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Pit

Median
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bar

Fig. 3.5. Centrosaurine ceratopsid Pachyrhinosaurus youngi sp. nov., parietals. Paratype
(UALVP 54165) right parietal horn, P3 (A) and (UALVP 50652) parietal bar with P2 horn in
anterior view. Scale bars equal 5 cm.
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Parietal

The paratype parietals of Pachyrhinosaurus youngi consist of a single right parietal horn
(UALVP 54165) (Fig. 3.5 A), and a partial parietal bar and horn (UALVP 50652) (Fig. 3.5 B).
The convention of referencing parietal horns and processes laid out in Sampson (1995) (Fig. 3.6)
will be used here. The median paratype parietal bar (UALVP 50652) (Fig. 3.5 B) is generally
triangular in section and its ventral side is vaulted. The bar flattens dorsoventrally towards the
back and the ventral surface becomes relatively flat. This vaulting is similar to that of
Pachyrhinosaurus lakustai (Currie et al., 2008) that also differs from other large ceratopsians in
that their median parietal bars are broadly convex in ventral view. Visible on the dorsal surface
of the median parietal bar are numerous neurovascular grooves. Near the posterior end of the
parietal bar, the bar widens laterally and a deeply excavated pit is visible on the left lateral side
of the bar; (Fig. 3.5 B) there is a shallower pit on the right lateral side of the bar in line with the
other pit. These pits are of unknown origin and could represent resorption pits due to advanced
age or pathology.

At the posterior edge of the parietal bar is the dorsomedially hooked P2.
Pachyrhinosaurus youngi lacks Process 1 near the midline, which is consistent with
Achelousaurus, Einiosaurus, Pachyrhinosaurus canadensis, and Pachyrhinosaurus lakustai. The
posterodorsal region experienced some erosion that allows the inner striations of the bone texture
to become visible. There is a drop in topography moving from the resorption pits on the parietal
bar toward the Process 2 horn, this is also most likely due to erosion. The dorsal and ventral
surface textures alternate between smooth and striated bone.

Neurovascular grooves are visible on both sides of the paratype parietal horn (UALVP
54165) (Fig. 3.5 A). This specimen has been designated as a P3 horn based on its similarity to
the P3 horns of Pachyrhinosaurus lakustai. However, unlike Pachyrhinosaurus lakustai, the P3
horn of this specimen is not twisted dorsally, but instead it is curves laterally. The specimen also
does not have the grooves extending along its length like those seen in Pachyrhinosaurus
lakustai (Currie et al., 2008). The distal tip of the P3 horn is broken and thus would have been
slightly longer in life. Although the P3 horns of Pachyrhinosaurus lakustai can be quite variable,
and the horns of Pachyrhinosaurus canadensis are mostly straight, the curvature of the process 3
horn of Pachyrhinosaurus youngi is distinct enough to be considered a diagnostic feature.

Furthermore Currie et al. (2008) are uncertain as to the origin of the hooks and spikes on the
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pachyrhinosaur frill, whether they are osteodermal or outgrowths of the parietal. Based on
preliminary studies (Kruk et al., 2013) it has been determined that parietal horns are simply
outgrowths of the parietal as they do not show metaplastic bone typically found in osteoderms

(Chapter 2).
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Fig. 3.6. Modified from Sampson (1995) demonstrating the
convention of referencing parietal horns and processes.
Scale bar equals 20 cm.
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Neurocranium

The braincase is only seen in the paratype skull (UALVP 55805) (Fig 3.4 D). The
articular surfaces of the occipital condyle in both the holotype and paratype skulls are nearly
round, which is common in ceratopsids. The exoccipitals surround the foramen magnum and are
broken laterally. Two foramina exit near the base of the condyle and the exoccipitals, the large
one is the jugular foramen carrying cranial nerves IX-XI and the smaller one is the hypoglossal

formen (XII). The basioccipital and basipterygoid processes are visible and intact.

Phylogenetic Analysis

To determine the relationship between Pachyrhinosaurus youngi and other centrosaurines
a phylogenetic analysis was performed. This analysis was based on that of Fiorillo and Tykoski
(2012), which derived from Currie et al. (2008) based on previous works by Sampson (1995),
Dodson et al. (2004), and Ryan (2007). The entire character list and data matrix can be found in
Appendix 1. Non-applicable characters were coded as missing data, all multistate characters
were considered unordered, and two taxa had two polymorphic characters that were treated as
such. The taxon-character matrix was created in Mesquite 2.75 (Maddison and Maddison, 2011)
and analyzed in TNT 1.1 (Goloboff et al., 2008). Bremer support, Bootstrap (1000 replicates),
and Jackknife (1000 replicates) values were calculated for the resulting trees.

