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ABSTRACT. The Ceratopsia or horned dinosaurs demonstrate great
diversity of skull shape that makes them ideal subjects for morphomet-
ric investigation. Skulls of ceratopsians are subjected to landmark-
based morphometric analysis using the robust mapping technique,
RFTRA (resistant-fit theta-rho analysis). This technique elucidates
morphological trends in skull shape in a series of pairwise compari-
sons. Morphological distance data among taxa from RFTRA compari-
sons are subjected to cluster analysis. Clusters formed by this technique
compare favorably with higher taxa recognized by both classical and
cladistic methodologies. Furthermore, deconstruction of the skull by
elimination of horns, frill, and the facial region of the skull demon-
strates that taxonomic cluster patterns remain substantially stable even
when only selected regions of the skull remain intact. The correlation
of display characters with functional complexes suggests that no char-
acters of the skull are genuinely trivial. Major morphological trends in
the skull involve reorganization of the cheek region, including forward
rotation of the ventral end of the quadrate, caudal movement of the
jugal, reduction of the quadratojugzﬂ, caudoventral expansion of squa-
mosal caudal to the quadrate in centrosaurines, and further expansion
of the squamosal at right angle to the previous growth axis in chasmo-
saurines. Muscles of mastication probably occupied the base of the frill
but did not occupy the entire frilE where they would have been subject
to injury during 1ntrasFeciﬁc combat. Ceratopsids may have consumed
a woody diet, with small angiospermous trees a probable food source.

INTRODUCTION

The Ceratopsia represent one of the last and most successful evolu-
tionary radiations of dinosaurs. At present some 18 genera and 26 species
are recognized (Dodson-and Currie, 1990). All except for Psittacosaurus
are of Late Cretaceous *age. Within a span of less than 50 my, these
herbivores radiated from small bipedal forms less than 2 m long (Sereno,
1990) to become huge quadrupeds 8 m long with skulls up to 2.5 m long,
the largest skulls of any terrestrial vertebrates. Early descriptions ‘of
horned dinosaurs based on fragmentary remains (Cope 1872, 1876)
provided no insight into the nature of these remarkable animals. Indeed,
the name Monoclonius (Cope, 1876) does not refer to “single horn” but
rather to a tooth character that incorrectly contrasted the former with the
hadrosaur Diclonius (Cope, 1876; personal communication, B. Creisler,
1991). Only with the description of complete skulls of Triceratops (Marsh,
1889) could a concept of horned dinosaurs emerge. Ceratopsid diversity
was quickly uncovered, and valuable reviews (Hatcher, Marsh, and Lull,
1907; Lull, 1933) that still form thé starting points for research today
appeared. By 1951 our understandirig of ceratopsid generic diversity was
nearly complete (Sternberg, 1951). By contrast, diversity of more primi-
tive ceratopsians in Asia has been uncovered recently (Maryanska and
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Osmdlska, 1975; Sereno and Chao, 1988; Sereno and others, 1988).
Consensus has been reached about major patterns of ceratopsian phylog-
eny though not on all of its details (Lehman, 1990; Dodson and Currie,
1990).

With a mature data base for ceratopsians, studies progressed from
taxonomic to broad paleobiological concerns. Fresh from his seminal
studies of hadrosaur cranial anatomy, myology, and functional morphol-
ogy, and by virtue of his curatorship of one of the great collections of
ceratopsid skulls, John Ostrom naturally turned his attention to horned
dinosaurs (Ostrom, 1964, 1966). In these papers Ostrom outlined a
model for ceratopsid skull mechanics. Expanding on a study of Protocera-
tops by Haas (1955), he posited that the frill served as a framework for
hypertrophied jaw adductor muscles, specifically M. adductor mandibu-
lae externus. He drew attention to the mechanical significance of the
elevated coronoid process, depressed mandibular articulation, and dis-
tally enlongated toothrow. He concluded that ceratopsids were capable
of generating powerful occlusal forces characterized almost exclusively
by shear. His characterization of ceratopsian mastication has both achieved
acceptance (Weishampel and Norman, 1989) and has stimulated further
work on ornithischian functional craniology (Weishampel, 1984; Nor-
man and Weishampel, 1985).

