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ABSTRACT

The specimen upon vhich much of the present study is
based, UA 40, wvas tentatively assigped to Eoceratops by
Gilmore, in 1923. Gilmore uas unable to aake a positive
assignment because at that tiame, Ua 40 was still largely
inbedded/in rock latiix. Further, the only other specimen of
gggg;aggpg (NMC 1254, upon which the type species, E.
canadensis, is based) is incomplete; so much so, in fact,
that Ostrom (1966) con51dered the genus indeterminate. In
the course of the present study, however, UA 40 vas prepared
more completely and is«nOV‘assigned ulthout question to
Eoceratops, removing any possibility of that genus being
1ndeterlanate. ' |

In attempting to determine the afflnltles of
Eocegatops; several. lines of approach vere used: comparison
of osteologic features, reconstrqction of cranial muscles,
study of the mandibular mechanics and study ef the
properties of the skull relatea to resisting and
transmitting imposed stresses. From the results of these’
inquiries, it becanme apparent that Eoceratops is ;ost
..closely related to ggasnogau;us, although it appears to be a
side branch off the main Chasmosauyrus 11neage.
Arrhjinoceratops and-irice;atops also are related to
Boceratops and these, and related genera; belong to a
larger; '1ong—sqaalosaled" lineage. ggggg;ggigg,‘ -

iv
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Centrogaurus, Styracosaurys, Brachyceratops and

Pachyrhinosaurus, on the other hand, form a separate lineage

of "short-squamosaledn ceratopsians with very different

adaptations.
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Functional Craniolcegy of the Ceratopsia
(Reptilia: Ornithischia)

with Special Reference to Eoceratops

Introddction

In 1902, Lambe described a new ceratopsian, Monoglonius'
canadensis, based on a well bpreserved but fragmentary
specimen. Subsequently, owing to the incoaplete nature of
the type specimen, H. ggggggggig reeeived a variety of
taxonomic designations from other uorkers before Lambe
(1915) re- assigned 1t to a nev genus, - Eoceratops. After this
flnal de51gnat10n, the spec1len received little attention
and Ostrom (1966) went so far as to label Eoceratops
indeterminate. In 1923, Gilamore assigned'a second specimen
to Eoceratops but the specinen‘vas only partially prepared,
so the assignment was provisional éed did. little to affect
the uncertain status of the genus. (Lull (1933), in fact,
aid. not believe that this. spec1nen belonged to Eoc oceratops at
all~4see below) .) Recently, this second specinen tUA 4§0) has
been prepared coapletely on one side with the btalncase,»
supratemporal fossae, palate and~oc¢iput being'ex;osed, as
vell, In all comparable parts, UA 40 is~eufficient1y similar
to the type specimen of Eoceratops capadepsis to be included
in the same taxon so that “the genus . foceratops now is known

in enough detail to eliminate any possibility of it being
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indetérminate.
In the éourse of analysing the various cranial features
of Egceratops, it bécane evident that the genué occupied an
important position in the phylogény of the Ceratopsidae and
in order to elucidate thAt position, it became necessary to
expand the study to include as many members of the Suborder
Ceratopsia as possible. This work is not in any sense a
taxononic.revisioﬁ, but rather a survey of certain
structural characteristics and their possible functioas.
Since'fairly complete specimens are requiréd to make .
meaningful inferences in functional anatomy, many of the
specimens that would be considered in.a taxonomi& revision '
are ignored here but all valid genera are covered, with
var&ing degrees of thoroughness, and the resulfs are ﬁsed to
construct a-.possible phylogeny fo£ the Ceratopsidae. It is
hoped that this study will be of use not only in providing a.
more complete description of thé genus Eoceratops but in
describing ‘and attempting to explain the funct;ons'of'

various features of ceratopsian cranial anatomy.



I. Description of Eocegatops
(a) Description of type material

In his original description, Lambe (1902) founded the

species Monoclonius canadensis on disarticulated craniai
elements and an anterior, dorsal vertebra from one
indiyidﬁal, the right dentafy of another individual, a
separate ?nasal hbrn core, a separate tooth aﬁd a right
maxillaty (vith teeth).

The bulk of the material, belonging to a single
infdividual (NMC 5254); wvas discovered by Lambe, in 1901, "on
the cast side of the -Red Dee: river, Alberta, a short
diséance belov the mouth of Berry creek" (Lénbev1915,-p.1).w
"The right-dentary (ﬁuc 284) was found separately in 1897
'(Lambe 1902) « Lambe (1902) included this element in the type
méterial of ggggg;gg;gg éanadensig because it is'simiIAr"inb
size to the left dentary oftNBC 1254 but-the'dentaries of
ceratopsids show too'little variation to be the sole means
boffg;neric or specific identifiéation. Therefore, since NMC
*25; was not found in the same locality as the rest of the
type material, it must be considered indeterminate.

The separate ?nasal horn core is uttefly unlike ﬁhat of
NMC 1254 but since La (1902) originallyAidentified the
_nasal.of NMc £254 as the jugal, he was unaware of the
discrepancy at the"tiie he assigned this spécilen to

o

Monoclonius canadepsis. Probably, the hornmn core belongs to

/o
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“ ¢entrosaurus, for it has many of the characteristics of the

nasal horn core ef that genus (Sternberg 1938), but it

cannot be included in the type material of Yonoclonjus
capadensis. “

-In his 1902 paper, Lambe did not flgure the rlght
»naxlllary (NHC 285) that he referred to Monoclonjius
canadensis, although he figured\one tooth fronm this element
(Lambe 1902, pl. XVIIT, figs. 3 and 4) and he used NMC 285
for hls (1915) restoration of Eocg;g__g_ canaden51s. In
descrlblng th1s naxlllary, £;nbe (1902, p.66) stated only

-~ that the Pteeth are double fanged" and gave no further
1nformation regardlng thls spec1nen, which was found on the

- Mest side of the Red Deer River. Since isolated ceratopsid
‘maxillaries are insufficient ev1dence for generic
determlnatlon, and since thlS spec1nen was found separately
from the majecr portlon ‘of the type materlal (Nuc 1254), NNC
285 also must be considered 1ndeterminate.

Lambe (1902) referred the separate (dentary) tooth to

uonoclonlus canaden§_§ on the ba51s of its double-rooted

structure but all ceratopsids §3ve dodble-rooted teeth (even
Lambe (1902, p.65) adnitted’that'several species share this»
characterlstlc), so thlS tooth cannot be a551gned to any
particular genus within the Ceratopsidae.

Thus, all of the material referred by Lanmbe (1902) to
uonoclon1u§ gdggg;_ is 1ndeter11nate, except those
portions belonglng to the 51ngle 1nd1v1dual NMC 1254,

9
Although no one has stated directly that the rest of this
-



material is.indeterminate, there éppears to be a consensus
on this point, as both Hatcher, Marsh and Lull {1907) and
Lull (1933) listéd only the material belonging to NMC 1254,

Hatcher (Stanton and Hatcher 1905) referred NMC 1254‘t6
the genus ;Cé:atogs", saying later (Hatcher, Marsh and Lull
1907, p.95) that ' ’

*the discovery of this specimen is of the greatest
importance, since it affords the first definite
information regarding the character of the
parietals and squamosals that are associated with
the type of frontal horn cores shown in Marsh's
type of Ceratops montanus. A comparison of the
frontal horn of the type of the present species
[ "Monoclonius" canadensdis ] with that of Marsh's
type of C. montanus makes it apparent that they
are essentially the same, and I do not he51tate to
remove the present species from the genus
Honoclonlus Cope and place it imn that of Ceratogs
Marsh. Whether or not it should be regarded as
specifically distinct from Ce mon;anus I am unable
to say vlthout further study"

PINERCE.

\

Hatcﬁer did not live to complete the revision of genera and
‘species in which he‘iptéqged to settle this question and
that portibn of the monograph was undertaken by Lull. 0f the
diffetrences between gg;ggggg montanus and NMC 1254 iull
(Héiizer, Hé:sh and Lull 1907, p.572) said: "the énly
distinction Qnsfylie in the character of tﬁe supraorbital
horn cores, wﬂich, although Hatcher considers thenm —
‘essentially tie sa&e,' seem to differ in that the base 1is
subtriangulaf‘in section in €. montanus and circﬁiar in C.
canadensis.ﬂ'uoting fﬁrtﬁer that the curvature of the brou
horn cores is dlfferent ‘in these two spe01es, Lull JHatcher,.
Marsh and Lull 1967) left NMC 1254 in Cegat_g_ canadensis.

By 1915, Lambe had changed his own ideas concerning



this specimen, since by then he felt that both Monoclonjius
and Ceratogg wvere invalid taxa. Lambe (1915, p.11) noted
that the assignment to the genus Ceratops of speciméns other
than the type material of C. montanus ha@ ied Hatcher
(Stanton and Hatcher 1905; Hatcher, Marsh and Lull 1907) mto
assign characters to Ceratops {sic] for uhicﬁuthere was no
warrant in the generic type " The genus gg;agggg was founded
by Marsh; in 1888, oa-the brow horn cores and occipital
'condyle of a single individuai fronm the\Judith River-beds‘on
Cow Creek,lﬂontana (Lull 1933).. (The name "gggg;ggg":wae 
given to a genus of birds by Rafinesqueiin 1815 (Lulin1906)
but since "no description of the genus uas publlshed and as

no forms were mentioned as-: pertainlng to it, it becomes a

o nomen nudum [51c]" (Hatcher, Marsh and Lull. 1907, p.100) )

The type materlal of Ceratops montang_ is too fragmentary to

be a551gned to a genus or species within the Ceratopsidae

'and the other spec1mens a551gned to Cerat Qs (Stanton and

-

~Hatcher 1905) all have been removed to otner taxa.
"Cerato " Bauc1dens was referred to a "=drosaur,'

T

Lambeosaurus, by Ostronm (1964c). Lull (1933) placed "C.

recurvicorpus in Monoclonius, its orlglnal a551gnment before

Hatcher (Stanton and Hatcher 1905) placed it inm ge;a;ops

but Sternberg (1938) con51dered it to be a spec1es of
" _

Centrosaurus; "C." belli is now.Chasmosauras belli (Lambe

s
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1914b;t* and "C." gggadengig is now Boceratops capadengis

(Lambe 1915). Since the type specimen of Ceratops montanus

is too fragmentary to allow meaningful comparisons with
other specimens, no further material can be. referred to

either the genus Ceratops or the species C. montanus. The

indeterminate state of the genus Ceratops does not affect
the validity of the name Ceratopsidae, however, so it is not
necessary to adopt Cope's:"Agathaumidge", as pull had
suggested in 1906.

Lambe (1915, p.12) felt that the genus ggggglgg;g§ also
was "in a ver}'unsatisfactory state".and’vas *not

smfficientiy defined for use™ (1915, p.14), so he removed

type material of M. canadensis to Eoceratops

canadensis.?z As mentioned above, of all this material, only

——— e s i e

that pertaining to a single individual (NMC 1254) can be

retained in Poceratops canadensis; the rest, being

indeterrinate, is not comnsidered in this study.

Although fragmentary, the type material of Eoceratops
. canadensis is wvell preserved,.The largest element is the

right squamosal (NMC 1254a),.which is stentéglly complete,
- : : (=) ? .

1Lambe (1914a) .originally placed ®"Cepatops™ belli in the
genus Protorosaurus but later, whem he discovered that
Protorosaurus was preoccupied, he established the genus
Chasmosaurus for the reception of this species.

2The status of the genus Monoclonjus is discussed in a later
section. Whether or not Momoclonijus is a valid taxon, the
material assigned by Lambe (1915) to Eoceratops is ‘
sufficiently distinct from the material assigned 2o
Monoclonius (see below) to vwarrant the change in
designation. :

-



missing Snly small parts of the posterior and anterior edges
(Fig. 1a, b). As in Iriceratops (Lambe 1915; Lull 1933), the
squamosal is roughly triangular in outline and as in

centrosauruys and Styracosaurys, it is relatively short,

although in Centrosaurus and §t1tac0§gg;g§ the squamosal is

- rectangular.

The ventral edge of the squamosal of RMC 1259 carries a
series of projectioms, vhich.are short and proainent
anteriorly,qlong and lov posteriorly. The most anterior of
these projectioné’lies inmediately béhind the jugal notch. A
distinct change in texture separates the rugose lateral
sufface of this projection from the smooth surface of the
rest of the squamosal. Although there i§ no trace of a
suture at the base df this, or anonthet prdjecfion on NNC
1254a, the abrupt change in surface texture strongly
suggests that this antefior'projectioh is a large, °
codssified epoccipital. The next ﬁan more posterior
projections also have ruéose surfaces that céntrast vith the
smooth surface of the rest of the sgnamosal, but on theée,
the tvo textures nefée graduglly into_eéch other, with no
sharb delarcatian Pethaps the process of coossification, -
£o ~d anteriorly with time and the four projections, if théy
are indéed epoCcipitals, fusgd with the squamosal uhi;e the
sufdre at the base of “he most anterior époccipital still
wvas open, thereby accounting for the féct that g'qlear
change in texture is visiﬁle only on the anterio; '

AN

projection. The last two prdjections are mere undulations of

Mo 2t e



Pig. 1. Right squamosal (NBC 1254a) of type specimen of
ﬁggg;atgé§ canadengis, x.20. a. Lateral view showing
sutural surfaces for postorbital (po), jugal (J).
jugal notch (jp), gnd iateral temporal fenestra
(1tf). b. ﬂedi&l viev'shoﬁing sutural surfaces for

quadrate (q). pariefal (p) and exoccipital (ex).
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the edge of the squamosal, Bith.a rugose texture that is
shared by the rest of the posterior part of this element.
These could represent completely codssified epoccipitals
presunabl§, although it seems more likely th?ﬁ they never
vere seperat ossifications. If the rhgose texture indicates
a keratieousez;;EIing in life, howvever, as Hetcher; Marsh
and Lull (1907) suggésted,-these posterior projectiens may
,have snpported keratinous "epoccipitals".’ h
When considering the ceratopsid specimen UA 40, both '

Gilmore (1923) and Lull (1933) noted the presence of
b

A
epoccipitals, which they believed were not present\in the

type specimen of. Eoceratops canadensis. (This supposed
diffefence, in fact, was one of the reaeons why'Gilmore
(1923) only provisionally assigned UA 40 to the genus
Eoceratop§fr71f the projections on the-ventralledge of the
squamosal of the type specimen are codssified epoccipitais,
however, then the only difference between UA 40 and NMC

1256a in this\feaiure is the degree of fusion of,the

e#occipiyals onte_the }rill. Examination of the sutures of
the twvo sbecilens of Eoceratops (see below) indicates-éhat
KMC 1254 ;sva,relative}y younger iﬁdividualvthan UA 40.
Since the epoccipi;als of UA 40'ére distinct‘elenehts, if

. the projections on the squamosal of the type have been
inte:preted eorrectly, the sequence of‘sutqfal closing
between the epoccipitals and sgquamosal vas somevhat

different in the two specimens.

The anterior edge of the squamosal of NMC 1254 is
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complex. véntrégly, there is a vertical, slightly thickened
édge that represénts the posterior border of the jugal
notch. porsal to this edge lies a small part of the
posterior edge of the lateral telporai“fenestfa, wvhich
separates the jugal notch from the complex sutural surfaces
for the reception of the jugal and the postorbital.t
Posteriorly, the squamosal is short, blunt and thick
‘but more anteriorlj, the dorsal edge of the bone is thin,
sinée the medial éurface is excavated for the reception of
an elongate anteriﬁr extension of the parietal. Aﬂterior to
this extension the séuamosal thickens again, forming a
series of‘bon} ridges and knobs aloﬁg its dorsal surface.
{Lambe (1904a) felt that the smallest and most posterior of
these gmhellishments m§ght have-béeﬁ an area,of muscle
attaéhment but according to the present reconstruqtion (see
beloi), all these structures are too far removed ffom the
supratgmporal fossze to have performed such a‘function;)
Ipmediately anterior to the most posterior kﬂob there is a
aeep but narrow groové, Hhich‘degpens antero—nedially to
join a latgér grooVevon the dorso-medial surface of the:
‘quamosal, although it persists for only a short disfance on
thellateral surface of the squamosal. Laibé (1904a, 1904b)
1In the afea occupied in most reptiles by the postorbital
and postfrontal bones, in ornithischians there is a single,’
large ossification (Romer 1956) . There is no evidence to
indicate vhether this bone represents the postorbital, '
postfrontal or a combination of both. Since Romer (1956) bhas

labelled this element the "postorbital®", for':the sake of-
consistency, it is labelled. postorbital here, as vwell.
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described this groove in some detail but offered no
explanation of it& function. Prom the narrowness of the
groove, and its sinuous path, it appeafswlikely that in life
it held a large blood vessel. (AAsililar but less pronounced
groove lies in approxinatelyithe same positien on UA 40.)

hnteriorly, the dorsal edge of the sqdamosal of the
type specimen fornsra'horizontal platform, the posterior
edge of which lies immediately above the thickest portion of
the 'squamosal. Anteriorly, the entire dorsal surface of the
squamosal becomes increasingly rugose and the horizonmntal
'platforn supports three conspicuous ridges, as well. The
anterior ridge ends in a rugose peg that forms part of the
sutural surface for the postorbital.

The lateral. surface of the sgualosal is relatively
" smooth, except for ccntinuations of the ridges from the
‘aofsel'edge. posteriorly, the lateral surface'is concave but
elsevhere it lacks distinct‘topographie featutes. The medial
surface is more complex (Fig. 1b). Above the'posterior edge
of the jugal notch is a deep, ‘triangular depression that
housed the proximal head of the quadrate. Thick ridges on
either sidé’of this depre551onpbraced the quadrate further
and the thickest and most posterlor rldge also has a sllght
central depre551on for the reception of the lateral edge of
the exoccipital. This arrangelenh is typical of ceratop51ds,
ensuring that no movement of the quadrate vifh-reSpect to
the rest of the skull would have been possible. Anterior to

these features, the medial snrface.is,deeply excavated,

LA v At
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bearing grooves and depressions that formed a complex
sutural surface for the postofbital.-

The only part of the parietal that is preserved in the
type specimen is a 1ong,'an£erior extension of the right
side, This element (NMC 1254b) is rougﬁly triangular,
arficulatihg vith a deep groove on the dorso-medial surface
of the squamosal (Fig. 2). When articulated, the end of the
parietal projects beyond the posterior edge of the squamosal
and when complete, it must have projected even further.
Whereas the lateral surface of NMC 1254b is flat and
articulates smoothly with the squamosal, a prominent ridge
extends along.the medial surface, separating a broad
ventromedial area from a more narrow dqrsal area. ..