The analysis initially produced three equally parsimonious trees. These trees differed in
the position of Pachyrhinosaurus lakustai, which is determined as either the sister taxon to a
clade consisting of Pachyrhinosaurus canadensis, Pachyrhinosaurus perotorum, and
Pachyrhinosaurus youngi; or Pachyrhinosaurus is a pair of sister species relationships with
Pachyrhinosaurus lakustai being more closely related to Pachyrhinosaurus perotorum with
Pachyrhinosaurus canadensis and Pachyrhinosaurus youngi being more closely related to each
other; or Pachyrhinosaurus lakustai forms a clade with TMP 2002.76.1 and is sister taxon to a
clade comprising of Pachyrhinosaurus canadensis, Pachyrhinosaurus perotorum, and
Pachyrhinosaurus youngi. A majority rule consensus produced one parsimonious tree (Fig 3.7)
with a length of 110, consistency index (C.1.) of 0.7909, and a retention index (R.I.) of 0.8231.

Diabloceratops eatoni is the most basal of the centrosaurine monophyly and is followed
by Albertaceratops nesmoi. A weakly supported clade of Coronosaurus brinkmani,

Centrosaurus apertus, and Styracosaurus albertensis is the sister clade to the group consisting of

70



Rubeosaurus ovatus and Einiosaurus procurvicornis, and the Pachyrostra (Achelousaurus +
Pachyrhinosaurus). These results are consistent with prior analyses (Sampson, 1995; Dodson et
al., 2004; McDonald and Horner, 2010).

Achelousaurus horneri forms the base of the nasal-boss bearing taxa; it is a clade
supported by the presence of nasal and supraorbital bosses in place of more typical nasal
ornamentations. There is weak support for the placement of TMP 2002.76.1 as basal to the clade
composed of Pachyrhinosaurus lakustai, Pachyrhinosaurus canadensis, Pachyrhinosaurus
perotorum, and Pachyrhinosaurus youngi due to the presence of a reduced antorbital fenestra, or
its outright loss.

There is also weak support for Pachyrhinosaurus lakustai falling basal to the clade
formed by Pachyrhinosaurus canadensis, Pachyrhinosaurus perotorum, and Pachyrhinosaurus
youngi (Fig. 3.7). These three Pachyrhinosaurus species are most likely united by having nasal
and supraorbital bosses that are nearly in contact, separated by a narrow groove as well as the
loss of the anterior protruding “pommel” typically seen in specimens of Pachyrhinosaurus

lakustai and TMP 2002.76.1.
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Figure 3.8. Line drawing reconstruction of the skull of Pachyrhinosaurus youngi (UALVP
53300, UALVP 54165, UALVP 50652) in left lateral (A) and dorsal (B) views.
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Discussion

The phylogenetic analysis was unable to fully resolve the polytomy between
Pachyrhinosaurus canadensis, Pachyrhinosaurus perotorum, and Pachyrhinosaurus youngi.
There is very weak support for Pachyrhinosaurus lakustai being basal to that group and even
weaker support for TMP 2002.76.1 being basal to the other Pachyrhinosaurus. Some features
uniting TMP 2002.76.1 and Pachyrhinosaurus lakustai are an anteriorly directed pommel and a
separation between the nasal and supraorbital bosses. Uniting Pachyrhinosaurus lakustai and
Pachyrhinosaurus perotorum is the presence of a rostral comb; however, this is not seen in either
Pachyrhinosaurus canadensis or Pachyrhinosaurus youngi. Having nasal and supraorbital bosses
that are nearly in contact unite Pachyrhinosaurus canadensis, Pachyrhinosaurus perotorum, and
Pachyrhinosaurus youngi. The diagnostic P3 process of Pachyrhinosaurus youngi resembles
those of Pachyrhinosaurus lakustai, but it lacks the anterolateral twist seen in the latter, and the
new species P3 is not as long or large as it is in Pachyrhinosaurus lakustai. Furthermore, the
differences in degree of separation between the supraorbital bosses are unique among the
pachyrhinosaurs.