Ceratopsians are an excellent group for morphometric analysis.
They form an undoubtedly monophyletic assemblage (Sereno, 1986;
Dodson and Currie, 1990; Forster, 1990), relatively restricted in both
time and space. They are rich in taxonomic and morphological diversity
and have one of the finest fossil records of any group of dinosaurs, with
many complete skulls known (three ceratopsians, Psittacosaurus, Protocer-
atops, and Triceratops are among the ten most abundant dinosaurs—
Dodson, 1990a). The goal of this study is to explore evolutionary trends
in ceratopsian cranial morphology using quantitative methods that will
permit functional insights.

The technique chosen for this study is RFTRA, resistant-fit theta-rho
analysis (Siegel and Benson 1982; Benson, Chapman, and Siegel, 1982;
Chapman, 1990a, b), a robust mapping method of landmark analysis.
This is a valuable technique for both quantifying and visualizing transi-
tions of form in a series of organisms. In this method, a series of
homologous landmark points on a base specimen is mapped onto a
second specimen. An optimal fit is produced by a series of geometry-
preserving coordinate transformations that involve translation, rigid
rotation, and scaling. For objects in which deformation is uniform, a least
squares solution (LSTRA) is satisfactory. An appealing feature of RFTRA
is that the use of repeated medians rather than least squares in the
calculation of transformation factors produces a sensitivity to the local-
ized deformations that prove to be of interest in evolutionary morpholog-
ical series of complex objects such as vertebrate skulls. It has not yet
enjoyed wide application. Early research applications were to ostracodes
(Benson, 1982). Recent applications have been to dinosaurs, especially
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pachycephalosaurs and protoceratopsids (Chapman, 1990b), hadrosaurs
(Chapman and Brett-Surman, 1990), and to salamanders (Reilly, 1990).

A practical aspect is that RFTRA is simple to use. The input is a series
of landmark points digitized on a digitizing tablet from two-dimensional
images (typically line drawings or photographs) of a series of specimens.
The points chosen should represent stable anatomical landmarks that are
homologous across a series of specimens. Three-way suture intersections
are ideal but not always possible. For purposes of visualization (but not of
calculation) specimen outlines may be stored, but this is somewhat costly
in terms of data storage. The output is of two types, graphic and
numerical. Graphic output is quickly produced on screen, and there is
considerable flexibility of manipulation. Paired specimens are compared,
represented as landmark points, vectors, outlines, user-constructed poly-
gons, all of these or any subset thereof. It is a simple matter to atomize a
whole skull into subunits of interest in order to highlight functional units
or to test taxonomic hypotheses. For example, horns may easily be
eliminated from analysis in order to test the dependence of taxonomy on
possibly trivial characters,

The graphic output emphasizes pairwise comparisons and thus is
potentially sensitive to phylogenetic bias in terms of pairs selected.
However the numerical output consists of a matrix of distances among all
specimens. The distance measure is the average of the squared magni-
tude of vectors and thus is a measure of the closeness of fit of two
specimens. A purely phenetic clustering of the data may be compared
with a cladistic analysis of the same taxa as an interesting exercise to
determine empirically the information content of the morphological
features examined.