Lambe (1904a, 1915) felt that the frill fenestrae of
this_indi!idual (NMC 1254) differed from those of other
ceratopsids in having part of the lateral boundafy formed by
'the Squanosal,’insfead of the' entire fenest;a lfing within
thé coalesced parietals; (0nly the lateral edge of the right'
frill fenestra of NMC 1254 is preservéd.) In- form, the
anterior portion of the squamosal and the préserved portion
of the parietal of NMC 1254 are very sini;ar to the
correé%gﬁding elements in Chagmosaurus and éen;ace;atgg§ and

ptobably t be shape of the complete fenestra also was szlllar

to that of Chasnosaurus and gen;a eratops. In Centrosau

- Styra cogau;us, Ag;hlnoce;at ps and Anc hlceratogs, ‘the



Fig.; 2. Right squamosal (NMC 1254a) and antgrior extension
of right parietal (NMC 1254b) of type specimen of
vgggg;ggggg canadensis, showvwing the posterior
projection of the parietal (p)»and the medial ridge

on the parietal (m). Xx.20.
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fenestraet lie entirely within the parietals.‘In'the

long?squémqsaled genera Chasmosaurus and Pentaceratbp§,
however, the 1aterai parts of theAparietal are extremely
narrowv, forhing thin, anterior extensions that lie alnost'
directly beneath thé dors:l edge of'the‘squagosal, so that
the squamosal participafés in- the laterér_border of the

fenestra. Nonetheless, in both Chasmosaurus and

Pentaceratops, given a complete parietal but no squamosal,

it still wouid be possible to define the shape of the
feﬁestraevéxactly. Futhermore, based on the sihilariiy
betwéen'ggggggggg;ggland gggg;gﬁggg; presumably one could
define the'friil'fenestrae of gggggg;ggé in the same vay, if
the entire parietal were known. By this criterion,
therefore, the frill fenéstrae in all ceratopsids liejvholly
withinwthe parietals and any differences with respect to the
'positiog of the squamosal are merely différences of
prqportioh that do not reflect fundamentally different
patterns of develcpment.

Tﬁe similaritie§ between the squamosal andbthe
pfeéerved part 6f'the pafietal of NMC 1254 (ggggggggg§j and

comparable parts of the frills of Chasmosaurus and

Pentaceratops are quite extensive. In both Chasmosaurus and

. Pentaceratops the basic shape of the squémosal is

1This discussion concerns only the main, paired frill
fenestrae that are present in all ceratopsids except
Triceratops. Supernumerary fenestrae, which may occur in
either squamosal or parletal and are unpaired and varlably
dlstrlbuted, are discussed 1n a later section, ' o
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triangular, as in Eoceratops, although the posterior extent,

of this element is much‘greater than in Eoceratops. Ther,ais
a distinct change:in'the slope of the dorsal border of the |
-squamosal, asdin Eoceratops, with the short, anterior
portion belng more or less horlzontal and the long,
posterior portion belng strongly inclined dorsally. The
lateral surface of the squamosal is concave, although this
concav1ty is relatively latger and deeper than in |
Eoceratops, owing to the greater extent of the dorso-medial
ercavation supporting the anterior extension of the
‘parietal. (Thi$’dorso—medial'excavation is reflected on the
lateral surface by a thickiridge, forning the dorsal border
of the lateral concavity, so that a deeper excavation on the
medlal surface results in a larger ridge, and a relatively'.

deeper lateral concavity.) Also, the anterior extension of

the parietals of Chasmosaurus and Pentaceratops closely

resembles that of Eoceratop . Therefore,_despire'the fact

| that the frill of NMC 1254 is 1ncomplete, the presence of so
many features ‘that are 51m11ar to comparable parts of
chasmosau;us and Pentaceg_;op_ 1nd1cates that the complete
frill pf Eoceratops probably vas 51m11ar to those of the
long-squamosaled genera- it likely had elongate fenestrae, _
completely surrounded by the parletals but with the lateral
part of the parietal<so attenuated that the squamosal would
lie adjacent to the frill fenestra. ‘Although the exact ' |
extent of the parletal posterlor to the squamosal is unknown

“in’ Eoceratogs, comparlsons with Chasmosaurus and



Pentaceratops suggest that the pafietal formed a thick bar

that projected only slightly beyond the posterior'edge of
the squamosals. |

The anterior, as well as thé posterior edge”bf the
parietal of NMC 1254 is broken, so that the anterior
'boqndary of the frill fenestra is missing. (Lambe (1915)
.apparently considered the broken anterior end of the -
'parietal to be the farthest anterior extent of this element,
‘although he did not discuss the anterior boundafy.of‘the
ffill fenestra.) Based on the similarities‘between the |

AN

preserved parts of the frill of the typerspecimen and'the'

frills of Chasmosaurus and Pentaceratops, it seemé:likely
that the more anieriqrvbarts of,tﬂe parieials also were‘"
similar in these genera and Eoceratops. If this assumptionv
is correct, the parietal of Eoceratops would havé formed a
.thin, broad plate, extending fcrward f;on the anterior edge
6f the friil fenestra to form the floor of the supraéemporal

-

fossa. Medial to the fossa, the pariétal vould have formed a

thickened, rugose, shield-like area, thinning posteriorly at

the medial borders of the two frill fenestrae and finally
joining the posterior bar mentioned above. This assumption

"is supportéd by-compériSons between fhe type spécimen of

- Eoceratops canadensis, Chasmosaurus, Pentaceratops and UA 47
(see below).

The element that-contdiqs most of the orbit and the

brow horm- core of the type specimen of Eoceratops canadensis

(NMC 1254d) (Fige 3a, b) was described by Lull (1933, p.91)

[~4



Fig. 3. Right postorbital, frontal ang prefrontal (NMC

1254d) of typeﬁgpeéiﬁen of Eoceratops canadensis,
Xx.20. g. Ldféfal view shogéng orbit (o), brow horn
/goré/ih), and sutural surf;ces for lacrimal (1),
jugal (J) énd squamosal (s;.‘b. Ventromedial #igu

shgwing frontal fossa (ff).
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as ﬁthe right postfrontal and prefrontal". As mentioned
agove, the "postfrontal®™ is termed here the "postorbi tal"”
and vhereas the prefrontal is present in_thiS‘specilén,
parts of the frontal almust certainly are present, as vell.
(In all cefatogsids,_the area betveen the anterior part of
the frill and the brﬁu horn cores often is difficult to
;interpret because of sutural fusion.)

‘ In NMC 1254, the orbit_is oval, vith the long axis
vertical. The brow horn core arises immediately dorsal to
the orbit, the rim of the orbit continuing smoothly into the
lateral surface of the hormn core and the base of the horn
core lyihg almost directly above the anterior edge of the
orbit. Although its base is robusi; the horm core tapers
rapidly to a narrow tip, with é circular cross section fér
most of its length but a basal cross section that is
slightly conpressed'laterally. The horn core is upright and
recuived; at its base there are a[feu deep vascular marks
Eﬂi/ﬁeéf/;f its surface is relatively smooth.

Lgnbe (1915) and other authors have suggested that the
§§ze aﬁd shabe\of the:brou:horn cores of ceratopsids have
taxonomic significénce..Certainly,.one~can define trends in
this_féature:'gggtgéggngﬁs, for instance, has extrenelyl
short, triangular brow hornicdres uhile those of
Pentaceratops are extrélelyﬂlqng, tapering distally to a
sharp point. ﬁonetheLésé,'the precise configuration of the
horn cores doés not seem to be of great taxono‘ic

importance, at least at the generic level. Chagmogsaurus
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ygggggg; has long, tapering brow horn cores quite similar to
those of §ggg;a£09§, but Chasmosaurus belli and C.
brevirostris have short, triangular born cores, ibrg siliiar
to those of Centros..prus than to Chagsmosaurus kajseni. An
attempt to place Chagmosaupus ggiiivaqd C. brevipostris in
the genus ggng;ogag;gs on the basis of this similarity,
hovevef, wvould be ridiculous in view of the'rest.of the
features of the skull, vhich are'yery different from those
seenlin Cept;osau;gs. (Cngsnoséh;ggt;g§§gll; gpparently
lacks broJihorn cores altogether, although the bone abdve
the orbital rim is thick and rugose and may have supported a
keratinous sheath (Sternberg 1940).) In ceratopsids, the
brow ho;n Eores often shbv considerable posf-nortel
distortion, as in UA 40, or distortion due to disease or
injury, as in the left horm core of NHC 2280 (Chasmosaurus
belli), making variation in this structﬁre even less useful
as a taxdndlic character. Thus, fhé'features cited by Lull
(Hatcher, Marsh and Lull 1907) differentiating "Ceratops"
(=Eocegratops) éanageggis fros e.a o montangs a;e not of
Utaxononic signifiéanéé. Nor can leaninéful co-parisons,'
allowing the assignnen£ of furth;r material to the genué
Cegagogé, be ladeﬂgn the basis of the brov'horn cores of the
type species,‘g.~lon§gnu . | : 7

The brow horn corés of gggeta;ops gfe forned; aS'in ail
cerafopsids,”by the postorbital. Posterior to the brow horn
cores, the‘postorbital,has a ventral flange with distinct

Sdtural surfaces for the jugal, ventrally, and the
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squamosal, posteriorly. fhe anterior edge of this flange
forms part of the edge of the orbit. Much of the medial
surface of the postorbltal of NMC 1254 (Eoce;_ggg_) (Pig.
3b) 'is covered by a plaster support but anteriorly, one can
d1st1ngu1sh part of the frontal fossa, which in 11fe would
have lain between the braincase and a secondary roofing
formed by the frontals and postorbitals. The fossa appears
to have been large in Eoce;a;opg although only the right
lateral wall is preserved in'the type specimen. This wall
contains three majosidepressions: a 1arge,.deep posterior
concav1ty, lying 1lned1ately posterior to the brow horn
core, and two shallower, anterior concav1t1es, lying
directly‘beneath the horn core and separated from the
posterior concavity by a prominent ridge. |

| Lambe (1915, p.Sf described the prefionte; of the type
’speCinentof goggggggg§ ;s‘a¢snall element boondeo "outwardly
on two of its sides .«« by the postfrontal."™ A vhite line-
has been dfawn‘on the dorsal surface of NMC 12544 to
'indicate the extent of the prefrogzgi, aocording to Lambe's
ioterpretation. This line folloys a deep, irregular .groove '
,‘io the surface of the bone buﬁ it seenms unlikely that this.
Qroove represents a Sufure and more‘probably,.Lanbe's
f"suture" is o crack caused by~post;morten crushing. Lanoe's
1nterpretatlon requlrES an anterlor extension of the |
"postfrontal® (postorbltal) to project be;ueen the'
‘prefrontal and lacrimal, so that these tﬁovlatter eleoenfs

do not meet. I am not aiére-of‘a siniiar condition in the
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skull of any other reptile and since there are clear
indications ofra sutural surface for the lacrimal on the
ventral edge of this "postfrontal" extension, the groove
cannot represenr part of the prefrontal-lacrimal suture
either. Given the improbability of an anterior extension of
the ﬁpostfrontal", as postulated bvaambe (1915), the fact
that the prefrontal sutures generally are obliterated in
ceratopsids, at leaer posteriorly,.and the fact that the
sides of this "suture®™ have a rough, broken appearance,
probably this groove is a crack and the postorbltal frontal
and prefrontal sutures have been obliterated by
c00551f1cat10n.
| . Lambe (1915) figured and descrlbed a rough surface on
the anterior edge of the orbit as part of the sutural-
surface for the lacrimal but there is also a smooth, thin
sutural surface onnthe ventral edge of the prefrontal,
apt r to thls roughened area, which contributed to the
prefrontal lacrlmal suture. The . p051t10n of this suture
corresponds to the’ p051t10n of the prefrontal- lacrlmal
suture in UA 40, and in other ceratop51ds vhere this suture
is visible. - | |
'noet, perhaps all, ornithisehian dinoEEﬁrs possess
palpebral (=supraorbital; suprac111ary) 0551f1cat10ns,‘small
bones of variable size and shape lying in the dorsal' portion
_,of the orblt {Coombs. 1972). There is a single, large
palpebral projectlng 1nto the antero-dorsal portion of the

orbit .of psittacosaurlds (see Coombs 1972, fig. 3B) butrin{-

\‘;
N
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both_protoceratopsids and ceratopsids, the palpebrals are
relativelj small. (In protoceratopsids, this element
art1cu;ates loosely wlth the prefrontal, a situation found
elsewhere among ornlthlschians only in the ornlthopods
(Coombs 1972).) According to Coo-bs (1972, p.643), the
"presence of a palpebral in ceratopsids is equivocal."™ In
_seme cases, UA 40, for example, there is a distinct
elevation on the anterior edge of the orbit that clearly
represents a palpebral bone fused into the iacrinal,
prefrontal and postorbital ossifications. More often, if a
palpebral ossificatiomn ie present, it has fused smoothly
into the rest of the orbital rim. Since distribution of this
element is‘erratic withi%ﬂthe Reptilia (Coombs 1972), it is
pessible that not all ceratopsids possess'a pelpebral bohe
but since palpebra;s are present in psittacosaurids,
protoceratopsids and some ceratopéids, these elenente
pfobably are present in all eeratopsids, although they are
more proainently deveioped in some species. Certainly, the
presence of palpebral ossifications appears to be a
primitive charecter for the Ceratopéia. . | o
Even vhere'fused into thevanterbital region, palpebrals
vould serve to strengthen the anterlor rim of the orbit, -an
area that undoubtedly vas snhjected to large stresses (see
belov). In the type . spec1len of Eoceratops capadepsis. there
is a sllght thickening where one would expect a palpebral
0551f1cat10n, although thls thlckening is not as promlnent

as in. 0A 40. Probably this feature exhibits considerable
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individual variation, the exact shape being less important
than the function of thickening and bracing the orbital rim.
Not all the sutures bounding the prefrontal of NMC 1254

(Eoceratops) are fused; anteriorly,‘theré is a deeply

notched surface for the reception of the nasal. Part of the

'nasal (NMC 1254c) articulates with this surface but the rest

.éf-thevprefrontalohasal suture, and all of the
lacrinal -pasal are lost (Pig. uﬁ, b)

| The nasal horn core of the type spec1nen is short and
triangular in outline, arising above the posterior edge of
the external nari&l opening. Lull (1933, p.91) stated that
wthe skull [of NMC 1254) ... differs from all other Belly .

River genera in the nature and position of the nasai horn

core. The character may be partly juvenile, but the position .

over the‘fbruard margin of the narial opening, instead of
over the rear, separates it from Monoclonius
(ggggzqgau;u§),.Qgggnosan;us, and styracosaugus, and likens
it-to the Lance Triceratops."™ In making ihis statement, Lull

seems to have been influenced heavily by Lambe's (1915, pl.

I) restoration of Eoceratops, in which the nasal elenent has

been rotated. anterxorly so that the nasal horn core lies
above the (restored): anterio: rim of the external narxal
opening. Although the prefrontal and nasal of NMC 1254 can
be articulated, the'edges'of the sutural Surfaces-are broken
and the fit is not exact. Thus, the neat fit shown-bf Lambe
,(1915) is nisleading andhthé nasa; horn core probably vas

noreAﬁpright than in his restoration. Comparison with UA 40;

/ﬁ:‘.‘m‘r



ig. 4. Right nasal (NMC 1254c) of type specinen'of

Eoceratops capadensis, X.25. a. Lateral view showing

external narial opening (eo), and sutural surfaces
for epinasal (en) , premaxillary (p) and prefrontal.

(pf) . b. Medial view showing sutural surfaces for

opposing nasal (n).
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which has an extrenely similar nasal region, also indicates
a nore uprlght orlentatlon, plac1ng the nasal horm core over
the posterlor edge of the external narial opening, as in
most other ceratopsids. (Lambe's (1915) restoration of the
premaxlllary probably is incorrect as weli, since it places
the anterior edge of the extermnal narlal openlng in a more'
posterior position than is indicated by UA 40.)

fThe anterior edge and much of the 1aterai surface of
the nasal horn core of NMC 1254 suppcfg a large, highly
rugose surface for the reception of a separate epinasa1‘
ossification. sllghty below the apex of the horm core a
,small'fragnent of the epinasal is preserved, throughly fused
to the underlying nasal, but no other portions of-the
epinasal are evident,lindicating that coéssification'of the
nasal and epinasal tock'place gradually and did not inve -
the entire sutural surface at one time. When complete, the
ep1nasa1 must have been a relatively large element ‘as the
sutural surface-extends from the dorsal tip of the horn core
to the artlcular surface that received the dorsal process of
the premaxxllary. The shape of the sutural surface and the
presence of a medlan csuture in the nasa.. horn core indicate
that the eplnasals vere paired. The median sutural surface~
~is inconmplete ventrally but, when conplete, it vonld -have
-extended from the tip of the horn core to the levai of ‘the
v dersal edge of the external narial opening. Beneath this‘
sutural surface, the nasal is deeply'concave and the bone is

much thinner. The anterior edge of this concave surface
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forms part of the édge\gf\the external narial opening,

At the anterlor edge a§ ‘the sutural surface for the
epinasal there is a short, rounded articular surface for the
reception of the dorsal process of the premaxillarf.l
Ventrally, the nasal of gggg;ggggs has two stout projeotions,
that articulate with a strong posterior projection‘of the

premaxillary so thafdtogether, the nasal and premaxillary

surround the external mnarial opening. The ventral

nasal- premaxillary suture 1s much mére complex than the
dorsal nasal-premaxillary suture, vhlch is a simple scarf
joint (see below) . The ventral edge of the nasal forms two
Darrov - processes- the anterlor one overlaps part of the
postero-dorsal premaxillary process, while the broader,
posterlor process underlies this same structure. Io NMC
1254, a distinct ridge oa the posterlor process marks the
limit of the overlap betwein these two bones. (The ventral
edge of the anterior process is broken in NMC 1254 but when

conplete, the two processes probably were the same length,

:as they are 1n UA 40.) This overlapplng articulation’ ensured

a strong ventral union betveen the nasal and premax;llary,
whereas the dorsal articulatien betveen these two célements
was not as strong._

- In the original description“of "uonoclonlus""f

(=Eoceratops) canadensis, Laabe (1902, p.63) referred'io,
but neither described noér figured, "some other parts of the

skull {of NMC 1254], norqyet fully determined". These-

‘elements are not described in anysubsequent papervdealing
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with this specimen and in 1915, when Lambe listed the type

material for Eoce;g;ops canadensis, he did not mention these

"other parts". Included with the type material of Eggg;g;gps
canadensis is a small,. rqughly(d1anond-shaped element
bearing the same catalogue number (NHC 1254), taxonomic
designation and collector's name as the rest of the type
material (Flg. 5a, b). It is p0551b1e that thlS element i;
part of the "other" material referred to by Lambe (1902),
although itudoes‘not appear to be part of the skull and it ;
is tog incomplete to be identified.

The only dther part of the head skeleton of the type of
Eoceratops that is preseryedvis the left dentarf.(uuc 1254e)
. (Fig. 6a, b). Thisrelement is deep and robust, with a
strongly developed coronoid process thatlis narked by a

distinct anterior hook, and a ventral edge that is slightly.

A{ convex, although not to the degree seen in older individuals

of»Protoce:gtops. No teeth rgnain in the jaw and neithér the
predentary.nor any of the post-dentary bonés are preserved.
A partially restored présadfal vgrtebra (Nucb1254)
(Fig. 7a, b) is the only part of the postcfanial‘skeleton
known for the type specimed of ggggigggg§ qanadensis, with
the possible'eiception of the ?postdranial fragnent
‘described abo#e..Lamb; (1902) identified this vertebra as an
antefdor{dorsal but. there is some dispute as to the
aséignment'of posterior "cervidals" and anteridr "dorsals"”
in ceratopsids. Hatcher (Hatcher, uarsﬁ and 711 1907, p.47)

distinguished cervical frcm dorsal vertebrae in ceratopsids
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5.