The diversity of ceratopsians, especially centrosaurines, exploded in the Late Cretaceous
and the group also had a fairly rapid turnover. The Pachyrostra (Achelousaurus +
Pachyrhinosaurus) are the last centrosaurine clade to appear in the fossil record (Ryan et al.,
2010) and recently have become much more diverse than previously thought. The temporal
ranges of Pachyrhinosaurus youngi and Pachyrhinosaurus canadensis overlapped for the full
existence of the former. However the new species is not Pachyrhinosaurus canadensis based on
their differing frill ornamentations and overall skull size, with Pachyrhinosaurus canadensis
being significantly bigger.

A possible fifth species of Pachyrhinosaurus has been reported from Dinosaur Park
(Alberta, Canada) (Ryan et al., 2010). The authors describe a Pachyrhinosaurus-like ceratopsian
from the top of the Dinosaur Park Formation (71.5 million years). However, it lacks the
diagnostic parietal and therefore has not been named yet as a new species. When this fossil is
placed into a phylogenetic matrix larger than performed by Ryan et al. (2010), it is recovered as
basal to the other described Pachyrhinosaurus species but as more derived than Achelousaurus
(Fiorillo and Tykoski, 2012). This placement at the base of Pachyrhinosaurus is supported by a

large separation between the nasal and supraorbital bosses and a reduced antorbital fenestra. It is



excluded from Achelousaurus based on the presence of an overhanging pommel on the anterior
portion of the nasal boss similar to Pachyrhinosaurus lakustai, and a nasal boss without the fin-
like texture, which is characteristic of the dorsal view of Achelousaurus.

Characters shared between TMP 2002.076.0001 and Pachyrhinosaurus lakustai include
an anteriorly directed pommel on the nasal boss and a distinct separation between the nasal and
supraorbital bosses. The presence of a rostral comb is shared by Pachyrhinosaurus lakustai and
Pachyrhinosaurus perotorum, but is absent in Pachyrhinosaurus canadensis or
Pachyrhinosaurus youngi. Furthermore, nasal and supraorbital bosses that are practically in
contact unite Pachyrhinosaurus canadensis, Pachyrhinosaurus perotorum, and
Pachyrhinosaurus youngi. The distinct parietal Process 3 of Pachyrhinosaurus youngi resembles
that of Pachyrhinosaurus lakustai, although it lacks the anterolateral twist seen in the latter, and
the P3 process of Pachyrhinosaurus youngi is not as long or large as Pachyrhinosaurus lakustai.
Also, the thick longitudinal ridge separating the supraorbital bosses in Pachyrhinosaurus youngi
is unique among pachyrhinosaurs.

In their phylogenetic analysis including the proposed fifth pachyrhinosaur, Ryan et al.
(2010) modifies Character 3 from Sampson (1995); nasal horncore base (subadult): short-based,
restricted in length anteroposteriorly (0); long-based, extends over virtually entire length of nasal
(1). Ryan et al. (2010) modifies this character to: nasal ornamentation, basal length (adult): short-
based, less than 5% basal skull length (0); long-based, between 10% and 20% basal skull length
(1); long-based, greater than 25% basal skull length. However, these percentages do not seem to
work, assuming that basal skull length is measured from rostrum to occipital condyle.
Achelousaurus species and Pachyrhinosaurus lakustai are given a character state of 1 by Ryan et
al. (2010), but when comparing the nasal ornamentation to basal skull length, their average
percentages are 27% and 58% respectively. Einiosaurus is given a character state of 0 but has a
base ornamentation length to basal skull length percentage of 36%. However, there may be
phylogenetic value to this character. Nasal ornamentation length should be plotted against basal
skull length and on the resulting graph there may be natural groupings, which could be used to

improve this character.
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Conclusions

With the addition of a fourth, and possibly fifth, described species of Pachyrhinosaurus,
this genus is now the most diverse of any of the ceratopsians. All other ceratopsian genera
typically have one and at most two species representing them This potentially could be due to
preservational biases, the fact that morphological differences are not pronounced or because only
fragmentary remains represent most species. With each of the Pachyrhinosaurus species
(excluding TMP 2002.76.1) their remains have been discovered in bonebeds from which
multiple specimens were recovered. It is curious to note that the last of the centrosaurines were
the most specious and that all had nasal bosses. New species of ceratopsids are continuing to be
described across western North America, and it is evident that this group was diversifying at an
explosive rate.