ANALYSIS OF THE CERATOPSIA: MORPHOLOGICAL TRANSFORMATIONS

The taxa chosen for this analysis are recorded in table 1. Figures
used were taken from the literature. The list includes all ceratopsian
genera for which articulated cranial specimens permit reliable reconstruc-
tion of cranial sutures. Excluded are Microceratops, Montanoceratops, Ava-
ceratops, Brachyceratops, Pachyrhindsaurus, Anchiceratops, and Torosaurus.
Pachycephalosaurs are the sistergroup of the Ceratopsia, and the two
groups form the Marginocephalia, the sistergroup of the Euornithopoda
(Sereno, 1986). Although this study'is comparative but not cladistic in
emphasis, representatives of the two sistergroups were chosen, Stegoceras
of the Pachycephalosauria and Hypsilophodon of the Euornithopoda.
Neither represents a strictly satisfactory outgroup in a cladistic sense; no
complete skull in the Pachycephalosauria does, and the cladistic position
of taxa within the Hypsilophodontidae is not resolved (Sues and Nor-
man, 1990). Nonetheless, Hypsilophodon is so well known anatomically
(Galton, 1974) that it serves as a useful taxon for structural comparison
with ceratopsians (Chapman, 1990b):

The problem of missing data deserves comment. Ceratopsid skulls
typically measure between 1.5 and 2.5 m in length. It is not surprising
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TABLE 1

Selected Taxa for analysis of Ceratopsia

203

Taxon

Source

Specimen

Ornithopoda
family Hypsilophodontidae
1. Hypsilophodon foxii
Marginocephalia
Pachycephalosauria

family Pachycephalosauridae

2. Stegoceras validus

Ceratopsia
family Psittacosauridae
3. Psittacosaurus mongoliensis
family Protoceratopsidae
Leptoceratops gracilis
Bagaceratops rozhdestvenskyi

4.
5.
6. Protoceratops andrewsi
7.

Galton, 1974, fig. 3

Maryanska and Osmolska,
1974, fig. |

Sereno and others, 1988, fig. 5
Russell, 1970, fig. 1

Maryanska and Osmélska, 1975,
fig. bc

BM R2477

UA2

AMNH 6254, 6534

NMC 8887, 8889
ZPAL MgD-1/126

Lull, 1933, fig. 32 AMNH 6408
Protoceratops andrewsi Brown and Schlaikjer, 1940, AMNH 6466
; fig. 4D
family Ceratopsidae
subfamily Centrosaurinae
8. Centrosaurus apertus Lull, 1933, fig. 4 YPM 2015
9. Centrosaurus aperfus Lambe, 1915, pl. VI NMC 348
10. Styracosaurus albertensis Lambe, 1915, pl. VI NMC 344
subfamily Chasmosaurinae
L1, Arrhinoceratops brachyops Tyson, 1981, fig. 1 ROM 796
12. Chasmosaurus belli Lambe, 1915, pl. VIII NMC 2280
13. Chasmosaurus canadensis Lull, 1933, fig. 38 AMNH 5401
14. Pentaceratops sternbergii Lull, 1933, fig. 39 AMNH 6325
15. Triceratops horridus Hatcher, Marsh and Lull, 1907, YPM 1821
fig. 10
16. Triceratops horridus Forster, 1990, fig. 1-1 composite

that many of them are imperfectly preserved, particularly in terms of loss
of extremities such as horn tips, rostral bone, and portions of the parietal,
or in terms of crushing of intact structures. The problem of incomplete
data has been approached in two ways. One way is to use multiple
specimens of the same taxon where possible (Protoceratops, Centrosaurus,
Chasmosaurus, Triceratops). The latter three remain together in all analy-
ses, suggesting that vagaries of preservation of individual specimens do
not necessarily invalidate the information content of a specimen. The two
specimens of Protoceratops plot separately in two of three analyses, but this
1s not surprising in view of the fact that one is a juvenile and the other an
adult. The second way to approach the problem is by the technique of
cranial deconstruction, as described below, by which horns and face are
sequentially removed from the analysis. Again, the substantial stability of
the results obtained encourages the conclusion that the results are robust
to loss of certain features. An imperfect specimens provides incompara-
bly more information than no specimen at all.