?Postcranial fragment (NMC 1254} of type specimen of

Eoceratops canadensis, x.45. a. "Dorsal®" view. b.

"Ventral" view.
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ig. 6. Left dentary (NMC 1254e) of type specimen of

Foceratops canadensis, x.3. a. Lateral view showing

coronoid process (cp). b. Medial view showing

inframandibnlat canal (ic).
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gi) of type specimen of Eoceratops canadepsis.
x.35. a. Anteriof viev showing anterior zygapophysis
(ai), base of neural spine (ns), transverse process
(tp) and cenfrul (c) . b. Posterior view showing
posterior zygapoph}sis (pz), neural cahéi (nc) .,

tubercular facet (tf) and capitular facet tct).
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. "not so much bf.differences in the verteﬁrae themselves as
by the.differences in the ribs which they support®, cervical
ribs being straight and thoracic ribs being strongly curved,
and he maintained that this criterion applied to "all
herbivoroue d%nosaurs". Brown (1917, p.288), howefer, felt
that "in the cervical series throuéhout the Dinosauria (sjc]
the:capitular facets are invariably located on the centra.of
the vertebrae, the change from the cervical to tﬁe dorsal
series being marked by the rise of this facet ‘from the
centrur to the neural.arch,ﬁ As thehtyo series of vertebrae
gradejinto each other, and both form of ribs end-positibn of
:capitular‘face;s‘chdnge gradually} the distinetion between
dorsalvand cervical is rather arﬁitrary; No rib is.presérved
with Nﬁc 125&, so it is not possible te apply Hatcher's |
'crlterlon but by Brown's d%flnltlon, thls vertebra belong

to the posterior cervicals, as the capitular facet is on the
dorsal edge of the centrgn._ihatever the terninology, Y
}analogy to other_Cefatopsids in vhich the vertebral colein,
is complete, this vertebra has aéproxinately ninth in the
coluan, counfiné the threeveoalesced_anterior cervicels as
I, II and III._(Lambe (1902, fig. 19) illust- ' 3 but did
not describe this vertebra, nor was it describe=d .n
subsequent paperé dealing with NHC 1254.) Tz~ ~c.ral spine
is broken but the orientation of its base indicates that the
.spine was more er-less vertical. The centrum is biconcave,
‘although the anterior surface is only very slightly concave,

and the sides and base offthe centrum are excavated,.

1
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although not to such a degree that-this vertebra could Se
termed pleurocoelous. The neural canal is partially restored
but endugh of the posterior edge of the canal remaihs to
shou that it was large, again indicating the rglativelmr

anterior position of the specimen, since the cervical

"vertebrae are characterized by large neural canals (Lull

1933) .
(b) Description of UA 40; comparison with NMC 1254

All the cranial elements known for NMC 1254, except the

anterior extension of the parietal, are present in UA 40

‘(Pig. 8a,-b) and in all compégéble parts the two specimens

.are extremely similar, supporting Gilmore's (1923)V‘

assignment of UA 40 to the genus Eoceratops.

The squamosal of UA 40 is incomplete posteriorly,

lacking much of the posterior edge. From conparison with

AMNH 5401 (Chasmosaurus kaiseni), Lull (1933, pl. VIIB)

’ restored the missing partsbof the squamosal on DA 40 as a
- long posterlor exten51on, longer than the portion actually

'present. As Lull recognized in doing this, the Squalosal of

UA 40 is 51m11ar to- that of Chasmosaurusg kalsenl. but it is
also very similar to that of Eoce;gtogg (NNC 1254), vith the
main difference between the frills of gggg;g;gpg and-
Chasmosaugus ka;geni, a~ far as is-knoun,.being thé‘extent
of the posterior portion of €he squamosal. The;squalosal of

UA 40 may have had a long posteriof extension, as in



Fig. 8a. Left lateral view of skull of UA 40 (Eoceratops

canadensis), x.22,.
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Fig. 8b. Left lateral view of skull of UA 40 (g_cerat ps

canaden51s), Xe22. (For abbreviations for thlS, and

all subsequent drawings, see nTable of

Abbreviations" on p.xvii.)
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ggggggggg;-g kaiseni, but anteriorly it is relatively deeper
than in C.»kglsenl, closer to that of Boceratops: and what
is present of the squanosal postorbltal suture is also
somewhat closer to the condition seen in Egge;atogs. In all
known specimens of Chasmosaupys, as in Boceratopss the
epoccipitals are completely fused to the squamosal, forming
mere undulations of the ventral surface rather than separate
0551f1cations, so the character of the epoccipitals of UA 40
does not debar this specimen from Eoceratogs any more. than
from ChasmosSaurus. Therefore, since there is no positive
evidence of a long posterior extension of the squamosal of
UA 40, and since the squamosals of UAVQO and NMC 1254 are
‘very similef, I have restoreé UA 40 with a short squamosal,
as in the type'speeinen ofigggera;ogs capnadensis. '

The squaioséls of both UA 40 and NMC 1254 (Fig. 9) show
a distinct change in the slope‘ef the dorsal surface and the
general outline ig similar except in areas of breakege or,
in OUA 40, vhere the sutures have been obliterated. Both show
a relatively small lateral teaporal fenesfra (in a more

. .

dorsal position than in other ceratopsids), a 1arge”jugal
. potch and a thickened postero-dorsal ridge that presunably
is correlated vith an elongate anterlor extension of the
_pgkletal in both individuals. Both spec1nens show dlStlnCt
ri@ges on the dorsal edge of the squanosal although these
ridges,are}fever in_nulber and less pronlnently developed in
UA 40. Exeept for the squanosal-epoccipltal sutures,

houever, the sutures bordering the squamosal of UA 40 are
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Pig. 9. Ridht squamosal (NMC 1254a) (image reversed) of type

specimen of Eoceratops canadensis superimposed upon

the left squanosal of UA 40 (E. canadensis)., x.29.

(UA 40 - stipple; broken edges - dashed lines.)
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closed, whereas in NMC 1254, even trough the squamosal is
larger than that of UA 40, these sutures are open,w
1nd1cat1ng a younger individual. (Such differences in size
and ornamentation may be due to individual variation, sexual
dimorphism or different taxonomic relationships but with
such a limited number ‘of specimens, oneﬁcannot estimate the
taxonomlcllmportance of these variations. ) UA 40 also shows
a rough, flattened area, almost circular in outline. on the
.dorsal edge of the squamosal, which is rot.present in NMC
1254 but this area probably is pathologic in origin (see
below) so that its absence in NMC 1254a is not significant.
;. Both Gilmore (1923) and Lull (1933) mentioned the

dif ference in orientation of the brow horn cores of UA 40
and NMC 1254, aithough neither author considered this
difference important. The area anterioFLto the prow horn

" cores in UA 40 is badly crushed so thet the harn_ cores would
have been nmore nearly ubright in life, as in NAC 12544, and
when. restored in this more upright position, the brow horn
cores of UAVQO arige above the anterior rim of the orbit, as
in NMC. 1254. Probably, there vas individual, sexual and
ontogenetlc varlatlon in the shape and 1nc11nation of the
brov horn cores of ceratopsids, as there is in modern
hovigs,\so minor variatioms in the horn core should not be
considered taxononicelly important._The shape‘énd
proportlons of the horn cores and of the

postorbltal-pregrgntal region are very similar in UA 40 and

NMC 1254& (Fig. 10), again, the apparently great differences

‘\



j. 10. Right postorbital, frontal and prefrontal (NMC

1254d) (image reversed) of typé specimep of

rFoceratops canadensis superimposed upon the left

postorbital, frontal and prefrontal of UA 40 (E.

c&nadensis), X227 (UAVQO - stipple; broken edges ~

jashed lines; coossified sutures > dotted lines.)

-
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® .
in the.btefrontal regicn being caused by ctushing. (Cruuning
between the brov horn cores also makes it ilpossible to"”
describe the frontal fossa of UA aO v

As tentioned above, the cobssified palpebral of UA ao
is much more proninent than that of nsc 125! but this g
difference is so slall lhen conpared to the ow;rall
similarity- betueen these tuo specilens in thie r2gion that
it is unlikely that it is of taxononic significance.

As wvith the squalosal, the snture;:of the

postotbital Lrontal-prefrontal area of UA 00 are closed to a

greater deqree than in NMC 1254, again indicating that UA 40

_is an older individual.

Lnll's (1933) mnain objection to assigning UA 40 to the
genus zggggggggg wvas the presence of a longitudinal division
of the nasal horn core in the type specilen of Eocgeratops
canadensis. Thene is no indication of such a division in-ﬂl
90 but considering that most of the other sutures in this
skull are codssifi 4 to a greater degreée than in nucj1254,
it does not seem uni.easonable to postulate ;hnt n ledianb

suture was present in UA 40 at one time but was subsequently

.obliterated with age. This difference becomes, then, a

natter of relative age rather tban taxonoxic distinction.
In defining zggg;ggggg Lanbe (1915) listed the
presence of separute epinasal ossifications as one of  the
distingnishing characteristics of the genns but neither
Gilmore (1923) nor Lull (1933) discnssed thzse elenents vith

respect to UA 40. Although most of the nasal horm core of UA
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40 is fused solidly to the underlying nasal,.part of an
epinasal-premaxillary suture, as well as part of a suture
betveed two epinasal ossifications, is preserved on the
ventro-anterior edge of the horn core. Further, although
most of the nasal horn c..e 1as a well preserved surface,

ariorly, on the left ~i- there is an area that is nﬁ;&é

i\ )

distinctly separate in te. .ure and state of preservatioﬂyw
froa the rest of the horn core. Possibly, this poorly
preserved area corresponds, at least in part;-to the
epinasal ossificetioq of that side but unlike NMC 1254, the
epinasals of UA 40 are almost completely fused to each other
and to the underlying nasals.

Where preserved, the nasals of UA 40 and NNC 1254 are
si. .ilar“in shap@ and proportion although the nasal of the'
type specimen is slightly deeper and the dorsal edge is not
as .strongly curved (Pig. 11). In UA 40, the sutures
v bofdering the nasal area are closed, the dorsal portion of
'the nesal—prefrental suture being obliterated by '
coo ,-flcation, vhereas in NMC 1254 only the small extent of
the .nasal-epinasal suture lentioned above ﬂs cloéedr
5 " The dentary of UA 40 is very poorly'preserved and since
variations in the dentaries of ceratopsids are slight,rthis
eleaent gives noyindication of the telationsh;p betueen UA
40 and NAC 1254. | |

The sqnenosal, postoebital;frontal-prefrontal regioh.
the nasal and the dentary are the ohly ele;en%s preeent in N

both UA 40 and NNC 1254 and although there are slight



Pig. 11. Right nasal (NMC 1254c) (image reversed).of type
specimen, of Egce;gto§§ canadengig superimpbsed upon
the'left nasal of UA 40 (E. cgngdeﬂsi§): X.27. (UA
40 - stippie; broken edges -~ dashed lines;

coossified sutures - dotted lines.)
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e
differences in size and proportions,‘thesé elenents are
closely similar in the two specimens. Some elelehﬁs resemble
comparable regions of the skull of other genera, but no more
so than NNC 1254; and taken together, the preser§ed parts of

the type specimen of Eggg;g;épg canadensis are 2
norphologically clos;; to comparable parts of UA 40 than to
any other specilenf Therefore, UA 40 is §s§igned u;;hout
qualification to the gends Boceratops. There are age
differences between the two speciléns and thererare
differences that may be due to age, sex or individual
va;iatidn but, considering the restricted number of
specimens of gggg;gggpg available for coipﬁéison, these do
not seem sufficient reason to‘éétablish'a separate sfe;ieﬁ
for UA 40 and therefore this specineﬁ should be included in
Eoceratops ggﬁgden§%§; siéée the‘skdlllof UA 40 is much more
conplete.thén NMC 1254, the assigﬁé;gt of UA 40 to |
egato makes it possible to défineithe genus with anch
greater aCcurﬁcy épd there is now n; reason to consider - |
Eoceratops indetér;inatea .
Althoﬁgh the Antérior extensions of the parietal have
been destroyed by crushihg in UA 40, the more ledial parts
of thislelelent are preserQed. The frill fenestrae, hoiever,
and the posterior parts of the frill of Egceratops still are
nbt_knbvn. The parietal of UA 40 is flat anteriorly along
the midline, expanding and becoaming Strongly arched
posteriorly.'On each side of.this rugose median section,_"‘

thin smooth extensionéxof the parietal foram the floor gf th




R e R RGP L S e mreemet. i L

supratenporel fossae but crushing'and‘cobssificetion'of
 sutures make it impossible to determine the anterior extent . :
.of the.parietal here. Anteriorly; the parietal fornsﬂdﬁbroad
but thin ledge that projects laterally over_the fossa but
more posteriorly, the parietal and the floor of the fossa
meet in a distinct ridge.'mhe‘anterior parieial edge foras a
sharp point medially but crushing anterior to.this region
has obscured its pelationships to the rest of the skull,
Laterally, and slightly posferior to‘this,anterior tip, a
siooth, stouf projection buttresses thevledian portion of’
the pdrietai from below. Presuiably, from its position, this
buttress is formed by the postorbital but the sutures 1n
this area are obliterated by coossification and a large
ledian crack, extending fton the parietal to the prefrontal-
area, further hinders positive identification.
Posieriorly, the parietal thins.lateraliylioeforn the
“anterior edge of the frill femestra. Since none of the edges
.of‘these fenestrae are preserved in UA 40, their Positioﬁ
can only.be\estilated. What egpears.ro he-aq_anterior
extension of the parietel-isipreserved on the left'side of
the skull, lying in a poorly preserved groove on the medial
A surface of the squalosal. The parietal is tco badly crushed
in this area for comparison with NMC 1254b bnt.ihe groove in™
the squanosal is hroad but shallov, as it is in the .
conparable region of nuc 1254.
° The shape of the supratelporal fossae of UA 40 also

must be restored, as lateral crnshing has distorted this

’ * 56 ‘ "A .
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area. Enough of this region:is preserved, houever, to
indicate that, as in Chaggoggg;gg and Pentaceratops., the
suprate-poral fossae‘of Egoceratops vere long and relatively
narrow, following the contour of the squalosals, wvhich form
the lateral ualls of the fossae.

The ventral surface of the frill of UA 40 is very
po%fly preserved, owing botp to orushing and destruction of
the-boqe surface by secondary mineralization. There is a
slight concavity beneaéhbthe arch of the parietal but the
bone here is still much thicker than in any other area. of
the parietal. Any otheo features that nay have been presenat
on the ventral .surface of the parietal have been lost.

B P"

Part of the jugal—squanosal suture li, reserved in NMC
1254 but the jugal itself is knoun_only f;;- UA ud, where it
is a large, complex element, bordering the lateral telpofal
fenestra and the orbit and forming the exferndl border of
the suﬁtenporal'fossa. Dorsally, the-jugal lies in one
plane}fiith only a slight thickening around the-ventral rim
- of the orbit. Posteriorly; the jugal'forns the &ofeal end
anterior edges of the lateral tenporal fenestra. The lateral
telporal fenestra of . the .two specinens of Roc ;gtogs is
unlque among ceratopsids in that its dorsal border is on the
'sale level as the ventral border of the orblt. In other .
ceratopsids, the lateral tenporal fenestra 1ies in a
» relatlvely more ventral p051t10n, although Chas!0§gn;g
brev;;ostris and Pen;ace;agog approach the condition seen

"in oce;a;ogg. (In psxttacosaurlds and protoceratopsids, the
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1atera1‘tenporal'fenestra is much larger and lies in a much

more dorsal position than in any ceratopsid.)

Ante;iorly, the ventral edge of the jugal participates
in a distinct ridge that continues forward onto the
maxillary; posteriorly and ventrally, the jugal is strongly
atched, forming a projection that is capped distally by a

small, highly rugose epijugal ossifiCdtion. This

'jugal epijugal projectlon is oriented in a more posterlor-

direction than in other ceratopsxds and the bone here is

thicker than in the rest of the jugal although the

iprojection is not as strongly developed as in -other genera,

such as Pentaceratops. uediaily, the surface of the jugal is

smooth and slightly concave, again forniﬁg a sliéht ridge
along the rim of the orbit. .. | ﬁ

The epljugal is 1nconplete, being damaged ventrally,
along with a small portion of the jugal, but its |
relationships to other elements are-clear. The quadratojugai
érticulates vith the posterior edge of the jugal, curviﬂg |

distally to. urap around the ventral edge of the jugal and

'epljugal. The quadratojugal part1c1pates slightly in the rlﬁ

of the lateral temporal fenest;a but most of this edge is

>.forned by the jugél and Sguanbsal; The quadrate is closely

applied to the posterior edge of the quadratojngal.,od both
sides of the skull, the guadrate and guadratojugélvhave‘been
lost distally but, at least on the-left side of the skull,
all but the extreme distal §atts of these elements are wvell .

preserved. The quadrate is visible laterally, posterior to
;] T _ , " :
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the quadratojugal, although most or the quadrate lies
beneath the quadratojugal and the jugal. The;quadrate of UA
40 appears to have articulated with the squamosal and
«\mexoccipital in the method characteristic of ceratopsids,

: which oas described for NMC 1254, but rhe véntral surfaoe of
the'frill is‘;o poorly preserved that it is not possible to
‘descrlbe thls area in detail. Distally, the sutures between
the guadrate and the quadratojugal and the quadrate and the
pterygoid are obliterated by coossification.

The quadrate, gquadratojugal and squaioégl fora the
so-calied "Jjugal notch", which in ﬁA 40 is deep and fairly
narrovw. In UA 40, the anterior, roughened edge of the
Squamosal projects slightly into this notch but in NMC 1254,
this edge is straight. _ v - 7

The pteryéoid of UA>40 is a thin,rgroad eleienr that
.articulates broadly with the quadrate. The major, dorsal
component (quadrate‘ralus) of the pterjgoid is concave
posreriorly, curving.antero-nedially to articulate with the
basipterygoid pr0cess}gf the basisphenoid. This
articulation, the basal -~-ticulation between palate and
braincase, is solidly fused in allvcerafopsids, with no
fdésibility'of'intraoranial>novenent at this poini.»Ventrai
to the basai artiCulation there is a strong ridge on the ‘
posterior surface of the pf%rygoid uhioh contioues o
‘laterally into the ventral edge of the quadrate ramus of the
ptery901d and medially 1nto the corresponding ridge on the

' opposite szSEﬁFVentrai to this rldge there is a short, stout

/ , . rE
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process of the pterygoid;.vhich articulates broadly with the
'poétero-dorsal edge of the maxillary. Dorsally, this process
shows a broad,’trbugh—like depiession in other ceratopsids
and probably does so in UA 40 as well but this area is still
partially covered with rock matrix. Lateral to this area,
afticulating with the ventro-lateral surface of the
pterygeid and the posterodorsal edge of the -axillgry, is a
small, rugose, xnob- like ectopterygoid. The |
ectopterygoid-pterygoid Suture is obscured by matrix but ﬁhe

ectopterygoid-maxillary suture is visible, although the two

eléments are firmly fused together.

