absent (0); present (1).

+1. Anrerior snout nodes: absent {0}; present (1).

Ceratopsia
Characters and character states

Ceratopsia

1. Rostral bone: absent (0); present (1).

2. Narial fossa, position: adjacent to (0), or separated by a
flat margin from (1), the ventral margin of the premax-
illa.

3. Jugal, lateral projection: chord from frontal orbiral
margin to extremity of jugal is less (0), or more {1),
than minimum interorbital widch.

4. Jugal {orjugal-epijugal) crest absent (0); present (1).

5. Jugal infraorbital ramus, relative dorsoventral widrh:
less (0), or subequal to or greater (1), than the widch of
the infratemporal ramus.

6. Premaxillary palate, form: flac (0); vaulted (1).

7. Predentary ventral process, width of base: less (0), or
equal to or more (1), than half the maximum transverse
width of the predentary.

Neoceratopsia
8. Premaxillary tooth number: 3 or more (0); 2 (1),
9. Premaxillary teeth, crown shape: recurved, trans-
versely flattened (0); straight, subcylindrical (1).
10. Skull length (rostral-quadrace): 15% or less (0), or
20-30% (1), of length ot postcranial skeleton.
L1. Rostral anterior margin: rounded (0); keeled wich point
(1).
|2, Rostral lateral processes: rudimentary (0); well devel-
oped (1).

3. Predentary anterior margin: rounded (0); keeled with
poinc{ ).

14, Predencary poseeroventral process, shape: broader dis-
tally (0); narrower diseally (1),

15. Rerroarticular process length: long (0); very short or

absent (1).

Archacoceratops +  Leproceratops +  Udanoceratops

Coronosauria

16. Edentulous maxillary /dentary margin, length: 2{0), or
+or 3 (1), woth spaces.

17. Maxillary teeth, primary ridge development: low (0);
prominent (1),

18. Maxillary/dentary primary ridge, position: near
midline {0); offset posteriorly/anteriorly, respectively
(1), |

19. Maxillary/dentary teeth, packing: space between roots
in adjacent teeth (0); no space between roots in adja-
cent tooth columns (1); no space between crowns
within a tooth column (2).

20. Dentary tooth row, position of last tooth: anterior to
(0), coincident with (1), or posterior to (2), the apex of
the coronoid process.

21. Antorbital fossa shape: subtriangular (0); oval (1)

22. Postorbiral and supratemporal bars, maximum width:
narrow, bar-shaped (0); broad, strap-shaped (1); very
broad, plate-shaped (2).

23. Infratemporal bar length: long, subequal ro supratem-
poral bar (0}, short, less than one-half supratemporal
bar (1).

24 Jugal/epijugal crest: low (0); pronounced (1).

25. Quadrate shaft, anteroposterior width: broad (0); or
narrow (1).

26. Predentary dorsal margin, form: sharp edge (0); bev-
elled cropping surface (1).

27. Dentary coronoid process, width and depth: narrow
dentary process, low coronoid process (0); broad
dentary process, moderarely deep coronoid process
(1); broad dentary process with distal expansion, very

deep coronoid process (2).

Leptoceratops + Udanoceratops + Coronosauria

28. Maxillary/dentary crown, height: subequal to (0), or
1.5 times (1), maximum crown width,

29, Lateral maxillary/medial dentary crown base, form:
convex (0), or inset (1), from root.

30. Jugal-squamosal contact above laterotemporal fenes-

tra: absent (0); present (1),
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31
32.

Epijugal: absent (0); present (1),

Supr-.lrempc)ral fossae, relation: separaced (0} joined in

mid line {1).

33. Posterior shelf composition: squamosal and parietal

equal{0); squamosal dominant {1); parietal dominant (2).

34, Parietal shelf, inclination: horizontal {0); inclined pos-

terodorsally (1).

. Exoccipital-exoccipital  contact  below  foramen
magnum absent (0); present (1}.

36. Predentary surface between dentaries: absent (0);

present {1).

Coronoid shape: strap-shaped (0); lobe-shaped (1).

Surangular eminence: absent (0); present (1).

37
38
39.
40.

Splenial symphysis: absent (0); present(1).

Axial neural spine, posterior margin: subtriangular (0);
blade-shaped (1).

Cervicals 1-3, vertebral articulations: free (0); fused
(1).

. Cervicals 3-4, neural spine height: much shorter than

41

(0), or subequal to (1), the axial neural spine.
43. Posteriormost caudals, neural spines and chevrons:
absent (0); present (1).
Mid and posterior caudals, neural spine cross-section:
subrectangular (0); oval (1).

Tail shape: tapering (0); leaf-shaped (1).

+h,

43.
Leptoceratops + Udanoceratops

46. Premaxillary teeth: present (0); absent (1).

47. Dentary ventral margin, form: straight (0); curved (1).

48. Angular ventral margin, form: anterior portion (0}, or
nearly all of ventral margin (1), convex.

Coronosauria

49, Enamel distribution, maxillary/dentary reeth: both
sides of crown (0); restricted to lateral/medial sides in
maxillary/dentary teeth (1).

. Nasal horn: absent (0); present {1).

. Supratemporal fenestra, shape: oval (0); subtriangular
(1.

. Supratemporal fenestra, orientation of long axis: para-
sagitral (0); posterolaterally divergent (1).

. Parietal width: subequal to (0), or much wider than (1),
the dorsal skull roof.

54. Parieral posterior extension: as far pasteriorly as (0),
just posterior to (1), or far posterior to (2}, the quadrate
head.

55. Paired parietal fenestrae: absent (0); present (1),

56. Hypocentrum: absent (0); present (1).

57. Sacral number: 5 or 6 (0) 8 (1 dorsal, I caudal added)
(1), §

58. Sacral neural spines, mutual contact absent (0}
present (1},

Protoceratopsidae

59. Squamosal frill process: absent (0); present (1).

60. Sagittal crest, height: low and rounded {0} blade-
shaped (1). ;

61. Paroccipital process, proportions: length is 2 {0), or 3 & '
(1), times maximum depth of distal end.

62. Occipital condyle, size: large (0); small (1).

63. Predentary dorsal margin, inclination: horizontal (0); & o
anterodorsally inclined {1).

Ceratopsoidea

64. Dentary teeth, primary ridge development: low (0} g;%
promunent (1), &g

65. Nasal horn position: posterior (0), or dorsal (1), to pos-e'
terior margin of external nares. '

66. Dentary ramus, position of maximum dorsoventral
width: posterior (0); anterior (1).

67. Hypocentrum shape: wedge-shaped (0); U-shaped (l)
ring-shaped (hemispherical occipiral condyle) (2).

68. Mid cervical (C5—C7) neural spines, height: low {0); ask;g

Turanoceratops + Ceratopsidae
69.

70.

71
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. Postorbital horn: absent (0); present (1),

high as dorsal neural spines (1).

?
i
i 3 .

Maxillary/dentary teeth, root form: single (0); double 2
(1).
Maxillary/dentary crowns, apical plane orientation
less (0), or more (1), than 45 degrees from the primary
axis of the root. -
Lateral maxillary/medial dentary crowns, secondary ;
ridges: present (0); rudimentary or absent (1). )