Lateral skull profiles of 12 genera selected from the published
literature were digitized (figs. 1 and 2), with 21 landmark points for each



204 Peter Dodson

Hypsilophodon Psittacosaurus

Stegoceras ) Leptoceratops

Bagacerataps Protoceratops

Fig. 1. Skull profiles of Hypsilophodon, Stegocems and protoceratopsids used in study.
Landmark points illustrated.
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Centrosaurus
Triceratops

Styracosaurus Chasmosaurus

Arrhinoceratops Pentaceratops

Fig. 2. Skull profiles of centrosaurines and chasmosaurines used in study.
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Fig. 3. Landmark points on Protoceratops (above) and Centrosaurus (below).
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TABLE 2

Landmark Points

1. tip of rostral

2. rostral-premax suture-(ventral)

3. premax-max suture (ventral)

4. rostral-premax suture (dorsal)

5. dorsal contact: premax-max

6. max-lac-jugal

7. lac-jugal suture at orbit

8. apex of horn/nasal midpoint*

9. apex of orbit*

10. apex of orbital horn/postorbital*

11. postorbital-jugal at orbit

12. postorbital-squamosal-jugal

13. jugal at infratemporal fen-dorsal prong
14. squamosal-parietal: caudal

15. parietal-caudal margin at midline*

16. quadrate-dorsal end

17. quadrate-ventral end

18. jugal-ventral apex

19. jugal at infratemporal fenestra-ventral
20. premax-nasal in rostrodorsal external naris
21. premax-nasal in caudal external naris

*denotes pseudolandmarks of Bookstein and others, 1985. These points are not
constrained by three-way anatomical sutures but represent extreme points.

specimen. The landmarks selected (fig. 3, table 2) were anatomically-
constrained descriptors of shape, with some emphasis on cheek region,
including position of the quadrate, the jugal, and the squamosal relative
to the orbit and the infratemporal fenestra. Reorientation of the cheek
region is a major feature of ceratopsian evolution (Dodson and Currie,
1990). The parietal occupies a large area of the skull in ceratopsids but
presents few landmarks; consequently there are fewer landmarks and
less statistical weight given to the back of the skull; this could conceivably
bias the results of the first analysis presented below. It is possible to
complement a study of lateral views with dorsal views, as Chapman
(1990b) did; however, as the emphasis in this study is on the masticatory
functional complex, only lateral views were used. When taxa are exam-
ined seriatim (from primitive to highly derived), vectors highlight the
morphological changes observed. Selected examples are shown in figures
4to 8.

Starting with Hypsilophodon as a base specimen external to the Cera-
topsia, vectors document elevation of the face and external nares, expan-
sion of the infratemporal fenestra, and the repositioning of the quadrate
into an erect position in Psittacosaurus (fig. 4). From Psittacosaurus to
Leptoceratops (fig. 4) the largest vectors are associated with ventral migra-
tion of the external nares, caudodorsal migration of the caudodorsal
process of the jugal, and elevation of the parietal into a modest crest. In
Bagaceratops the crest seen in Leptoceratops is absent, and the caudodorsal
process of the jugal is more rostroventral in position. The biggest change
in Protoceratops compared with either Leptoceratops or Bagaceratops (fig. 5)
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SPECIMEN 1 = Hypsilophodon
SPECIMEN 2 = Psittacosaurus

Fig. 4. RFTRA comparisons of Hypsilophodon with Psittacosaurus (left) and of Psittacosau-
rus with Leptoceratops (right). On the left a simple comparison is shown, with outlines of the
base specimen (solid) and of the second specimen (dashed line) superimposed. Vectors
highlight migration of homologous landmarks in the hypothetical transformation of a
Hypsilophodon to a Psittacosaurus. On the right an additional option removes the outlines and
highlights only the vectors of change themselves.



SPECIMEN 2
SPECIMEN 3

Psittacosaurus
teptoceratops

Fig. 4 (continued)