The naxillﬁry of cerﬁtopsids i a compiex elemepk fhat
shows little variation throughout the ramily. Ventr‘
maxillary ofoA 40 is elongate and afticulates with éhe
| pterygoid, ectopterygoid and premaxillary andubears‘the only
teeth in'the upper jaw; dorsally, the'naxillaryiencloses
most of {he antorbital fénestrg and articulates with ihe
jugal, lacrimal, pasal and prenaxillgry, In UA 40,
dqrso-véntfal crushing haé displaced the naxilLar} somewhat
but the relationships of this element are still clear.

'The'naxillary'toofh row in UA 40”caﬁng seen to extéﬁdl
far-posteribrly; although the ;ery posterior tip of the
maxillary is missing. Anteriorly, the maxillary bhas a short
edentulous portion,.thé-pdétegidr part.of which for§s>a
thin, vential.flange; Thé anterior teeth are losﬁ from the.
specimen butvénough of thé tooth rov remains to permit a

partial‘desériptidn cf the dentition of Eoceratops (see

. . " 5 PR
7 - - 4.; R 4 .
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below). The ﬁaxillary is widest at the approximate center of
thé tooth row, for while thernedial surface of the mayillary
lies more or‘iess in one plane, the ventral edge of the
lateral surface bulges considerably, presumably to
accOmnodate the curve of the vertical tooth series (see
belov) on the lateral surface of the maxillary are three
fairly lérgé foraniﬁa: on the medial surface there is the
usual curved row of foramina associatedyuithﬁkheWtéebhfof
ornithischiang (Edsund 1957).»The‘éﬁﬁ§hofvthis rowv lig just
dorsai to the tooth_rovﬁbﬁt.the>centtalrforamina +..2 further
fron the teeth. _ ‘

Dorsally, the max111ary forms part ot rbo anterior edge
of the subtenporal foss;‘ porsal to tuis edge, the ridge
found or the jugal continues anteriorly 6nfthe maxillarx,
enhing slightly ?osterior to the maxillary-prenaxiilgrjx
. suture, and dorsal to this ridge lies the antorbital

fenestra, which, in Eoceratops is a véry tiny opening,"

Crushing has partially filled this femestra in UA 40 and: it

is not possible to tell if it is a true feqestra or only a
fossa, since the medial surface of the naxillary is' largely
obscured by rock matrix. A short extent of the rim of the
antorbital fenestra is fcrned by the jugal and more |
?'aorsally, by the 1acrinal. B - R

The 1acr1na1 of UA 40 appears to be’é more or>le39/
'rectangular eleament, fornlng a snall part og\the qrbltal

rim, ventral to the palpebral 0531f1cat10n. bat the

»1act1nal-naxillary and part of Qhe lacrilal-jugal sutures

ST, . ) R



“have been obliterated through codssification. This
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c00551f1cat10n and a large crack, extending from the

posterior part of the premaxillary to the palpebral and

obscuring the'prefrontal—lacr;nal.suture,-mgke it impossible
to define the extent of the 1acriuai\exa¢tly sat fZrom the
sutures that are v151ble, this element\appears 1o he
relatively large.

The rostral of UA 40 is missing and the premaxillary is
crushed anteriorly bat an estimate of at least the posterior

exteqt of the rostral on the premaxillary can be made. The

ventral edge of the premaxillary is decurved anteriorly and

‘Zprobably more or less reflects the curve of the ventral edge

of;thé rostral. Purther posteriorly is a small ventral
flange»that prob;b;y supported the posterior edge of the
rostral, It is nqt‘possible to determine the dorsal extent,
siie or shape of the rostral but based on simiiarities in

the other area's of the skui%}»this element ma} have been

51m11ar to the rqupéi of ChasmoSaugus -

s

The preuaxlllary itself is a large element,

‘articulating posteribrly'with the nasal and maxillary‘and

dorsally with the nasal, immediately anterior to the nasal
horn core. The posterior articulation with the nasal is

complex, with a stout dorsal procéss of the premaxillary

. interdigitating with two similar, descending piocesses nE

the nasal but the dorsal articulation between these two

,_elenentsuis'a_felatively simple scarf joint, with a

l-posterior'process of the premaxillary overlying the anterior

"

T
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tip of the nasal. The preua;illary forms the anferiot and
ventral edges of the .external narial openlng, which is
relatively very 1arga and more or less circular in out11~
except ventrally, where the premaxllla:y,sends a prqplqef
triangular process into the median portion of the openihg.
Whére the érehaxillary and nasal me~t on the
ventrb-posterior border of the external narial opening, -
there is a rugose tﬂickgning, largely conposéd of thé nasal,
covering the medial surface of. the suture. (The function of
this_thickéning, and of similar features in other genera, ié-
discussed below.) The posterior rim of~the prenaxillary
septunm is’thickenedk;nd anterior to this there ié a shallow,
circular depression. | | | |

| ‘Beneath the external narial Openping there is a strong
ridge that contlnues the curve of the posterior edge of the
openlng and passes anteriorly, beneath the trlanguiar
flange. Ventrally, the premaxillary forms a partial
 secondary palate, bounded laterally by'prOMinent‘véntral
flanges, while anteriorly, there is a deep dep29551on in the
secondary palate for the reception of the anterlor t1p of
the predeqtary. ‘The maxillary does not pa;ticgpate‘ln the
secondary palaté and theCVOIArS, vhich';§édextrelely thin‘iﬁ
ceratopsids (Lﬁll-1933), are not EFEE%rved in UA 40.

The occiput of UA uo, although more conplete than the

ventral surface of the frill, is not well pre;erved No.

trace of the supraocc1pital sutures renalns, although the

éxoccipitals can be outlined fairly accurately; As”in other

te ’
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Wi . : - _ B
?”g'ceratopsids, the exoccipitals are broad, wving-like

structnres that b:ace the lateral parts of the frill against

 the occipital condyle. The posttelporal fenestrae are .

}conpfetely closed. There are slight concavities on the

pos7ero—ventral surfaces of the exoccipitals and there is a '~
i

strbng depressioh 1liediaﬁply lateral to the occipital

‘coddyle. The condyle itself is a stout, sphetical strnctnre

l

sgpported by a robust peduncle bnt since all. tbe sntures in

chis area are obliterated,-it-is not: possible to tell what

/ , X ‘
;elelents participate in the conayle. Presumably the
; ,

/ exoccipitals fora most, if ppt’all, of this structure.
Dorsal to the cbndyle,_probably in the are oétupied by the
’ supraoccipitals, there are tvo ‘deep, elo: +- 2pressions,

separated medially by a proninent ridge. v’ ~al to fhe  4

“f .
a
»

i, condyle,. the ped’uncle of the condyle divxdes into g ridges
that ngnge.into the conc;ve posterior surfaces of h

e

,baslocc1pitals. Again, no thnres are visible in thls area.

17

The ba51occipitals fori\tggge, round basal tubera, the

s,

ventral edges of uhlch are thiék amd rugose. The stout ;f
ba51pteryg01d processes are b:gced against the o |
antero—ventral edges of the basioccipitals ;nd prohably nuch
of the anterlor surfac -~ of the basioccipltals 1s sheathed by
_thg baszsphenoids. Between the ba51pterygoidiprocesses and
dorsal to the pterygqid>ridgesiiher¢ is a déep dépreésign,
ventral toﬂvhiéh theré:is a short, broad basisphegoid

rostrul.'

Part -of the lateral wall of the braincase is visible in !

-~
———

. ,3
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UA 40, althongh the areawis distorted by crushing; The most
prominent feature is a strong arch, torled by the
laterosphenoid, that braces the skull roof beneath the
posterior edgelof th#*brov horn core. Immediately posterior

b
to the. ventgfl portinn of this arch, there is a large but

)
NS

g *«haxillary and ﬁandibular branches}of the fifth cranial

poorly pres foramen tHat probably vas the exit for the

nerve, On the antericr slope of the arch there;are two small
fora;ingzz}at probahly represent. the exits for the third
cranial nerve, dorsally, and the sixth, ventrally. Hay
(1909) identiiied "orbitosphenoid” aﬂﬁglpresphenoid" hones
‘1n the antqrior region of the braincase qg ziigg;gtgpsvbutl
in U 40, although there is an anterior flagge df~bone in

° (\ s '-_‘ o
<

glore or less the same Area as Bﬂy's "orbitosphenoxd“ and

:,': . K S ¥

= ”presphenoid", separated fron the laterosphenord srch.by a
’short, nnossified region, all\the su&ures.are coassified SO
‘ that -the exact nature of this regioy*is.uncertain. .

é" J" k t-"ju

-'”Ventrally, nnch of the palatiﬁe ofﬁﬁQ Mo'has been crushed

53 S
f

16%0 ‘the orblt, S0 that 1t lieSJiﬁ/a more dorsal position
’ f&an it would have Qccupied in- life. In undistérted ‘skulls,
the palatine sends a long dorsal process up to the level of

: /
the base of the laterosphenoid arch, bracing both the

‘pterngid and the vomer  (see Hatcher, Marsh and Lukl 1907;\

v‘fig. 24) ., Ventrally,tthe palatine has a broad contact with
the maxillary, although this area, has been distorted by
crushing. Behind the palatine there is'a’ debg, V-shaped

notch, which- probably lies entirely uitﬁin thehpterygoid, as
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in YPN 1820 (I;;ge;a;op borrjdus) (see Hatcher, uarsh and

\Lull 1907, fiq. 24) , but the palatine and pterygoid are
thorough]x coéssified and it is possible that thls notch

lles ‘betveen these two elements. Part of the prootic is

visible in UA 40, although all the sutures in this re&&

Vare coéssified but the rest of tha lateral wall of the

L8

Q

braincase is obscnred by crushing and matrix.

Host of the poat-cranial skeleton of UA 40 vas toe

v
- poorly preserved to collect (Sfernberg 1920) hut some

r ¥
Ty
-only for the sake of%conpleteness.
. : k . ) N . E O,
(% Revise%&kescript@bn of_the-gehhs EqQceratops
- o T b : ﬂ‘ - ” M
»*7 = CLASS Reptilia . S

additional cranial and postcrgnial laterial vas retained.

This additional naterial 1ncﬁﬁﬂquﬂiaglénts from the lower.

C,,
jav. a ptedentary. a cervical rlb ff!gnents of the frill

R S
cerv1cai ‘rib -are sinilar to caiparable elelents in- other

‘\‘“lka‘

left side of_tﬁe §§u11 and the other nateiial is too

4

f:a%ﬁ%itAry fb be E%Ith\describing and is’ mentioned here'%:,;'“

“  ORDER QOrnithischia
 SUBORDER Ceratopsia
‘ 8
PAHILY €eratopsidae

ggge;atopg Lalbe 1915
-.E. cagadensis (Lanbe 1902)

‘\rw,;
s PR )‘;_')v .

"and the right brow &orn core. The predentaty and the

ce;atopsids, the brow horn core is 1d%ﬂt1cal to that®on the 4

) o
)

)
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Referred material - NMC 1254a, a right squamosal; NRC 1254b‘

a right parietal; NMC 1254c, a right nasal; NMC 12544, a

right pref -ontal, frontal “and postorbitél, coéssified;\NMC

1254e, a oft dentary; NMC 1254,

poster cervical verteb;a;‘a{fﬁ
an ali complete skull with pbftioﬁs of the lower jaws, a
cervical ri5 and an unidenfified postcr:nial ffaénent.

HQrizon and 1o§ali£y - NMC 1254 was discbvered by Lambe in

1901, in the Judith‘River (Beily River) Fornatioﬁ on the

east side of the Red Deer River, "a short distance below the -

mouth of Berry creek", *Alberta (Lanbe 1915, p. 1).iha 40 was
dlscoved by G. F. Sternberg in 1920, in the Judlth Rlver

{Belly Rlver) Formation oh the*Red ﬂgsr Rlver, ‘on the 5%£§t‘

\y

51de of Sand Creek about 2 mlles south east of mouth of

s N

C:eek*nearly a mile east of Creek" (Sternberg 1320).’

~

~

- - -

Description o b

Eoceratops is a relatively small, short-faced -

~

ceratopsid with close aﬁfinities t Chaénosau;us} especially

kaiseni‘andkc. brevirostris. (L ull (1933 P.96)

"conﬁgdered UA 40 to be "a vatlanf pOssibly sexnal, of

wars O,
ggagmogag;_g ka1§en in and Sternberg s orlginal fielg

1dentiﬁ1cat10n of UA 40fwas,§_asnosaurus, as wvell (Sternberg

-

1920) ) The nost charactetistic featnres of the genus

Eoceratops are- the relative shortness’and'depth of,thé'faée;

the relatively short but triangular squamosal; the dorsal

< -
’

y .

g ‘ : . , +

"
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position of the lateral temporal fenmestra and the
confiqgquration of the horm cores, the nasal horn core being
short, broad and tri;ngﬁlar, the brow horn core being
relatively long anad tapefing. ﬁA 40 is an older individual' "

than NMC 1254 but NMC 1254 is somevhat larger and may belong
- to a different sex or even a different species, but vithout

more specimens it is impossible to gauge the range of
. S :

- variation vithin the species.

.‘55;,.



II. Functional craniology

(a) Reconstruction of the musculature

%

Slze, shape, pla$e of attachnent, type of attachlent

and direction of pull of muscles all are 1nportant facboks

3

in determining the shape of bones (Frost 1964). Therefore,

K

if the amalysis of a skeleton 1s to be more thdn pure
.description, it must ‘consider associated lusculature as

vell, not only for an understanding’of function but also for
R S
an explanatlonggf ghe shape and surface tetture of
Ll ‘ 4 /"/ , -

‘1nd1vidua1 bones. There are several avenues of approach that

<

may be used in reconstructlng luscles. Often muscles leave

o
.

+

bone in the foru of scars and/or

_recognlzable tracesfjé

RO

spec1al structures forllncreasggggltrength of attachlent and

in some cases it may be possible to determine type of

-

' attachnent, dlrectlon of puli or other detalled infor-ation
from such structures (Klaauw 1963). Where several well
preserved specxlens are avallahle for couparison,‘nuscles
Ray be reconstructed with considerable confldence fram such
_ev1dence. Where no such clue% are avallable, or where the

Vevidence 15 anbiguous, consxderatlon of the ovérall
é
blouechanical requlrelenhs of the skeleton may,;ndicate ‘the

>

L
best»choice in a recomstruction, The dangers inherent in

-] N

such a nethod are cons1derable, especially if thev
(rd "4 ): S 'r \.f.

'.reconstructlon is to he used 23 bionechanical analysis._

o

_Used with caution, however. this lethod is-a useful check,
P - § . =
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and essential vhere no other evidence is available. Finally,
certain higher taxonOlic groups show quite detailed
similarities in muscu! .«ture, at least in certain regiqps
p(ndals 1919; Edgewc-::. 19: ~: Schumacher 1973; Haas 1973'
‘é;é'), and’one can extrzpolate such similarities to extinct
memabers of the same group.‘(If the Sililarities are - quite
extensive among liv1ng members and if the fossil member is
$»losely related to liv1n§ spec1es, such extrapolations may

be extremely accurate.y
‘There are 1arge numbers of artists' concegtious of the:

E

life‘appearange Qf ceratopSians but there are dnly four ',¢?<
detailed,;published geconstructions outlining the entire‘
muscﬁlature of particular regions. The first such attempt

\\ .
vas Lull's (1908) article {OR . the cranial mu5culature ,of

Irice ce;atops..In a very thprough analySis, Lull reconstructed

“’ ¥

both crania¥ and cerVical muscles for a generalized

zriceratops, based on YPNM 1823 and AHNH 970 (T. serra us)

s

and YPH 1822 (1. E_.I§_.)o using the chateleon for ;{”'

>

¢
m_comparison vith modern reptiles. The next recOnstruction of

ceratopsian musculature vas published in 1935 Hhen L. s.

Russell restored the m&%or muscles for the entire’ skeleton

2

. of ChaSlosaurus belli with a view to reconstructing the

life appearance of that’ spepies. (Russell did not mention

vhiéh speCipens %f C. belli he used but tvo conplete
skeletons (Nuc 2245 and NHC 2280) Here described prior to

1935, and presumably‘these forled the basis of his

e

reconst;uction.) In addition, Russell made conparisons with
. o ,

~

-

N3
&

7.
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na g;bul- extergg Sone anatomists do not share this viewll

11

¢ ‘

§Bhegodon, a raven and an’ alllgator, although the last vas

".\f\

used for the pelvic musculature only. Russell's paper is the
\

only published deycrlptlon of the entire body musculature of
a ceratopsian.'

- In both these reconstructions,‘the terminology and the
. . " em < .

" basic pattern of the cranial muscles is mammalian. Hence, in

1955, Haas re-analysed the jaw musculature of ceratopsians;

-including psittacosaurids, protoceratopsids and Ceratopsids,

using the'sauropsid'pattern outlined by Lakjer in 1926 isee
Save-Soderbergh 1945). Thls artlcle vas folloued by Ostron's'
(196ua) Teconstruction of the cranlal musculature of

Tr;ceratops, based on four diffe’ent spec1es and also us1ng

-Lakjer's pattern and jécm1n0109y.‘ S ." ‘ flrgg“‘
. (T e R

g

;*&akjer's schene.ilordansky (1976)'

}.felt that the nomenclature of the port1ons of the M.

H
addugto; many dibulae egte;n s should be spec1f1c for each “

"'group of sauropszds, because the varlatlon ulthln the .

¢
Sauropsida is so great, Nonetheless, modern anatonxsts use

Lakjer's scheme ertensively (see Schunacher'l973' ‘Haas 1955, -

1963, 1973; Ostrom 1961, 1962, 199%.' Save Soderberg 1945

Lo o

-and others) and extrele modiflcations can be descrlbed as

- 2 '

wel hy thz;r deviatlons frou Lakjer's bk sic pattern as- byJ

the estahlishnent of a nev one. Further, Sﬁve-Soderberg

N

(1945) con51dered the nanmalian H.- teggo;al;s to be'a
ho logous ulth only 4 part of the sauropsid M. addugt r .-

Al

(for exanple, Romer 1970) but since the exact ho;ology 1s rr!;?g

[
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‘uncertain, the term ﬁggggggglig“ is restricted here to the
mammalian jaw adductor and in discussing ceratopsian cranial
muscles, the present work employs Lakjer's classification of'
trlgeninal luscles,‘ag ontlined by Séve-deerberg‘(1945),
Schumacher (1973) and Haas (19%@).