It is entirely plausible for there to be multiple species of the same genus coexisting in the
same temporal range, such as Pachyrhinosaurus canadensis and Pachyrhinosaurus youngi, as
there is modern evidence to support this situation. The genus Equus is comprised of seven extant
species: horse, Equus ferus; ass or donkey, Equus asinus; mountain zebra, Equus zebra; plains
zebra, Equus quagga; Grévy’s zebra, Equus grevyi; the kiang, Equus kiang; and the onager,
Equus hemionus (Rubenstein, 2001). There is little difference in the skeletal morphology of each
of these extant species, although they occupy slightly different ecological niches. The diversity
of the genus Pachyrhinosaurus within any single bonebed can be explained by ontogenetic or
sexual dimorphism, but the taxonomic diversity of synchronous species (P. canadensis,
perotorum, and youngi) may represent geographically or ecologically separated genetic
populations.

The amount of speciation, rate of faunal turnover, and diversity in cranial ornamentation
in the ceratopsians is unlike any other group within the Ornithischia. Within the Hadrosauridae,
the lambosaurines have the elaborate crests but there is little other variation between them. For
the most part, the differences are either a posteriorly elongated crest or a more dorsally oriented
crest. In the Thyreophora, the Stegosauria only differ slightly in the placement of their dorsal
osteoderms, shoulder spikes, and neural spines (Kentrosaurus; Mallison, 2011). The only group
that comes close to the diversity of ornamentation seen in ceratopsids is the Ankylosauridae
displaying a wide variety of dermal armor with spikes and tail clubs (Hayashi et al., 2010). The

other group within Marginocephalia is the Pachycephalosauria, which is the least specious of the
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groups previously mentioned. While all members have cranial ornamentations and do exhibit
extreme ontogenetic changes (Horner and Goodwin, 2009), the variation between species is not
as dramatic as the ceratopsids. Overall, ceratopsians are amongst some of the most interesting

dinosaurs and their diversity only continues to grow as more species are discovered.
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CONCLUSIONS

Pachyrhinosaurus is a peculiar clade of ceratopsians, known only from the Upper
Cretaceous (upper Campanian to lower Maastrichtian) of North America. Three species have
been reported only from Alberta, Canada and one from Alaska. These species include the
previously described Pachyrhinosaurus canadensis, Pachyrhinosaurus lakustai,
Pachyrhinosaurus perotorum, as well as Pachyrhinosaurus youngi first described here. These
species are distinguished from one another based on characteristics of the skull, including
parietal horn shape and orientation, absence/presence of a rostral comb, median parietal bar
horns, and profile of the nasal boss. The ceratopsian diversity in the Late Cretaceous is surprising
considering the high and fast rate of faunal turnover (Ryan et al., 2010).

The description of the new species Pachyrhinosaurus youngi has increased the diversity
of ceratopsians. The genus Pachyrhinosaurus has more individual species than any other
ceratopsian genus. Furthermore, this implies that it is completely possible for there to be multiple
species of the same genus often coexisting at the same time, such as Pachyrhinosaurus
canadensis and Pachyrhinosaurus youngi. This is fitting because there are modern examples of
multiple species of the same genus with overlapping temporal, ecological, or geographic ranges;
one example is the genus Equus (Mallison, 2001). Ceratopsians had quite possibly one of the
most explosive radiations seen during the Mesozoic; they were able to diversify immensely in a
short time within a limited geographic range (namely Laramidia).

One focus of this thesis was to investigate the ontogeny of Pachyrhinosaurus from a
histological perspective. Historically, the focus of histological workers has been on long bone
histology and understanding the growth of an individual species of dinosaurs. Studies
investigating cranial histology are rare but have included studies of Triceratops (Horner and
Goodwin, 2008; Horner and Lamm, 2011), possible centrosaurine integumentary structures
(Hieronymus, et al., 2009), and surface textures of Centrosaurus frills (Tumarkin-Deratzian,
2010). These last two studies are the only histological investigations of centrosaurines.