Hodern cla551f1cat10ns oé\v1sceral nuscleé are based on
early studles of selachians (Schumacher 1973). In .
eela&hlans, the trigeminal muscles form a levaterhforrthééﬁ
.upper jaw, a dorsal constrictdr, vhich closes the‘mouth, and
a ventral.constfictoq, which raises the floon of the nouth;
In sauropsids, tne trigenlnally innervated levator and
dorsal conStricfor combfne to form tvo muscle masses: the
adducfbrvnandibulae group, the main adductors efvthe lover
jaw, and the smaller, nore nedial constrielor internus o

W
~dorsalls group (iebster and Webster 1974). “The ventral

constrlctor assocxated wlth the mandibular arch in

@

sauropsids forms ‘the M. constriétor ventralis trigeminmi
(Nebster and Webster 1974). 7 |

In 1914, Luther classified the trigeminal anductor
muscles of amphibians.accerding te their relations. 2 to the
branches of the fifth cranlal nerve and in 1926, Lakjer
extended this cla551f1cat10n to the Sauropsida

(
(Save~56derberg 1945). Lakjer divided the sauropeid M.

add cior pa g;bulae into ‘externus, ;g;g;ﬂg; and ggggggi.;
port .ons, the g_gs exte;ngs lylng lateral to the maxillary
and mandibular branches of the trlgelinal nerve, the RaLs

;,_g;ggs lying anterior or ledial to the nax1liary, bn%
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lateral to the ophthalnlc branch, aﬁ% the pars Eoste;i.;

% -lydng posterior or medial to the :%;&ﬁbular branch

“'b
\;ﬁﬁg(Save Séderberg 1945). The constric¢tor internus dorsalis

group also can be classified in this ‘way, as it generally

lies anterior and nedlal to the ophthalmlc branch but the

relative p051t10ns ‘of the nembers of this group are sonevhat
variable, vhereas the divisions of the adductor mandibulae
-+ group are remarkably constent considering»the yariation \ ' £
within the Sauropsida (Sﬁve—soderberg'1§45). )
. The M. d_pg_ssgg mapdibulae is a facial nuscle,.
representing the combined levator and dorsal constrlctor of
the hyoid arch (Webster’and-Webster.1974). Nonetheless,j
since the M. depressor n%ndlgu ae poses the action-of the
jaw adductors, opening hbe§mouth, ’ 1s approprlate to
L dlsquss it in connection iég@ the trlgenlnal muscles,
The g. ggggg;g; ggggggg;gg generally is thezlargégt and
most complex of the seuropsid'adductor muscles. According- to
Haas (1955 p 12), this nnscle is also "the most inconstant

T

' element of the uhole group of trlgemlnus nuscles"

Generfily, the M. adduct or nand gga _;;éhggg consists of a-

“pars superf1c1a11s 1nserting antérlorly and superf1c1ally v

on -the: louer jat, and a 2g;§ neﬁlalls and pars.. ggofgggg§,
separdted by a. basal aponeurosis ("Bodenaponeurosis" ‘or |
I "external tendon{l, 1nserting onto the dorsal nargln of the L
Afmandlble, or on ?he coronoid procqss, vhere that structure ‘
151present (Haasf1973)--5uch a snhdlxlszon is not possible o

. in \all cases. Snakes, fo: instenqe, nsnally lack a
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“
<.

Bodaﬁaponeur051s (Haas 1973) and the relationships of the.
.ak
adduqtor nandlbulae tendons of crocodllians require a

different scheme (Schunacher 1973). Where a Bodenaponeur051s

is present, the M, adductor mapdib ulae externys medialis

1nserts on its lateral face and the pars rprofundus on its

medial face‘(ﬂaas 1973) . ,

In"nost modernvdiapsids, the g..gddugto; lahdibu;gg
externus superficialis arises from the medial surface of the
upper temporal arch” (Haas 1955). In §pgenodon,(seevﬂaas
1973, fig. 7), this muscle;arlses from’ the‘postorbital bar:
and Haas (1955, P.13) reconstruCted.therqgigin_of the parsg '

superficialis of. Protoceratops on "the~ned§al side of the

upper tegporal arch ... and probably frou the postoﬁ.&tal

«.'« :,4

ber as well.® (Ostrom (196aa, p 18) placed ti@ qtlg&ﬁ of the
k‘(":

'p ars §upe;flg;a;1§ of Trlceratops "on the medial sirface of

the upper telporal arch.m) o - - L

In g e;atops,Las shovn by both UA 40 and Nu f_
there 1s, potent;ally, consxderably nore room for the orlgln
of the p_gg upegg cia;;s than there is f% o;ggerat_g§
.The upper tenporal ar&l is much deeper and the latgral
_temporgl fenestra is. corresponglngiy rﬁiéﬂsmaller, whlle»the
'area posterior to the orbit is nuch Hlder. Since, ln nelther
_specznen of Eoc_;g;gpg does the. ledlal surface of- the upper
temporal arch or of the postorhltal area shov muscle scars
. or spec1al structures for nnscle attachnent, it 1s not

p0551b1e to deternlne ‘the ~area of orlgln directly. It is

v p0551b1e that the p_;_ §_p_x§1c1alis was much more exten51ve

1

3

LS



in ceratopsids than in Protoceratops and that its origin

spread out over the medial surfaces of the squamosal, jugal
and,posterbital, but there is no evidence of such an
attachment in Eoceratops. On the other hand, the edges of
the lateral temporal fenestra show scars indicating
tendinous muscle attachments and it is dlfflcult to explaln
the presence of these small fenestrae if they did not serve
in some way for muscle attachment.

Haas (1955} felt‘that the decrease in size of the

lateral temporal fenestra-in‘cetatopsids_was correlated with

Sa reduction in bulk of the pars §ugerficiali§ with respect

to Protoceratops. Ceftainly there is ng'evidence to indicate

.that this was not the case 1n Eoceratggs. though desplte .the

relatlve reductlon, this Stlll would have been a falrly
powerful muscle. (The area oﬁ insertion (seenbelov) shous

strlatlons 1nd1cat1ng a strong, tendlnous attachmeit and the

.area arcund the lateral tempqral fenestra, and on the’ nedlal

i

surface of +he fascia that presumably covered that fenestra,,
would prov1de suff1c1ent area ‘of attachnent for a relatlvely

large muscle ) The 1ateral tetporal fenestna of ceratop51ds

s too small to! allou a 51gn1f1cant degree of lateral oo

R

bulglng, however,\even lf the pa ; Ee_ilc;alis uere a

reratlvely small nuscle, so whlle t&% fenestna pcobably

functloned 1n thlS nanner 1n Protocer gs, it 1s unlxkely

that 1t dia so in ocg;a;op . '
In 3] henodon, most of .the pa ; §ggg_ 1c;g ; insérts on3

the dorsofaﬂﬁral surface of the coronoid process and .on the ?

1]

7

o
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lateral surface of the large Bodenaponeurosis (Haas, 1973)
‘and Haas (1955) and Ostrom (1964a) reconstructed basically

similar insertions for Protoceratops and Ipjceratops. The

coronoid process in Eoceratops, as in all ceratopsrds, is

relatively much higher and mOre narrow than in

Protoceratops, -Wwith a dlstinct anterlor hook that is absent

in the Protoceratop51dae. Well preserved specimens of

ceratop51ds show dlstlnce'parallel striations on the

dou:solateml surface of the coronoid process and anterlor

€‘r7‘ .,

: hook and on the 1ateral surface of the ‘most dorsal portion

.

.\\‘ 4

_\mﬁf the coron01d process %here is* a flat surface, sloplng

o
BEE

’ .

medlally at 1ts dorsal edge. In NHC 1254e, thlS surface is

surro ndedvbyﬂstrraglons but is itself too‘poorly,presenved

. The dentary of UA 40 is not preser:ed as vell as
£ ‘ )

Nuc 1254e bﬂ% the flat surfgce is dlstlnct and strlatlons

are- v1smble posterlor}y,'along its ventral edge. Thls

surface and the sprroundlng strlatlons represent the

1nsertlon of the p_;s su gg;f1c1a;15, although parf‘of thls

ey
LG

1nsertlon probablb involved the lateral $urface of the ;

'B qigaPOneur051s as vell;-as.ln gphegodont (Lduer jaw :

“elements other than ‘the dentary and predentary are not

A
e

B preserved in elther spec1nen of Eoce t_ps canadensis, bat

\;,

~. S
>

conparlsons u1th cthex spec1nens, for exalple, Rou 4519

\(g_gzggsau:ug ape;; §), indicate that part of the 1nsertlon )

may have been on ‘the surangular if:uell ) T

Tendinons attachuents te&d to 1eavg rugosities on the ;

LW
.



surface of the underlying bone, while fleshy attachnents
leave relatively smooth surfaces (0Olson 1971). Tne
characterlstic'pattern described for Eoceratops thus may be
interpreted as a largely, i. not wholly, iendinous insertion
and the deep anterodorsal striations-may indicate an area of -

dense fascia where the epimysium of the parls superficialis

‘merged with the ‘lateral surface of the Bodenaponeurosis.

ACcording to Frost (1972, .p.166): "fibrous tissue in bulk .

possesses some meChanism which brings most of its individual

fiber bundles 1;;0 allgnnent parallel with the tengion loads»

/

Lit carrles,éanereby proneting maxipum ten51le strength with

a mlnlmun amount of. collagen." An arrangement in whlch the

o

striations on the‘surface of the bone, as well as the
tendinons fibers‘of the muscle a;gacnment; Hefefparaflel,te
the fensiBn-loads createc‘by contfac%fbn of the pars
supegflc;alls would 1ncrease ten51le strength furthe%,”w

r

hence the supposition that the dlrectlon of the strlatlons

indicates tbe dlrectlonkof pull ‘of the muscle, at least at

the area of insertion. Fron the 1ateral surface of the
*‘ -

corcnoid process, the Ba;_ sugergiclal;s pASsed dorsally and -

- someuhat pégterlorly to attach aroun&>the 1 ral telporal

, fenestra and on the assoc1ated falc;a. Althougﬁ, nsing the

v I

" strxatlons on the coronoid process, one can deaneithe -

‘»_
A

. aWIp osteogenlc tlssue subjected to pressure and tension,'
: Osteoblasts and osteogenic fibers become oriénted along the
"/ 1lines of stress® (Le Gros Clark %971, p.105). Such an

aﬁrangelent prov1des great rigidity and strength for

iﬂresisting tension loads paralleling the 1ong axis of the,
/ flbres (rrost 1972y . . . - .

pte )
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limits of the insertional area fairly preéisely, no such
estimate is possible for the area of origin, as this muscle
may have been pinnafe, converging on the coronoid process,
so that the area of origin was larger than the area of
insertion. |

Haas (1955) reconstructed a separate, lateral portion

of the pars superficjalis of Protoceratops. Although the

area of insertion of the pars superfjcialis in Eoceratops,
. - .

and other ceratopsids, is large, relatively it occupies a °

much smaller portion of the coroncid process than does the

{
|
equivalent area in Pprotocerators. In Protoceratops, "a

couaspicuous horizontal crest th;ough the surangular and
adjacent posterior pérts of the dentary indicates the
outérlospfventral border of the attachament"® of the pars
§gggggic;aL;s (Haas 1955, p.15). The surface above this
crest faces dofsa;ly, toward the area of oriéin of the pars
§ggg;ficialis, vhile the area belcw the crest slopes in such

a way that the pars superficjalis could not attach to it

vithout bendingndver and around the crest (Haas 1955). Haas

(1955, p.15) derives ;he pafs superf icialjs Jateralis "from
the lower face of the lower teamporal arch"®, é -~adical
departure from the condition seen in modern sauropsids. This .
lateral portion would have inserted on the surangular crest
and the concave ¢ a dorsal to the crest. The ventral
surfaces of the jugal and quadratojugal of Pprotoceratops are
excavated and this excavatioh faces the surangular crest in

such a way that a pags superficialis lateralis arising there
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would have had "excellent pulfing power™ (Haas 1955, p.16).

In Psittacosaurus mongoljensis there is also a trough on the

ventral surfr-es of the jugal and quadratojugal, facing a
similar caudolateral crest on the mandible (Haas 1955).
According to Haas (1955, p.16):

"Such a muscle would explain th _Lre-. :ce of the
strange angulation of the lowe temp:7¢ arch with

the accessory epijugal at the ~~ “+ idth of
the ventral concavity of the : :c. to the
possibility of a very substani 31 pus- lar .
attachment. Such a muscle coula secome

differentiated from a normally situated,
superficialis by an -extension of the orthodox
origo at the upper arch onto the fascia covering
the lower temporal fenestra, until the lowermost
fibres reached the under side of the lower arch.
Probably a stage of general enlargement of the
origo area preceeded the splitting into two
separate bellies." ‘

Haas (1955, p.16) noted that there is a similar

jugal-quadratojugal "angulation"™ in P;otoceratogs, but the
angle of t. - jﬁgal-quad:atojugal area is on a level with the
Jjaw arti~ulation, causing a reduction of the angle "and a
caudalil rotation of the epijugal which, instead of being
located in front of the lowver end of the quadrate, bulges
considerably beyond the level of the mandibular joint®. (It
should be noted that Gregory interpreted‘the_jqu} "horn" in
Psittacosaupus as an area of attachment for a highly
developgd masseter muscle (Osbcrn 1924) but did not expand
upon this idea, at leasf in print.) |
In.all ceratopsids there is a denéary-surangular’ridge,
more or less at the base of the coronoid process, but unlike

the ridge in Protoceratops, this structure often is not
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defined sharply, an@ it‘never foras the base of a
dorsally-facing concavity. Also, the epijugal projection
lies evep farther posterior to’ the level of the jawv
afticulation than in protoceratopsids and there is no deep
ventral excavation of the jugal and quadratojugal, these
o ments being essentially vertical in orientation. Thus,
not only is there no clear indication of an area of origin
fof a separate lateral portion, but the extreme posterior
position of the jugal-epijugal projection would fprce such a
muscle to ppll in ap essentially posterior direction, an

unlikely action for a jaw adductor. Thus there is no

evidence of a pars superficialis lateralis in the

Ceratbpsidae, a;though Haas' evidence for such a muscle i

the Psittacosauridae and Protoceratopsidae is convincing.
In some modern reptiles (Sphenodon, lizards, some

snakes (Haas i973)), the most anterior and superficial

fibres of the M. adducto; landlbu;ae _;ternus form a

separate M. levator anguli oris amd/or M. retractor _gg_;;
g;;g, attached to the corner of the mouth. This E2scle may
be single, as in the vast majority of lizards, or clearly
double, as in Sphenodon (Haas 1973). In rost cases, where

the M. levator anquli oris (and/or the M. petractor apquli

oris) is present in modern reptiles, it arises from the
ventral surface of the upper temporal arch (Haas 1973) .- The
only exceptions are certain snakes (these muscles are not

present in all ophldlans), vhere the upper temporal arch is

missing and the 8. levatop angulj oris arises from the

3
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antero-lateral rim of the open temporal area (see

illustrations in Hizs 1973).
Neither Haas (1955) nor Ostrom (1964a) mentioned a M.
levator anguli oris 1in ~heir reconstructiens, although Haas

(1969) reconstructed one for ankylosaurs, but Galton (1973)

suggested that the M. levator anquii oris, or the M.

adductor mandibulae externus superficialis (sensu stricto),

‘formed a lateral cheek.in almost all ornithischians. Lull
(1903, 1905, 1908, 1933 and in Hatcher, Marsh and Lull
1907), L. S. Russell (1935) and Sternberg (1951) all
presumed that cheeks wvere presént in ceratopsians, mainly to
prevent masticated food from falling out of the mouth.

Unfortunately, Lull's (1908) and L. S. Russell*s (19395)

restorations ‘abelled this cheek the "M. buccinatorius".
Brown and Schlaikjer (1940g) objected to this designation,

noting that the M. buccinatorius is a facial muscle peculiar

to - 1mals and that i£ is derived from the M. sphinctor
colli, which in reptiles lies on the side of the neck. Haas
(1955, p.2) objécted to the reconstruction of cheeks in
ceratopsians on the basis that "no {modern] saurdpsid with

cheeks is known" and as well criticised the use of a

mammalian M. buccinatorius. The prejudice created by the

early use of a mammaliar cheek muscle is unfortunate because
neither the arguments of Brown and Schlaikjer (1940c) nor of
Haas (1955) fefute Lull's (“903) assertion that cheeks
necceSsarily were associated with the ceratopsian dentition

to prevent loss of fc~d during mastication. While it is true



that no living sauropsids have cheeks, despite the fact that
several reptilian spedies are at least partially
’herbivorous, no lodernireptile masticates its food to the
degree suggested by thée ceratopsian dentifian and jaw
structure (Bellairs 1970). There are lizards, such as
Uromastix and some cbémeléons, that chew their food and some
lizards crush or shear both animal ahd plant material
(Robinson 1967) . According to Bellairs (1970,ip.159),
however, "little is knovwn ... aboLt the jaw movements of
herbivorous present-day reptiles, and it is uncertain

¢ .
wvhether they can exert grinding pressures like the jaws of
certain extinct foras, and of herbivorous manlalg."
‘Therefore, it does not follqu neccessarily that since modern
sauropsids lack cheeks, the sanc must have_held true for
ceratopsians.

Hiﬁh'thé exception of a few primitive genera,
ornifhischians possess heavy, conspicuous ridges above the
‘maxillary tooth rcw and below the dentary tooth row (Galton
1973) . Haas (1955) suggested thét these ridgeé supported
large glands and emphatically deniéa the possibility that
these structures were sites of attachment for a muscular
cheek but since a cheek is indispensible for prolonged
mastication and since the ridges occur iﬁ precisely the
areas where such a cheek would attach, it seens“unneccessary
to ?ostulate thé exisfence of glands for which no other
evidence is availablé.

Galton (1973) felt that the cheeks of ornithischians



83

would not have been in close proximity to the teeth and
could not have been used to re-position food so that
connective tissue and skin wculd serve'as vell as
contractile muscle. Alternatively, Galton felf that the
cheeks may have been muscular in some ornit“ischians but not
in others (Galton 1973). At least in ceratopsians, if seems
that a lateral cheek could have approached the teeth
closely. Anteriorly, the dentary ridge and the dentary tooth
row converdge so that a thick, luscqlar cheek would lie?
adjacent to the teeth. The hyoid apparatus of ceratop;ians.
is well developed (Lull 1933; Colbert 1945) and presumably
supported a well developed tongue that cbuld function to“v
re-position food during mastication. Nonetheleﬁs,‘it is
possible that the cheek was at least partially muscular and
also functioned in this respect.

In Eoceratops, the maxillary ridge is not preserved in
NMC 1254 but is distinct in OA 40, continuing .the curve of
the ventral edge of the jugal and fading inﬁo the general
bone‘surfaée above the antericr portiom of thé maxillary
tooth row. The'ridée has its maximum 1atera1 thickness below
the antorbital fenestra, where it forms a low, rounded
lateral keel that presumably marks the upper limits of the
insertion of the cheek muscle. Other than this keel, ﬁhe
surface of'the'maxiliary ridge is smooth. UA 40 and NuC -
1254e are similar with respect to the dentafy ridgé. This
ridge continues the anterior curve of the ccronoid process,

fading into. the general bone surface near the anteriot pért
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of the tooth row, then re-appearing as a broad low ridge
that passes dorsally into the posterior edge of the
articular surface receiving the predentary. The dentary
ridge is much less conspicuous than the naxlllary ridge and
more or less parallel to the tooth row, at least
ppsteriorly, whereas the maxillary ridge is distinctly
curved. -

Lull (1908), L. S. Russell (1935) and Galtom (1973)
recons¢-ucted the cheeks reaching to the level of the
antérior end of the tooth row, with a hofny beak sheathing
the more anterior ends of the jaws. Since the maxillary and
dentary ridges. are reStricted‘to the area of the tooth rovws,
and cheeks would be neccessary along the tooth rows but not
anterlor to them, this reconstruction is retained here. As
Lull (1905 p.422) has pointed out, "in herbivorous mammals
the gape only includes the prehensile and never the S
masticatory portion” of the jaw, sO it seems reasonable to
postulate a similar gape in ceratop51ans.

Both Lull (1908) and L. S. Russell (1935) restored the
cheek muscle with vertically oriented flbres, but Galton
(1973, p.83) felt that the muscle vas pinnate, as.- in many
mannals, "with fibres passing obliquely backwards from the

maxilla and dentary to the body of the cheek.™ In a specimen

of Centrosaurus sp. mounted at the University of Alberta (UA

11735), the ventro-medial surface of both jugals shows
distinct, parallel striations, oriented in an antero-dorsal

to postero-ventral direction (FPig. 12). (The medial surface

#



Fig.

12.

Medial surface of the jugal of UA 11735

attachment of the M. levator anquli oris.
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of the jugal of UA 40 is not well enough preserved to show
such scars.) The unfavourable orientation of . pars

§_Eg£§;cial'§ (sensu stricto) passing from thlS position to

the lower jaw 1nd1cates that some other muscle arose here.

Such a position would be extremely ad ageous for the
k muscle, heré\\h

origin of a pinnate chee \\terpreted as the M.
-

\“ N
N

levator anguli oris. (Blrds and crbcodlllans, the closest

\\

- -

Uoh
\\,

living relatives of the ceratop51ans, lack a M. levator

_————

anqull oris (Haas 1973) but this condition may represent a

secondary loss in forms with feeding mechanisms entirely

unlike those of éeratopsians.) The deep striations on the

jugal indicate a strong tendinous insertion, presumably with

muscle fibres dlverglng obliquely from it to insert on the

dentary and maxillary rldges. '
Galton (1973) felt that there may have been a

16ngitudinal M. retractor anguli oris as well, but with a

- strong tendon gathering the fibres of the cheek muscle, this
muscle itself would have had a certain retraction component

and a separate M. retractor amguli oris may not have been

neccessary.
T It is profitable to discuss the medialis and profundus

o

portions of the M. adductor léndibulae externus tdgether,
since the festoration of these two muscles is important in
interpreting the function of the ceratopsién‘frill.

In mouern sauropéids, the pars medialis and pars
profundus of the M. adductor pandibulae gxtér%gs generally

fill most of the upper temporal fenestra (Haas 1973). The M.
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pseudotemporalis also may be involved (Haas 1973) but, as

descrihed below, the M. pseudotemporalis of ceratopsians

S

occupied an extreme anterior position, precluding anj entry
into +the upper temporal fenestra. Haas (1955, p.17) stated

that, in Protoceratofs, "the adductores externi medialis and

profundus occupied, as in other reptiles with a wide upper
temporal window, the large oOsseéeus frame of the frill" and
Lull (1908), L. S. Russell (1935) and Ostrom (1964a) also
restored the major jaw adductors at least partially covering
the dorsal surface of the frill. Among lizards, chameleons
have the largest uppef temporal fenestrae (Haas 1973) and
they also apptoach ceratopsians more closely than any other
quern sauropsid in the development of a cranial crest or
vfrill. In these'forﬁs (see illustraﬁions in Haasj1973) the
dorsal surface of the frill is covered with fhe pars

medialis and pars profundus, but a similar condition may not

have existed in ceratopsians.
According to Haas (1955, p.17):

nthe depression at the posterior half of the
frontals indicates the anterior border of what was
probably a bulging muscle mass which filled the
whole frame of the frill.... Along the

poster tor.-1 frame of the frill a distinct

border ine arking the attachment of the fanwise
divergx j muscle mass is clearly dist&;Quishable;
this line parallels exactly the posterior margin
of the frille... The lateral frame of the frill
formed by the postorbital and the squamosal, has a
rather .sharp margin, which probablv supported a
tough aponeurosis extendi.g across the whole
enlarged upper temporal fossa.”

R ’
In making his reconstruction cf Protoceratops, Haas (1955,

p.3{"pdlitted that he used Ma rather limited number of
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medium-sized and large specimens (A.M.N.H. No-. 6408, 6414
6431), being guided by an intention to choose t : most
completely preserved specimens with their own mandibulaet,
and he made no.attemét to analyse possible age- and
sex-related variations. According to Kurzanov (1972),

however, ontogenetic changes in Protoceratops do affect some

of Haas' conclusions. Kurzanov (1972, p.94) stated that
Haas' reconstruction would be possible

"only in very young animals, when the frill was
relatively low and narrow. With increasing age the
margins of the frill were increasingly deflected
sidevways and slightly downward. Therefore, the
lateral part of the medial fascia {of the external
adductor ] would inescapably have to have bent
practically at a right angle in adult animals in
order to pass across the superior temporal fossa.
This is highly improbable. Even if it is assumed
that there was a separate lateral fascia alongside
the medial fascia, it also would have had to
function at an angle of 909, practically without
affording any assistance to the main muscle mass."

Therefore, Kurzanov reconstructed the medial fascia of the

M. adductor mandibulae arising at the base of the frili,

from crests on the inner surface of the exoccipitals (see
Browh and Schlaikjer 1940c, fig. 8A). In this position, even
if the frill were perpendicular to the skull, as it is in
some adult individuals (Kurzanov 1972), there would be no
inflection of the muscle mass. Thus, the faint "sigmoid
lineﬂgqpossing "the upper tenpdral fenestra in front of.the
anteri&é border of the wide perforation of the parietal®
(Haas 1955, p.18) represents the most posterior limit of the

entire M. adductor mandibulae and not, as Haas supposed, the

division between the pars medialis and pars profundus. (The
4 ' :
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signiiicance of the cthe: structies mention~1 by Haas n
connection ii1th the origin ot tih. M. adductor =andibuylae
'l be discussed in a latwr sectic: .,

For ceratopsids, as well as :or PLoto<eratogs, WO

authors reconstruct the major ja- adductors coveting the:

“x

dorsal surface of the frill. Haas (1755, pp,18-19) stated

'

that instead of the

"slight, ridge-like prominence d1v1d1ng the two
muscular areas in Protoceratops, a freely: juttlng
bony lamella is developed in ﬂonoclon;us -

—_————— e == eSS -

the base for a tough fascia which ossified:
gradually as it approached the area of attachment
at the parietal., In this particular case, howevér,
both muscles took part in over-roofing and
covering the perforation of the frill. This is
shovwn quite convincingly by the posterior
continuation of the accessory bomne b’ade, ~which’.
terminates at the posterodorsal end of the
fenestration of the frill.

Ostrom (1968a, p.12) also concluded that "for most

ceratopsians, surrace topography and patterns suggestﬁtﬁat'

the frill was almost entlrely covered by large muscle ’

~

sheets", although for Trlcerat OFs he restrl ed the muscles B

to "the 1mmed1ate vicinity of the supratemporal fenestra
Ostrom (1964a, pp.12-13) also =tated -hovever: "it is quite

possible that a deeper pars profundus of the M. adductor

3

externus was attached by a strcng fleshy origin about .the
; v
borders of the supratemporal femestra, leaving.a distinct

scar of origin. This would account for the featuares

preserved in nearly all T;lceratops frills. A longer. pars

—

medialis of the M. adductor externus may have attached by a

thin sheet of fascia to the frill margins and left little or

[
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no indication of its attachment.”

Lull (1908) reconstructed the "M. temporalis®" of
Triceratops arising froa the supratélporal fenestra,
' although neither his description nor his illustration (1908,
pl. I) indicates the posterior extent of this muscle. In
1903, howéver, Lull stated that the posterior portion of the
squamosal of AMNH 970 (T. serratus) sbowed”ihscle scars,
indicating that he too, believed that at least a large
portion of the dorsal frill surface»;as éovered by muscle.

L. S. Russell (1935, p.41) placed the "H. temporalis”

-

on thefdorsal surface of the frill inm all ceratopsians,
] .

stating that , \
) . - ‘\'-J:

"in Protoceratops, ... it (the "M, temporalis®)
was a broad, fam-like sheet, coverimg almost the
entire parietal”portion of the crest, passing
forvard through the supratemporal opening, and
attaching to the ‘inner side of the coronoid
process. The backward extension of the crest in
chasposayrus ... greatly lengthened this muscle,
vith corresponding increase in contractile power,
but there was no essential change froa the
condition in Ppctoceratops. Styracosaorus ... and
Ce 0Sayurus ... have the origin area more
restricted, oving to the smaller size of the crest
and i~ fenestrae. The area of the muscle is
clea: , . finmed in Siyracgsayrys; on the medial:
side there is an unobstructed channe’ fronm
_fene-tra t<. supratemporal opening, bit .ore
late 2'iy he muscle is cut off abru."" along a
trans. -se line. Similar conditions appear in )
Centros - ys and the somewhat later Anchjceratops
«ee , but here the posterior portion of the muscle
appears to have been thin and membranous. Pinally,
in Triceratops «.. , the sharp line of origin
first seen in Styracgosayrus has become the
posterior margin of.the supratemporal opening,
indicating that the teaporalis muscle vas
restricted-to that vacuity™.

Russell concluded that the enlarged crest of cerc:opsids



developed in order to increase the size and area of
attachment of the "M. teamporalis"™, with the frill fenestrae
providingﬁroon for'this muscle to expand.

Kurzanov's (1972) analysis showed that such a condition
was unlikely for ggggggggggég§ but no one has questioned
similar reconstructions for ceratopsids.

All members of the Ceratopsidae have greatl} expanded
frills: variously ornamented, - and all'genera except
Iricegatops have a pair of large fenestrae in the frill,
separate from the supratemporal fenestrae. (Some sp-cimens
show supernumerary fenestrae, the significance of which is
discussed in a later section, but“tﬁe presence of such
- fenestrae does not affect the‘follovidg discussion.) In
Triceratops, the region occubied by a fenestra in other
ceratopsids is extremely thin and probablj représents the
secondary closure of a fenestra. The surface of the bdne
forming the floor of the supratemporal fossa, in all |
cerat0psids,uis 3hboth, a;though generally it.shows broad,
irregularlyespaéed undulations.

Mapny writers mention the presence of vascular groqves
‘on the ce:atbpsiaﬁ crestgﬁut there is_litfle uniforﬁity in
such deécriptions. Some workers (for exapple,‘Lull 1933;
-Brovn 1933) have used the degrge'df vascularizétion as a
.taxononic character vhile‘others (Gilmore 1931; Hatcher '

1905; Lambe 1913) have stated that vascularized fril

surfaces are the usual condition in ceratopsids. In = 'me

specimens, such as ROM 5436 (Chasmosaurus brevirostris) and
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ROM 4519 (Centrosaurus apertus), the dorsal and ventral

surfaces of the frill are smooth; in others, such as ROM

4
5135 (Arrhinoceratops brachyops) and AMNH 5351 (Centrosaugus

nasicornus), the dorsai surface is more h avily vascularizegd

than the ventral and in others, such as AMNH 5251

(Anchiceratops ormatus), the degree of vascularization is
roughly similar on beth surfaces. (Sometimes, as in AMNH

5402 (Chasmosaurus belli), the dorsal surface of the median

parietal bar is vascularized while the dorsai surface of the
squamoéal is smooth.)

There may be some degree of taxononmic significance in
the development of Qascularized surfaces on the frill of
ceratopsids but the basic_tendency fouards vascularization
is widespread and even within one genus there may be
con;iderable variation in thisﬁcharacter. Lull (1933) stated
that Chasmosaurus posesses vaséular marks on the dorsal
surface of the parietal, but not on the Squamoéal, a
.charaCter supposedlj shared wvith Torosaurus. While fhis
deséription holds true for some specimens of Chasmosaurus
(AMNH 5402 (C. belli) (pers. oks.) énd AMNH 5656 (C. sp.Jy
(Lull 1933)), in YPM 2016 (C. Qg;;;) and NEC 2280 (g{

" belli), the dorsal surface of both the parietal and the
sqﬂanosal is vascularized and in ROM 5436 (C. brev;rog&gig)
and AENH 5401 (C. 5§i§gg;), both dorsal and ventral surfaces
of the frill are smooth. | '

Lull (1933) also felt that the "long-crested" genera,

such as Chasmosaurus, Pentaceratops, Arthinoceratops and
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Anchiceratops had less heavily vascularized frills than the

"short-crested" genera (Monoclonjus, gent;gggg;gs,

Brachyceratops, §tzracosau;u§, and Iglcexatogs, according to

Lull's deflnltlon). In this respect, Lull (1933) felt that

Anchiceratops, which has deep vascular impressions, was

anonaious. Anchiceratops is not the only "long-crested®

ceratopsid with a deeply vascularized crest, however, for
the same condition is seen in Arrhinoceratops, and

Pentaceratops shows distinct vascular marks, at least on the

dorsal surface of the frill. In ROM 4519 (Centrosaurus

_ggggggg),'on the cther'hand, the dorsal surface of the frill
is slooth, So one cannot say tﬁat all "short-crested" genera
are characterized by heavily vascularized frills.

Degree of vascularization could be related to age, as
Hatcher (1905) suggestéd for YPM 1834 (g:;ggxgggpgv
brevicornus), which has a highly vascularized frill tgat
Hatcher interpreted as an indication of advanced age, but in

YPM 1821 (I. flabellatus), a young individual with open

sutures, portions of the ddrsal surface of the frill shoi
deeﬁ vascular markings. If this feature is age-related, its
distribution, even between speciesqu the same genus, is not
sufficiently stable to be used as‘a'taxononic character.
State of preservatidn and individual variation probably
affect the observable amount of vascularlzation as well, so
‘that the use of these narklngs 1n ceratopsian taxonoay is
ill-advised. In all cases vhere such markings are present,

however, they end abruptly at. the edge of the supratemporal
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fossa, the edge of which is separated distinctly from. the
rest of the dorsal surface of the frill by a low ridge (Fig.
13) . Between the ridge anh ‘he aptecrior edge of the frill
fenestra, there is almost always an area of vascular
pmarkings, although sometimes these are faint or poorly
preserved due to the delicate nature of the bone in this
area. (In Triceratops,” which lacks the normal frill
fenestrae, the vascular markings petsist t6 the edge of the
supratempor;l fenestra.) Even in those cases where the
dorsal surface of the frill lacks vascuiar markings,Athere
is a low ridge separating the supratemporal fossa from ghe
rest of the frill. This ridge, and the dramatic change in
surface texture in“those specimens showing vascular
markings, indicate the most posterior limit of the M.

adductor mandibulae. -(Note that Sternberg (1940) made a

similar assumption for Chasmosaurus.)

As mentioned above, fleShy muscle attachments;
.especially if they are large, tend to leave_smooth scars on
bone. Usually, such’aﬁ’area of attachment is surrounded "by
faint ridges caused by the‘attachmept to the périosteum ofﬂ’
the intermuscular fibtous septa between which the muscle |
lies" (Le éros Clark 1971, p.79f. Although such ridges may
occur bét;een two fleshy insertions, the area posterior toq
the ridgeé'described abo§e for ceratopsids does ﬁot exhibit
the'characfetistics one would expect of ? fleshy attgchlent.

- : b :
Specimens exhibiting vascular markings on the frill couald

v

not have had fleshy attachments overlying these bony



FPig. 13. Left supratemporal fossa of UA 11735 (Centrosaurus

sp.) showing abrupt change in surface texture
marking the most posterior limit of muscle
attachnen£ on the dorsal surface of the frill.
Below, left lateral wiew of UA 11735, with area

shown in detail above outlined in black.
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grooves, for the muscle would have produced a broad, flat
area, lacking vascular markings, as did the muscle in the
supratemporal fossa. In those specimens lacking such
vascular grooves, one might postulate a fleshy origin froam
the smooth bone surface but the degree of vascularization is
not distributed systelaﬁically among ceratopsids and one
would not expect a character as important as the origin of
the most powerful jaw adductor to be variable to such a
great extent between "vascularized" and "non-vascularized®
forms. Further, there are no structures on the posterior
part of the frill, such as smooth, broad, concave areas or
slight ridges,‘to suggest the présence of sﬁch fleshy
attachments. The "freely jutting'bonj lamella" mentic.ed by

Haas (1955, pp.18-19) in "™Monoclonius" (i.e., Centrosaurugs)

and Styracosaurus does ﬁrovide part of the area of origin

for the M. adductor mandibulae (see below). The "posterior

continuation of the accessory bony ﬁlade", however, which
Haas (1955, p.19) felt "marks -[the] origin of [the] covering
aponeurosis for [the] deep frill amuscle®" is present only in
AMNH 5239 (ggggg0§au;u§ flexus). In neither ROM. 4519
(Centrosaurus apertus) nor UA 11735 (Centrosaurus sp.);;both

-

. £ which have extremely well preserved frills, does such a

ridge appear, nor is it present in Styracosaupus (see .Lull
1933, pl. VIIIA and B). In AMNH 5239, this ridge is not
accompanied by any change in surface texture, being

_surrounded by vascular grooves, nor does a similar ridge

appear on the right side of this skull. (There is a ridge on
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the right side of the median parietal bar but it has an |
entirely different shape and a completely different
position. Both fidges‘appear to be caused by crushing rather
than by muscular attachment.) Haas (1955, fig. 11)
reconstructed the "?robable border of (the] superficial

portion of frill muscle" of Styracgsaurus on the dorsal

surface -of the median parietal bar and near the edges of the
frill fenestra. The most complete and well preserved skull

of Styracosaurus (NMC 344 (S. albegtensig), see Lull 1933,

pl. VIIIA and B) shows no ridge; indentation;ftpapge in
surface texture or other scar or special structuré in these
areas to indicate a muécular attachment. As in other
ceratopsids, there is a sﬁooth,floﬁ“ in the supratemporal
fossa of NMC 344, separated from the rest of the dorsal
surface of the frill (which, in this case, is highly

| 'vascglarized) by a distinct low ridge'(see Lull 1933, pl.
VIIIB).

Thus, it seems highly improbable thét a fleshy‘muscle_
existed posterior to the'supratenporal‘féﬁestra of
ceratopsids. Ostrom (1964a) and L. S. Russell (1935) have
suggested that in some genera, at least part of thevadductor
muscle may have been a.long tendon that covered the dorsal
sufface of fhe frill to t@gnbosterior margin. Since tendomns
 act to concentrate muscle attachments in relatively
restriqted areas, it is unlikely'that a tendon would have'
‘attached to the entire dorsal suiface of the frill énd no

striations or other attachment structures associated with
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tendons indicate‘such an origin. If, on the other baud; a
broad tendon lay over the surface of the frill and attached
only to its posterior edge, it wouIld obliterate the vascular
marks. Soft tissues, even luscles at rest, tend to limit the
growth of adjacent bones and result in flattened surfaces on
those bones (Murray 1936; Le Gros Clark 1971). Vascular
grooves in the surface of bone are produced in this manner,
by the pressure Caused by the blood vessels, and "it may be
Supposed that the local Pressure on the vascular periosteun
disturbs the blood supply to the underlying bone, leading to
a loss of vitality and subsequent absorption® (Le Gros Clark
1971, p.79). If a tendon overlay such vessels, 1ts Fressure
agalnst the surface of the bone also would tend to flatten
the bone surface, and thus obllterate vascular ~grooves.

Since neither muscle nor tendon seenms to have occupied
the dorsal surface of ceratopsid frills, 1t is likely hat
the skin was closely appressed to the bone in this area. as
several’earlier workers (Lull 1903; Brown 1914g§ Lanmbe
1904b) assunmed.