This is the second comprehensive histological study of the ontogeny of a ceratopsian
cranial elaborations and is the first one to examine the growth of the nasal ornamentations; the
previous study was an investigation of the parietal of Triceratops (Horner and Lamm, 2011). The
Pachyrhinosaurus nasal bosses starts off as a horn-like structure that is more similar to the nasal

horns of other juvenile centrosaurines than it is to an the adult nasal boss. These “demihorns” are
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composed of compact fibrolamellar bone that continues to resorb and remodel through out the
lifetime of a Pachyrhinosaurus unti it has a spongy microstructure. No other cranial elaboration
examined in this thesis resembles the histology of a nasal boss. Furthermore, Pachyrhinosaurus
undergoes one of the more extreme ontogenetic changes with regards to cranial ornamentations
of the frill.

Studying the ontogeny of nasal bosses has added to the histological work on ceratopsians
and has provided a better understanding of the growth of their elaborations. Nasal boss histology
can provide an ontogenetic stage (juvenile, subadult, adult) to a given specimen; this will be
helpful when only a partial nasal boss is found because it will allow the specimen to be “aged.”
This discovery can be extrapolated to other ceratopsians whose nasal ornamentation derives from
the nasal bones themselves. Calculated osteocyte lacunar density for each stage will be
performed prior to the publication of the chapter, it will give a quantitative value to the study and
better aid in inferring the ontogenetic stage of the nasal ornamentations in other ceratopsians. It
is my belief that more than just long bones deserve to be thin sectioned, there is much more
information to be gained from these animals.

Chapter 2 represents the first study comparing the histology of ceratopsian cranial
elaborations. Prior to this study, other authors focused on only single species (Tumarkin-
Deratzian, 2010; Horner and Lamm, 2011) and this study expanded to include ceratopsians
found in Alberta. At least across the species examined all cranial elaborations (except
epoccipitals) were found to have been derived from the dermatocranium. Epoccipitals, on the
other hand, were formed initially through metaplasia and later fused onto the edges of the frill.
Triceratops is strange in that its nasal horn derived from an epinasal instead of from the nasal
horns. It is uncertain whether this feature is unique to chasmosaurines or 7riceratops alone.
Further investigation into the histology of these structures would clarify this discrepancy. At the
very least it can be said that all centrosaurine cranial elaborations, minus epoccipitals, form
intramembranously and are composed of fibrolamellar bone that remodels throughout ontogeny.
Epoccipitals are composed of metaplastic bone that remodels and eventually fuses onto the frill
margin.

Pachyrhinosaurus is the most derived of the centrosaurines, which raises the question of
what advantage nasal bosses had over nasal horns and what drove the replacement of the latter

by the former. Regardless, we now have a better understanding of the histological ontogeny of
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Pachyrhinosaurus nasal bosses, as well as the diversity in Pachyrhinosaurus. Furthermore, there
is a deeper understanding of the microstructure of ceratopsian cranial elaborations, which has
implications on their development. Overall, future work will include expanding the study of

ceratopsian cranial elaborations as well as a revision of the ceratopsian character matrix.
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Appendix

Character List — List of characters used in the phylogenetic analysis. Characters 47 through 54
are intended to clarify pachyrhinosaur relationships (Fiorillo and Tykoski, 2012). Characters 55
through 57 are for further pachyrhinosaur clarification (Ryan et al., 2010). Character list is based
mainly upon that of Currie, et al. (2008).

1. Rostral, size and shape: triangular in lateral view with short dorsal and ventral processes (0);

elongate with deeply concave posterior margin and hypertrophied processes (1) (Sereno, 1986).

2. Premaxilla, septum shape: absent (0); present and subcircular (1); present and anteriorly

elongate (2) (Ryan, 2007).

3. Premaxilla, septum within narial chamber: absent (0); thick and has simple, plate-like
construction (1); thin, often with transverse perforations (2) (Langston, 1967; Forster, 1996;

Holmes et al., 2001).

4. Premaxilla, premaxillary (narial) process extending into the external naris from the

caudoventral margin of the premaxillary septum: absent (0); present (1) (Forster, 1990).

5. Premaxilla, thickened narial strut (separating fenestra through septum from narial opening)
along posterior border of premaxillary septum: absent (0); present, anteriorly inclined (1);

present, caudally inclined (2) (Forster et al., 1993; Holmes et a

6. Premaxilla, ventral expansion of posteroventral margin: absent, posteroventral margin of
premaxilla unexpanded and level with alveolar margin of maxilla (1); present, expanded

ventrally well below alveolar margin of maxilla (1) (Sereno, 1986; Penkas

7. Premaxilla, posterior tip of posteroventral process inserts into embayment in nasal and is

surrounded by the nasal: yes (0); no (1) (Forster et al. 1993; Holmes et al. 2001)

8. Premaxilla contact with lacrimal: separated by nasal and maxilla (0); in contact (1) (Lull,

1933; Makovicky 2002).