In Eoce;a OPS, as in all other ceratopsids, it seems ;
hlghly unlikely that the dorsal surface of the frill was
covered by musculature. In UA 40, the dorsal surface of the
median parietal bar is hlghly vascularized, in contrast to
the floor vhe supratemporal fossa, vhich is smooth und
H%rdered by a distinct ridge. The prominence of this ridge
is exaggerated by crushing, but since it coincides with a

change in surface texture, it is assumed that the ridge is
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not entirely a post-mortem effect. (This area is not \
preserved on the right side of the skull.) Lateral crushigq
i
. . ' . \
has distorted the frill of UA 40 considerably and the ;
ST )

posterior part of the frill, containing the fenestrae, is /

missing. Therefore, estinafion of the e;tgnf of the.

‘ supratemporal fossae is diﬁficult;'ﬁoﬁetheléss, the
preserved parts of.thegé fossae and the associated adductor
' passages are very 1argé, indicating large and powerful
adductor nusclgé. The inner walls of the adductor passage
are smooth and somewhat flatténed, indicating that the
entire passage was filled with nuécle fibres (see above);'
There is .no indication of division into medialis and

- profundus portions at the area of origin but thg~assuned
size of the muécle mass; as well as indications in the area
of insertion (see below), suggest at least partial |
subdivision.

A large part of the area of origin for these two
muscles consisted of the floor of the §upratenporal fossa,
formed by the parieggl, but other areas bordering the
supratemporal fossa were involved as;vell. Anteriorly,‘the
median parietal bar projects laterally as a thin wvedge,
smooth below and heavily vaécularized abéve, that overhangs
the antero-lateral'portion of the supratemporal fdssa.
Anterior and véntral to this projectiﬁn there is a posterior
projection of the postorbitais that braces the medianv

parietal bar. The smooth ventral surfaces of both these

projections probably participated in the origin of the M.
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adductor mandibulae externus. In life, there may have been a

broad temporal fascia connecting the thin laterél edge of
the median parietal bar and the thin medial edge of the
squamosal and covering the supratemporal fosga, which gave
rise to somé of the fibres of the gg§§ medjalis and pars
profundus. The-léﬁeral (squamosal) wall of the fossa

s

probably gave rise to the most lateral fibres of this muscle

In modern sauropsids possessing a Bodenaponeurosis, the

M. adductor jgndibulae externus medialis insérts on the

external surface of this tendon and the pars profundus
<&

inserté on the medial surface (Haas 1973) . The

Bodenaponeurosis jtself inserts on the coromoid process,

when such a process is present.

Haas restored the pars superfiq}a;is of Protoceratops
inserting o§{the coronoid process (see-above)'but the Eggg
medialis qqd‘profundus inserting ™into the large
infrauandibular canal, as in the c;ocodiles" (Haas 1955
p.18) . In ceratopsids,'héiever, Haas felt that the major

mass of the M. adductor gandibulae externus inserted-on the

icoronoid process. (Haas posfulated an expansioh of the 2Eg£§‘
profundus at the e*pense of the‘?gggg medialis in |
ceratopsids, but since his arguments are based on an
interpretation of the frill that is rejected here, and
 since, according to the preSent inf@rpretation, thefe is_no
jndication of a division in the area of otigin of the muscle

mass arising from the supratemporal fossa, the theory of an
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expanded pags profundus is rejected here as vell.)

Oostrom (1964a, p.15) felt that "from a purely
mechanical point of view, it would seem more probable that
the bulk of the adductor externus fibers were Qpplied
against the dorsal extremlty (rather than the base) of the

(\

prominent coron01d process" in protoceratops and that "this

most certdinly vas tt point of attachment of the prlnc1pal
adductor in the hiéher ceratopsians vith their much larger
and higher coronoid ﬁrocesses". Nonetheless, Haas®
reconstruction of the insertion of the pars medialis and

pars profundus of protoceratops is supported by osteologic

features, as Ostrom himsélf écknouledged, and by comparisons
with modern crocodilians (Haas 1955; Schumacher 1973). As
well, the jaw mechanics of protoceratopsids are rather
differént from those of ceratopsids (éee below), soO Ostrom's
application of similar nechanicaiyreqhirenents may not be

justified. Im ceratopsids, there is abundant evidence for

the insertion of the pars medi=zii: and pars profupndus on the
- coronoid process, although the - ea of imsertion must have

beev someuhat more extensive than that envisioned by Ostronm,
vho limited it to "the summit" of the coronoid process. As
Ffost 51973, p.360) has pointed out, tendons do not insert
6n small, sharply circumscribed regions of bone but “"rather
a large fan-out of collagen fibers distributes the tension
load widely over thg bone and even over adjacent fascia, so
that the Sharpey's fiber‘mechanism functions far below its‘/

safety limit", Further, and this point is especially
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applicable to a strong tendon such as the Bodena.poneurosis,

2y

"the greater the total tension loads transferred ghereby
(i.e., by Sharpey's fibres], the greater the fan-out" of
collagen fibres (Frost 1973, p.361). Therefore, althougﬂ it
may be convenient to treat an insertional area as a single
point in a biomechanical analysis, it is important to
remember that in reality the insertion must cover an area
proportional'to the tendon's strgngth.v

The adductor fossa in the lbuer jaw of ceratopsids‘is

relatively much smaller than in Protoceratops, and the

coronoid process is relatively much taller. Thus it seems

likely that the bulk of the M. adductor mandibulae extermus
fibres inserted on the dorsal part of the ccronoid proceés;
rather than at its base and in the adductor fossa, as in

Protoceratops. In both UA 40 and NMC 1254e, the medial

ssurface of the dorsal part of the coronoid process isqpoorly
preserved, with none“of the external surface remaining.
Also, the dorsal edge of the coronoid process is missing in
UA 40 and although it is partially preserved in NMC 1254e,

neither specimen chows the area of insertion of the pars

e
medialis and pars profundus of the M. adductor mandibulae

: gg;egnus. In order to restore these muscles for Eoceratops,
therefore, one must examine ~ther ceratopsids.

In ROM 4519 (Centrosaurus ape;tus),“thq lover jaws are

'cdmpletg and extremely well preserved, showing scars on the

i

dorsolateral surface of the coronoid process for the

reception of the pars superficialis. The fibres of the pars

-
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medialis probably merged with those of the pags

superficialis for there is no indication on the coronoid

process of‘a tendinous division between the two portionms.
The éoronoid bone is preserved intact and 12 §1§§ in this
.specimen, with its lateral surfacg, thch‘projeéts above and
behind the coronoid process, showing deep striations that
'parallel those onﬁtbe lateral surface of the coroﬁbid
process. These scars received fibres from the pags Eggﬁgndgs
but the bulk of the fibres of both the pars pedjalis and
pars superficialis probably inserted on the dorsal edge of
the coronoid process, and part of the dorsolateral sdrface
of the corohoid bone, via tbe deenaponeurosis} Such an
insertion would be strengthened further by the fact that the
attachment of the Bodenaponeurosis lay above the suture
between the coronoid and the céronoid.process. Prazzetta
(1968, p.iae)'has noted that "muscles tehd to attach to
bones in such a way that the major force component of
contraction is directed ;oughly tangentially.to the bone
surface, and is hence balanced by tension in the surrounding
periosteun", There are exceptiohs to this genmeralization,
but these "are fewest in cases where there ?s is a tepdinqQus
attachment to a bone and wvhere, thereforé, a concentration
of muscular force on-a ;elativély small area vould occur"
(Frazzétta 1968, p.148). Muscular force can be resolved into
coaponents that are perpendicular and tangential.to_the
surface of attachment. The-peréendicular conponeﬁt'

"presumably is resisted only by (the] tensile strength of

?
N
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Sbarpey s fibers in the attachment site, by forces at the

1nterface of each such Sharpey s fiber and surroundlng bone,

wvhereas the tangential component, in addition to these, 1s

resisted by tensile strength in the surrounding periosteal

sheet"® (Prazzetta 1968, p.150). In the arrangement

postulated for the Bcdenaponeur051s of ceratopsids, a larqe

fraction of the contractile force vould be counteracted in

the periosteum on the contacting surfaces of the coronoid

and the coronoid process and thus the attachment of the

tendon would be very strong. Some fibres'o%ithe i s

profundus probably attached directly to_the'lateral surface -

of the coronoid rather than to the medial surface of the

Bodenaponeurgsis. The deeb striations on this surface

‘indicate-a tendinous attachament and these fibres also would

have a fangential relationship to the
and thus a very strong attachaent. As
suéport such a restoration, it may be
6f some powerful muscles, such as the

mandibulagris offlizards, do attach to

surface of the bone,
further evidence to
noted that the tendons

sutures rather‘than.to

a smooth bone surface {Frazzetta 1968) .

The area of attachment of the Bodenaponeur .. in

Triceratops shows a similar conditidn, although the coronoid

is reduced and lies in a more posterior position that in

_Centrosaupuys (Brown and Schlaikjer 1940a). In USHE 4276

(Trigceratops sulcatus), the coronoid is coapletely fused

onto the coronoid process but there is still a dorsal groove

between the two elements (see Hatcher,

Marsh and Lull 1967,
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pl. VI, fig. 1). Although the 'pars Q;ggggggg'of Tricepatops
must have inserted almost entirely on the Bodenapoheurosis,
there are scars on the dorsomedial surface of the coronoid
of USNM 4276, indicating tﬁat some fibres attached directly
to this elewent. ‘ )

The coronoié df Boceratops is unknown, so the.exact
‘configuration of the insertion of the pars profundus is not

certain, but the basic pattern of the insertiom for the pars

nediglis*Bodenaponeurosis-gg;§ sr«fundus complex probably

was similar in all ceratopsids, as Centrosaurus and

Triceratops are not closely related (see below): hence a

W

similar pattern is assumed for Eoceratops.

The large adductor passage and broad surface for the

origin of the pars medialis and pars profundus of the M.

adductor mandibulae externus indicate that these vere the
largest énd most powerful Iuégles in fhe ceratopsid skull.
Nohetheless, other muscle groupg tbat vere inportgnt
functional-é&hpogfntsvof cergtopsian skulls have left
visible traces in fossil specinenﬁ..‘ ' o®

In modern sauropsids, the M. adductor mandibulae
internusﬁis diiiaed, in all ;asés, into an antérior M.
pseudotemporalis and a posterior. M. Egg;igg-iahgibnlA;;§,
although these muscles, especially theﬂé. pterygqgo-
mandibularis, may be divided fﬁrther in a relatively complef

fashion (ths 1955). The M. pteryg -mandibularis generally

is termed the "H. Qtegiggidegs" but as Save-SGderberg (1945,

p.19) has pdinted out: "the really correct application in
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Reptiles of the term pterygoideus is uncértain, and its
current;use in lover Tetrapods [(is] highly variable and
cqnfused.é Therefbre, Sdve-Sdderberg follows the practice of
"ﬁuther, pakjer and other anatomists in using "ihdependent’
natural terminology" fdr this muscle, to avoid implications
of homologies that are highly uncertain, re-introducin§‘the

term "Qtefygo—mandibula;ig", which had been used by earlier

anatomists (Sdve-Soderberg 1945),.
Among modern sauropgids, such as Sphenodon, birds and
many lepidosavurs, the M. pseudotemporalis is divided into a

M. pseudosuperior and a M. pseggop:oigndg§,‘but in the

akinetic Chelonia and Crocodilia this muscle is undivided

(Haas 1955). Ha&s (1955) asgumed that ceratopsians, which

[}

show no kinetic ability of the skull, also possessed an

undivided M. pseudotemporalis, although the highly kinetic

snakes have an undivided B. pseudgtenpgtali§, so that the

assumption is somewhat arbitrary. According to Haas (1955),

{

( there are no osteologic features iﬁdicating a divided A.

eudotemporalis in Protoceratops but since even major

~muscle divisions are not reflected invariably in skeletal
features (Sive-Sdderberg 1945), it is possible that this

muscle was divided in ceratopsians. (Ostroam (1964a) restored

a single M. pseudotemporalis for Jriceratops, as well.)

In determining the area of 6rigin of the M.

pseudotemporalis it is necessary to identify the exit of

the maxillary branch of the trigeminal nerve from the
) a

braincase. The M. adductor mandibulae internus is defined. as
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lying anterior or medial to the maxillary branch
kﬁéve-séderberg 1945) and therefore, the exit of this nerve
marks the most posterior limit of the adduc _; ;gg_ggg§, nat
1eaet at the level of the emerging nerve" (Haas 1955, p.6).

In ceratopsians, as far as is known, the paxillary and
mandibular branches share a common exit from the braincase
but the ophthalmic branch has a separate foramen, as in

crocodiles (Haas 1955; Romer 1956) . The common exit for the

maxillary and mandibulan branches in P;otoceratops is behind
and slightly beleu the exit for the ophthalnmic branch (see
Brown and schlaiker 1940¢c, fig. 15) but both foramina are
close to the postericr border of the orbit, so that the M.
gg.gdotemgo;alis must have arisen "towards the posterior
orbital area, a rather surprising position in a reptile,
wvhere this muscle is generally found in the temporal region,
covered 'aterally by the adductores externi” (Baes 1955,
p.7). Sucn a position is not without precedent in the
sauropsida, however, Sane the . oteugo;g;;§ of birds
generally ‘arises behind and below the orbit and Lakjer .

. described an antorbltal positicn for this luscle in the
‘parrot Aprosmictus zanogzg g_ (Haas 1955) « Haas (1955, p.7)
placed the orlgln of the 4. gg.udogelgo;a;is of
_;__oce;a;ggg "at the posterlor part of the orblta e The
slightly developed decensus of the frontals and the anterior
upper parts of the laterosphenoid forl an arcade-like
surface and thus an adequate origo surface for a rathe:

pmoderately developed pseudotelporalis“. This crigin places
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the M. pseudotemporalis anterior to both foramina containing
branches of the trigeminal nerve, but since the ophthalmic
branch passes anteriorly, and presumably lay medial to this

muscle, this restoration complies with Lakjer's definition

of the M. adductor mandibulae internus (Save-Sdderbergh

——— ———— —— ————

1945) .

For most ceratopsian genera, details of the braincase
‘are not known. Hay (1909, pl. I, f%gs. 1 and 2) figured the
external surface of the braincase of USNH 2416 (gg;gggggég§
§gggggg§) and USNM 4286 (T. sulcatus). In both speci;ens,
the éommon exit for the maxilYary and mandibular'branches
lies behind and somewhat beldw the exit for the ophthalmic
branch, both foramina lying a short distance posterior. to.

the orbit. Again, in both specimens, as in Protoceratops.

the laterosphenoid forms a sloping shelf that probably gave '

——— e e i S S s S —

rise to the M. pseudotemporalis. Since the braincase of
- ceratopsians tends to be thoroughly cobssified (Hay 1909),
it is not possible to tell if there is a decensus of the

frontals participating in the area of origin of the H.

pseudotemporalis in these two Specimens'of Triceratops.

e e e e e

The element termed here the."laterosphenoid"”is
labelled malisphenoid" by Haj (1909) . In many descriptions
of reptile skulls, there is some confusion as to the
jdentification of this bone. Acédrding to Bellairé (1949);
.the literosphenoids (or pleurosp;enoids) of reptiles are
ossifications of tﬁe pila anfotica and ére part of the true

side wall of the cranial cavity. Thus, theSe bones should be

(5 3
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distinguished from the alisphenoids of mammals, which most
authors consider to be ossifications of the ascending
process of the’palato-qnadrate (epipterygoid), secondarily
1ncorporated 1nto the braincase (Bellairs 1949). Not all
workers agree wvwith this 1dent1f1cat10n (for exanple, Shaner
1926) but it is followed here in accordance with the Views
of Bellairs (1949) and Romer (1956).‘

In’UA 40 (Eoceratops), both trlgellnal foramina are far
: foruard with a strong arch formed by the laterosphen01d
passing from the anterior edge of the (presumed) exit of the
naxlllary and mandlbular branches to the cranial roof,
1mmed1ately posterlor to the orblt. There is only a sllght
decensus of the frontals at this point so whereas the
frontals may have participated in the origin of the M.
ggggggiéggo:alis, the marn area of origin;yas provided by

the laterosphenoid. As in Protogeratops, there is no

indication of division of the Y. pseudotemporalis in this
area. ‘
In Sphenodon and lizards, the divided M.

-ggegdotempogalls inserts on the\gedlal ‘surface of the

Bodenaponeur051s and on the more posterlor extremities of
the jaw (Haas 1973y (1955) reconstructed the

insertion of the M. pseggotegpora;is of Prot gcegg; psS

farther forvard, on the low, broad, anterlor slope of the
coronoid process, giving the luscle a more or ‘less vert1ca1
orientation. (Given the anterior position of the origin of

this muscle,: in all ceratopsians, it is unlikely'that~the
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g..pseudotepgoralis‘inserted on the posteric- slope of the
coronoid process, as the resulting orientat: on would produce
a strong protraétion of the jaw, a movement that would be
blocked by the relationship‘of the rostral and predentary
(see below).) Since Haas (1955) rejected the idea of a
ceratopsian cheek, reconstructing instead a large
infralabial gland in the depression iateral and ventfai to

the dentary teeth, he felt that the inseryipn of the H.

‘pseudotemporalis could have spread along the dentary to act
as a "gland.conpreSSOrﬂ. According to the'present
interpretation, this area in all ceratopsians was occupied

largely bv fibres of the M. levator anquli oris and so the

M. pseudotemporalis could not act as a-gland compressor.

Nevertheless, it is possiblé that the fibres of this muscle
fanned out medial to the cheek muscle, having a lérge, long
surface of attachment on the dentarys:

¢

Ostrom (1964a, p.16) reconstructed the insertion of the

M. ggeudotempoga;ig cf Triceratops on the anterior slope of
the coronoid process but added that ®"the insertion is still
open to question and may actually have been more intimately
’associated with the summit of the coromnoid process". In
Eoée:atop§, in}both UA 40 And KHC 1254e, the anteroiedial
facé'of the coronoid'prpcess forms a §mooth, broad curve
that.intérsects the anteriét edge of the coronoid prodess
aﬂd thg,&entafy~ridge at an acute angle. This su;fadé

ptobably represents the major area of insertion of the M.

pseudotemporalis,; although in neither specimen is the
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surface preserved well enough to show muscle scars.
Ceratop51ds also possess an anterlor hook- shaped process on
the coronoid process that is a feature more or less unique
to this family. Among nenbers of the Ceratopsidae, there are
| minor differences in the development of this process but
basically, it is rather uniform in ali ceratopsids. In UA
40, part of this process is preserved and most of it is
preserved in NHMC 1254e. NMC 1254e shows that the curved
lateral surface of the process is marked by as stlnct
strlatlons that are deepest dorsally. This he .. = striated
surface is separated from the rest of the late. .. ~face of
the coronoid process by a distinct rldge that ag. n, S
highest dorsally. The antero-lateral surface of the
hook-shaped process forms an cbtuse angle with the res~ ..
the lateral surface of the coronoid process. This surface
could represent the inserrion of a separate, anterior slip
of the H. ad_g_,o; mandlbulae externus sup_;f1c1alls, or
even of the pars ned;g;;‘. The strlatlons are parallel to
those marking the rest of the lateral surface of the
coronoid process and the postulated-areas of origin of the
pars medialis and pars superfig;g;i§ are directly adjacent
to the hook-shaped process. On the other hanﬁ, the surface
could represent the insertion of a separate, superficial
portlon of the M. ps_g__tempo;__;s. Since neither the M.
gsggdotenpo;aiis nor t%g superf1c1a1 and medial portlons of
the M. adductor mandibulae externus shov indications of a

division'of muscle fibres at their origin,'it is difficult



eThlS correspondence in the muscular arrangenent is certainly

14

to decide which muscle produced a separate slip to insert

here. The surface of this process is small but the process

1tself is quite thick and the striations are Prominpent, PN

indicating a tendinous insertion that concentrated a
considerable contractile force on this small area. The pars

‘ g_;fiCialis and Qar§ meg;_lis of the M. addyctor

mandibulae externus of ceratopsids were certainly much

larger nuscles than the g. bseudotemporalis, so while it is
possible that this pProcess developed to increase the surface
~of attachment, and hence the power of the n.

bseudotemporalis, it seems more likely that it served as a

point of attachment for part of the #. adductor mandibulae

externus (Fig. 14a).