9. External antorbital fenestra size: large, 20% or more length of body of maxilla (0); greatly
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reduced to <10% length of body of maxilla (1); reduced to a foramen or absent (2) (Granger and
Gregory 1923; Chinnery and Weishampel 1998).

10. Nasal, (subadult) basal length of horn or boss: short based, restricted in length
anteroposteriorly (0); long-based, ornamentation covers almost entire length of nasal (1)

(Sampson et al. 1997).

11. Nasal, (adult) ornamentation type: absent or poorly developed, <15% basal skull length (0);
elongated horn >20% basal skull length (1); long based, low thickened ridge (2); boss (3)
(Forster et al. 1993; Sampson 1995; Ryan 2007).

12. Nasal, posterior margin of external naris: concave (0); pronounced tab-like process projecting

anteriorly into nasal vestibule (1) (Langston 1975; Sereno 1986).

13. Jugal, infratemporal flange (adult): absent (0); present, contacts jugal flange of squamosal
under infratemproal fenestra (1) (Brown and Schlaikjer 1940; Lehman 1996; Forster 1996; Ryan
2007).

14. Prefrontal, separated by frontals and excluded from margins of frontal fontenalle (0); contact
each other on midline, separate nasals from frontals and form anterior margin of frontal

fontenalle (1) (Lambe 1915; Forster 19990; Ryan 2003).

15. Prefrontal and lacrimal: form prominent antorbital buttress (0); do not form antorbital

buttress (1) (Currie et al. 2008).

16. Postorbital, (subadult) postorbital ornamentation horn core: conical, at least 3X taller than
anteroposterior basal length, rounded base and pointed apex (0); pyramidal, approx. 1:1 ratio

length to height (1); longer than high, rounded (2) (Sampson 199

17. Supraorbital (adult) ornamentation type: absent (0); present, horn (1); present, boss (2)
(Sampson 1995).

18. Postorbital, horn core shape (unmodified adult): elongate, pointed apex, rounded base (0);
pyramidal, rounded apex, at least as tall as base length (1); rounded apex, base longer than horn

tall (2) (Sampson 1995; Ryan 2007).
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19. Postorbital, horn core height (unmodified adult): long, >60% length of face (0); short, <40%
length of face (1) (Forster 1990; Holmes et al. 2001; Ryan 2007).

20. Postorbital, position of horn core (adult): posterior to orbit (0); over or anterior to orbit (1)

(Lehman 1996).

21. Postorbital horn core curvature (adult): no horn, absent (0); straight, dorsally, anteriorly,
anterodorsally, or anterolaterally curved (1); posteriorly curved (2) (modified from Forster et al.,

1993; Lehman, 1996; Holmes et al., 2001)

22. Parietosquamosal frill, length relative to basal skull length: elongate, 0.80 or more (0);
shortened, 0.70 or less (1) (Hatcher et al. 1907; Lehman 1996).

23. Squamosal, length relative to parietal: equal or sub-equal in lenth (0); squamosal <60% total

parietal length (1) (Sereno 1986).

24. Squamosal, shape of posterodorsal (medial) margin: straight (0); posterior portion stepped-up
relative to anterior portion, transition where quadrate groove passes from ventral dorsal surface

of bone (1) (Dodson 1986; Penklaski and Dodson 19999; Ryan

25. Squamosal, anteromedial lamina forming posterolateral floor of dorsotemproal fossa: absent

(0); present (1) (Dodson 1986).

26. Parietal, dorsal surface of medial bar: smooth and flat (0); small rounded midline bumps (1);

large spikes (2) (Sampson 1995).

27. Parietal, posterior surface on midline: posteriorly convex or straight (0); deep, U- shaped

emargination (1) (Currie et al. 2008)

28. Epoccipital, profile shape of epoccipitals on squamosal: not present (0); crescentic to lozenge

shaped (1); triangular (2) (Holmes et al. 2001).

29. Epoccipital, number of loci on parietal rami lateral to midline margin: none (0); three to five

(1); six to eight (2) (Ryan 2007).

30. Epoccipital, most medial process (P1): absent (0); unelaborated, posterior margin (1); short
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(Iength=base diameter) procurving hook on dorsal margin (2); long (length 2x base diameter)

procurving hook on dorsal side (3); triangular on dorsal side of parietal (4) (Currie et al., 2008).

31. Epoccipital, P1 orientation: absent (0); posteriorly directed (1); dorsally directed (2);

anteriorly directed in pronounced anterior curl (3) (Sampson 1995; Ryan 2007).

32. Epoccipital, P2: absent (0); unelaborated on posterior margin (1); small medially directed
hook (2); large medially curled hook (3); multipronged posteriorly directed (4); large triangular
profile (5) (Sampson 1995; Ryan and Russell 2005; Ryan 2007)

33. Epoccipital, P3 length compared to base width: absent (0); small unelaborated on posterior
margin (1); length 1-3x base diameter (2); length >4X basal diameter (3) (modified from
Sampson 1995; Ryan and Russell, 2005)

34. Epoccipital, P3 orientation: absent or small (0); posteriorly directed (1); posterolaterally
directed (2); laterally or anterolaterally directed (3); dorsolaterally directed (4); posteromedially
directed (5) (modified from Sampson, 1995; Ryan and Russell, 2005; Ryan, 2007).

35. Epoccipitals, pattern of fusion to frill margin: occurs from rostral to caudal (0); occurs from

caudal to rostral (1) (Lehman 1996).
36. Parietal process P4-P6: absent (0); present (1) (modified from Sampson, 1995).

37. Epoccipital, imbrication of lateral marginal undulations of parietal: absent (0); present (1)

(Sampson et al. 1997).

38. Predentary, orientation of triturating surface relative to horizontal plane of element: nearly

horizontal (0); steeply inclined laterally (1) (Lehman 1990; Forster 1996).

39. Dentary, coronoid process: incipient process with gently convex apex and no neck (0); well
developed but lacks anterior extension distally (1); high, powerful and expands anteriorly at the

distal end (2) (Lull, 1933).

40. Dentary, posterior extent of tooth row: terminates medial to coronoid process (0); termiantes

posterior to coronoid process (1) (Brown and Schlaikjer 1940).
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41. Teeth, roots: single (0); double (1) (Brown and Schlaikjer 1940).

42. Teeth, number of vertically stacked replacement teeth per tooth family: one or two (0); more

than two (1) (Brown and Schlaikjer 1940).

43. Tooth ornamentation: subsidiary ridges present, extending from margin to base of tooh (0);

subsidiary ridges reduced, present only at margin of teeth (1) (Dodson et al. 2004).

44. Sacrum, deep longitudinal channel on ventral surface: present (0); absent (1) (Lambe 1915;

Lehman 1990).

45. Ischium, cross-sectional shape of shaft: ovoid (0); laterally compressed and blade like,

narrow along dorsal margin (1) (Dodson et al. 2004).

46. Ischium, orientation of shaft: nearly stright (0); slightly decurved (1)1 broad and continuously
curved (2) (Brown and Schlaikjer 1940).

47. Premaxilla, anterior surface of narial bar between nasal and rostral bears: shallow transverse
grooves and ridges (0); two or more large transversely-oriented protrusions that contribute to a

rostral comb (1).

48. Nasal ornamentation or boss anterior end in mature individuals: a nearly continuous curved
profile from nasal to premaxilla (0); nasal with distinct anteriorly protruding, overhanging

'pommel' in some individuals (1).

49. Nasal ornamentation or boss posterior edge: stops anterior to orbit (0); stops dorsal to orbit

(D.

50. Nasal ornamentation or boss mediolateral width in mature individuals: much narrower than
underlying rostrum (0); approximately equal width to underlying rostrum (1); widest part of

antorbital region of skull (2).

51. Nasal and supraorbital ornamentation separation on dorsal skull surface of mature
individuals: widely separated (0); nearly in contact or contacting, separated only by narrow

groove (1).
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52. Elongate parietal process P3 lateral and medial margins: curved (0); straight (1) (McDonald
and Horner, 2010).

53. Parietal process P4: absent (0); small, unmodified epoccipital (1); small spike (2); elongate
spike (3) (derived from Sampson, 1995; McDonald and Horner, 2010).

54. Parietal process P5: absent (0); small, unmodified epoccipital (1); small spike (2); elongate
spike (3) (derived from Sampson, 1995; McDonald and Horner, 2010).
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