The M. g;g;ggg-mandibularig of modern sauropsids often

is highly complex (Haas 1955) . Both crocodilians aﬁd Birds
haVeiseparate dorsalis and veg;;_gis portions of this
muscle, and these portiogs may be subd1v1ded further (Haas
1955). According to Ha&as (1955, p.8): nthe’ striking
similarity of the muQZilar arrangement ip birds and
croéodiles shows the close relationship of both groups, in
spite of the difference in the state of kineticisn, of
generally different pr0portions of both types of skulls, aﬁd

of the divergent development of the body roof of the aouth.

ffdue to divergent developnent from-a ccanmon, generalized,
archosaurian ancestor." While it is possible that this

similarity is due to convergence, and thus throwvs no light

s



Fig. 14. a. Lateral view of anterior, hook-shaped process on

coronoid process of right dentary of ROM 4519

(Centrosaugusg abe;tus). b. Medial view of right

dentary of UA 41. (Centrosaurus sSp.) shoving scars on
the dorsal and posterior surfaces of the coronoid -
process, marking the site of attachment of the

Bodenaponeurosis.
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on the condition in ceratopsians, Haas (1955) has provided

convincing evidence that Protoceratops also shows a basic

dorsalis-ventralis split in the g; pteryqo-mandibularis.

Haas (1955, p.9) derived a long head of the M. pterygo-

mandibularis ("pterygoideus" in Haas' terminology) from "a
deep exﬁavation rostromredially of the pterygoid prominence”
and from the medial edge cf that prominence. A shorter head
would have arisen "ffom a deep excavation of the ventral
surface of the ptery901d bone, where it sends a long flange
towards the quadrate". According to Haas (1955), the 1ong
head voulf/ﬁave inserted on the flattened lateral surface of
the ;ngulér, while the short head inserted on a ridge

ventral to the inframandibular channel. These two hegds

would have formed the M. Eggxxgg-ggndibula;;§ ventralis
while a third, gggsalis head arose from a smooth,
trough-like depression on the dorsal surface of the
‘pteryg01d-ectopteryg01d prom1nence and inserted on the
medial surface of the short retro- -articular process (Haas
1955) . Although ir some modern sauropsids, the pags gogsalig
is subdivided, Haas (1955, p.9) felt that "the whole |
configuration.of the palate and the increased distance
between the articular facet of the quadrate and the basis
cranii preclude thg_éiistence of a second pterygoideus
dorsélis musclé, which éhould arise frém fhe basis cranii.m
Ostrom (1964a, p.18) treated the M. pterygo-

mandibularis as a single functional unit arising from "the

posterior surface of che ventral wing of the”pterygoid?and



along the ventral margin of that processﬁ and inserting "on
-J

the ventro—lateral,‘ventral and ventro-medial surfaces of

the rear of the mandible adjacent to £he articulation."

Ostrom's recopstruction is not as detailed as that of Haas

bdt does not differ from it sukstantially.

In Eoceratops, the possible areas of origin of the H.

pterygo-mandibularis are preserved only in UA 40. In

comparison with Protoceratops, the available areas of origin

are much reduced in Eoceratops. Eoceratops lacks the
depression anterior to the'pterygoid-ectopterygoid process

seen in Protoceratops and instead there is a thin ridge

running from the basicranial articulation to the quadrate

that seems to have formed the origim for both the long and

the -short heads of the M. Qte:ygo~mandibula;is ventralis.
This ridge is formed entirely by the pterygoid and the
quadrate procéss of the pterygoia. There is no indication of
separate long aﬂa short heads, althougﬁ ﬁhere is a
depression above the medial half of fhe ridge .that might

have housed the long head and possibly, there was only a

single pars ventralis in Eoceratops. The medial portion of

- the ridge is dorsal to the area giving rise to the long head

in Protoceratops so that either this head has shifted its

origin in Eoceratops, to mergé with the short head, or it
has been lost altogether.
The ectopterygoid of all ceratopsids, including

Eoceratogs,'is a small element that is .more or less

compleétely fused onto the pterygoid. Th



rugose knob that provided the area of origin for the M.

pterygqo-mandibularis dorsalis. Immediately behind this knob

there is a smooth, trough-like depression over vhich the
pars dorsalis . «ssed to curve around the posterior edge of
the pterygoid-gctoptetygoid process and insert on the medial
surface of éhe retro-articular pfocess (FPig. 15a, b).
Although the  ectopterygoid of ceratopsids is relatively
smaller than that of protoceratopsids, the area of oriqin‘of
the N. é;g;xgg—gggg;bgla;ié ggxggli§ is relatively much
larger, indicating a more pouerful_luﬁcle. The rugose nature
of the ectopterygoid indicates at least a partially
tendinous attachment and agc_-n, the attachaent of the fibres
to the surface of the bone would be more or 'Ss tangential:
a stfong attachament, indiéating a relatively powerful
muscle. (Given the relative positions of the two headé of

the M. g;g;lgg-nandibuia;i§’in Boceratops and P:otoce:&togs;»

it vould be more appropriate to reverse the designations
ndorsalis® and "ventralis", but I am inciined-to retain this
‘térninoldgy, if'only for the. sake of easy comparison vith'
Ha;s' restoration.)

None of the presusmed areas of insertion of the M.
R;g;xgg-laﬁdibgla;is ig;preserved_in either UA 40 or NAC
1254e so, again, it is necessary to use other ceratopsids in
order to recomnstruct these insertions in Eocegatops.

The angular of ROH 4519 (Centrosaurus apertusg) has a

'smooth, concave latefal surface bounded ventrally by a ridge

marked by short, but very distinct muscle scars (Pig. 16).



Fig. 15. Later~' view of left ectopterygoid, showing area of
origin uf the pars dorsalis of the M. pterygo-

ggggibu;g;;§, in a. "AMNH 6325 (Pentaceratops

sternberghiij and b..AMNH 5239 (Centrosaurus

————— e ——— e

flexus).
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7ig. 16. Lateral view of right ramus of lover jaw of ROM

4519 (Centrosaurus apertus) showing the scars from

the insertion of the long head of the M. pterygo-

mandibularis on the angular.
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This area, relatively muéh larger than in Protoceratops,
received the fibfés of the long head. The smooth surface of
the angular indicateé a fleshy insertion but the distinct
ventral scars indicate that at least some of this attachment

was tendinous. As in Protoceratops, there is a ridge beneath

N

the inframandibular fossalfhat would have received the
fibres of the short head, although this area is relatively

restricted with respect to that of Protoceratops (see Brown

and Schlaikjer 1940a, fig. 1B for an illustration of this

area in AMNH 5351 (Centrosaurus nasicornus).) As in
Eoceratops, the areas of origin, which are extremely similar

to those of Eocggafog§; shov no indication of separate long

and shoft heads but there are two distinct areas of

insertion for the pars ventralis so that this muscle

probably was divided, at least distally. Cdnpared with

Protoceratops, the long head assumed greater importance,
judging from the area of insertion.

The retro-afticular process ofmceratopsids is »
relatively longer than that of Protogerdtops and may héve
‘provided a slightly larger area of insertion for the pars

| Vﬁfious workers, beginning with Dollo (1884), have
associated an anterior portion of the M. pterygo- ’
mandibularis iith the antorbital fenestra of archosaurs.
Some authors, such as Anderson (1936L, have iaintained that

the fenestra provided room for this muscle to bulge upon

contraction, while'othe:s tfor exaiple, Gfégory 1951) felt



that the margins of_the fgnestra brovided an area of nusclé
attachment. Hhate§er the function of the antorbital
fenestra, and'Reig (1970) has sﬁggested that none of the
praposed expianations are adequate, it couLd not have been

associated with the M. pterygqo-mandibularis in ceratopsians.

Dollo (1884) noted that small "tempopalis" (i.e., adductor

mandibulae externus) muscles, a large "g;e;zggldeus" and a

-,
large antorbital‘fenestra appear to have been correlated in
archosaurs, so nﬂ/lssuned that a correlation existed between
the M. pterygo-mandibularis and the antorbital fenestra. In

modern crocodilians, however, the antorbital fenestra is

lost but the M. ﬁterygo-!andibularis is strong, attaching to
}the innef Surface of the preorbital region of the skull
(Gregory 1951). Ewer (1965, p.419) therefore assumed that
.tﬂe primary functibn of the antorbital fehestra could not
have beeg as an area of attachment, although it could have
functioned to perait lateral bulging, this function perhaps
being "taken over by the large palatal fenestrations which
are present in Crocodiiia" although the structure of the
antorbital fenestra does not suggest either function (Euer
.1965) . The funct1on of the anterlor division of the M.

pterzgo—mandlbularls in crocodllians is to provide "the

powerful bzte with the jaws vldely open which is neccessary
“for coping vith large prey" {Ever 1965, p. 419) Such a
function vould not be neccessary in ceratop51ans, vhlch did
not need to grasp struggling prey, 'so 1t.1s reasonable to

‘assume that an anterior slip of the M. g;é;zgo-ggngibgla;is

125 -
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wvas not present. Also, contraction of such a muscle produces
a powerfql anterior'and‘dorsal motion in the jéus (Walker
1961) and, as mentioned above, the form and relationship of
the rostral and/predentary preclude such motions in
ceratopsids. 7 ﬂ

In all crocodiliaes (Schumacher 1973), in the'ostrich‘L
(Sdve-Soéderberg 1945) and, rarely, in chelonians (Schumacher
1973), there is a .third division o.f.the H. adductor

mandibulae internus, the M. int:anandibulafis. The presence

)

of this muscle in beih crocodilians and ih the.ostrich hdé‘
led to the suggestion that a similar condition existed in at
least the primitive archosaurs,‘if not in all arehosaurian
,genera (Sdve-Séderberg 1995).'(Neither Haas (1955) nor
Ostfon (196&5) discussed this uuscie.) Where .present,_ the M.
;g&gg!gggigu;a;is gathers the f%Pres of the gé.

Qseudote!go;alis and ptegzgo-gandibularis, via a tendon, and

‘inserts via another tendom into the adductor fbssa of the
lowver jaw (Schumacher 1973). In crocodilians, the M.

intramandibularis acts to stretch the other muscles of the

adductor mandibulae internus group, allowving alquick,_strong

cohtraqtion {Schumacher 1973). In ceratopsians, however,

raﬁid contraction of the.jaus‘uould not be as importént as

the'pressure‘exerted upon occlusion (see below)‘so that a

-mechanism to stretch the fibres of the M. addgcto;

mandibulae in;e;nus to their'utnost‘iould-be unneccessary..
According to Sidve-sdderberg (1945, p.33j$

"not improbabiy, a.strohg development of the M.
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intramandibularis is at- least one of the factors
causing the fenestration in the lateral wall of
the mandible in the Crocodilia (sic]. Next to the
fenestra is the distal end of the comparatively
long add. externus profundus ... which may not
need so much space for swelling within the
mandible, but medially to that (and to the r.
mandibularis V) there is the very short most
posterior portion of the m. intramandibularis ...
The contraction of this muscle portion must
conceivably cause a lateral bulging of the add.
externus profundus and thus indirectly of the
membrane®, o :

_ Althéugh the lateral mandibular fenestra is typical of other
archosaurs (Sdve-Soderberg 1945), it is not characteristic
of ornithischians in genetal (Romef~1956) and it is not
found in any ceratopsian, probably because these forps lack

a M. in;:anandibhla;is and, at least in ceratopsids, none of
/ : .

/

the M. addgg;or ggﬁd;gulae externus inserts in the adductor

/

/
fossa (see abovga.
/
. The fact yhat ceratopsians had a fundaaen
diffefent typélof feeding mechanism than do crocodilians,

plus the lack of a lateral mandibulal fenestra that would

allow bulging of a M. intragandibulé;ig indicates very

© strongly that such a muscle vas not present in ceratopsians.

The 1. adductor gandibglae posterior of sauropsids

showvs considerable variation. haas (1955, p.11) assumed that
there is a connection "between the degree of kineticism (of
the skull] and the fission of the nusclg'into}seéeral»

portions. Nevertheless, the akinetic crocodiles have a

bipartite add. posterior." With respect to Protoceratops,
Haas felt that the muscle could'he either single or divided,

since the skuld gives no indication of the complexity of
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this muscle. Haas (1955, p.11) gave the anterior slope of
the'quadrate and the arch above the quadrate as the origin

of the M. adductor mandibulae posterior of P;dtoce;atops(hnd

"the medial surface and lower margin of the splemial" as the
insertion. Such an inéertion would slightly overlap the
Meckelian fossa and would be covered medially by the "short

head" of the‘g. ptezggo—nandigg;g;is ventralis (Haas 1955}.

Ostrom (1964a, p.17) specified a similar origin for the

M. adductor mandibulae posterior of. Triceratops but felt

that this muscle "probably accounted fo;rthe bulk of fhe
‘muscular fibres that must have ins?rted in and around the
ueckeliah fossa, as in cfécodilians and certain
lacertilians, with the major part 6f the external adductors -
insetting more superficially on the upper ;xtremities‘of the
coronoid procpss." |

- The presunqd area of origin of the ¥. adductor
,péndibu;gg posterior in Eoceratops is‘preserved only in UA
40. The énterior face of the quadrate is broad and there is
a slightly hollowed area on the ventro-iateral surface of
the quadrate process of the pterygoid'that probably also was
involved in the area of origin. Tﬁe Yeckelian fossa is not |
bteser#ed'in UA 40, and it is only partially presefvéd in
NMC 1254e, but the postero-lateral walls of this fossa in
NMC 1254e show parallel striations that represent the -
insertion of the H#. gggggggg ggnd;bu;ae pPosterior. in
ceratopsids, ﬁé% M. adductor gandibulae posterior was the

only muscle that inserted in the Meckelian fossa; hencé,
t ' ' ‘
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probably, the relative reduction of this fossa compared to

that of g;ggoce;atopg, vhere the pars medialis and pags

profundus of the g; adductor mandibulae externus inserted
here (see. above).

The constrictor internus dorsalis éroup of trigeminal
muscles joins the braincase with the palatoquadrate redion
and with the lower efelid (Haas 1955). Generally, in
sauropsids, this group consists of a M. protractor

pterygoidii, a M. levator pterygoidii and a M. levator bulbi

(Schumacher 1973). The gg.‘levater and protractor
pterygoidii wmake possible intracranial movements in
sauersids virh'rinetic skulls. These muscles are well
deveioped in birds, most lizards and snakes (Haas 1973), but
are present only 1n the embryo in chelonians and are absent
in crocodllians (Schulacher 1973). The condltlon in
_B_QQQQQQ appears to be highly var;able. In the opinion of
‘Haas (1973) and of Ostrom (1962), this variability is
ontogenetic, juveniles:having sonewhat kinetic skulls,‘vhffe
kinesis is lost in adnlts, in which the gg.lpgorgacteg and
levator gter1301d11 are poorly developed or absent (Haas
1973) . Thus, among modern saurop51ds, there is a strong
cprrelatlon between the possession of these muscles and
cranial.kinesis. |
Again, using the apparent fact that ceratop51an skulls

"are akinetic, Haas (1955) assumed that neither a M.

protractor pt 1g01d11 nor a M. leva: iz pterygqoidii was

present in ;otoce;atog . All sauropsids except chelonlans,

/
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however, have a well deVeloped M. levéto; bulbi;(Haas 1955y,
although the divisions of this muscle ﬁay vary.

In the earlier literature, there was considerable
debate over the origin and relationships of the M. levator
Qg;g; although now it is generally accepted as a derivative
of the constrictor internus dorsalis group (Save-soderberg
1945) . In modern sauropsids,'the upper eyelid usually is
more or less immobile, while the lower 1ia is larger and

more mobile (Porter 1972; Welty 1962). The M. levator‘bulbi

partly or entirely functions in depressing the lover eyelid

and typically, the sauropsid M. levator bulbi consists of a

pars dorsalis, attached.to the lower 1id, and a pars

!gntralis,.inserting onto a palatal membrane
("Gaumennembran")'or Oouto the dermal bones of the palate

(Séve-Séderbe:g 1945). Since both crocodilians and birds

lack a pars ventralis, Haas (1955) restored a similar

condition for Protoceratops. Haas (1955, p.d4) gave two
possible areas of origin for the A. levator bulbi of

Protoceratops: "a bony ledge-above the posterior foramen

trigenini on the proétic could reasonably be interpreted as
the_origo crest for this muscle, but a more antefodbrsally
situated'excavation at the anterior corner of the
latero-sphedoid, at the same time the only.pOQSible'ofigo

4 area fo: the pseudotelporélis ceey 1is also a possibility."
Thé insertion, %n either case, would bemalong the entire rinm
of the lover lid, the muscle passing ventral to the'gg;2g§

occuli and then swvinging ddrsally to its area of originm
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(Haas 1955). (Ostrom (1964a) restored only the muscles
directly involved with mestication and so did not discuss
the constrictor‘internus dorsalis group.)

Following Haas (1955), I assume that the Mm. levator

and protractor Pterygoidii, if present, were of minor

importance in Eoc_g ops, as in all Ceratopsians. With

respect to the M. levator bulbl, the insertion, involving

sdft‘tissue, can only be assumed to be similar to that seen

in modern Sauropsids. The possible area of origin of the M.

levator»bulbi in Eoceratops is present only in UA 40. As in

Protoceratops, there is a ridge on the laterosphenoid and on

the prootic, but these'ridges are more or less continuous,
forming a smooth ledge. Considering the neccessarlly

convoluted line of action of the N. lgvator~bulb1, it secenms

nost llkely that thiS'muscle arose, in both Eoceratops and

Protoceratogs, from the anterior, laterosphenoid ridge. A

BOre posterlor origin would glve a large retractlon
vAcompor ‘t. to the contractile force of this muscle, and this -
component ould be essentially useless as far as depression
‘of the lower 11d was concerned In UA 40, there is a shallow
depression anterior to the laterosphenoid ridge that

_ probably also vas involved in the area of origin. The origin

of the M. ps doteuporalls would have been 1nned1ately

posterlor to the origin of the M. levw ator bulbi.
"The final group of sauropsid BusCcles innervated by the
trigeminal nerve, the constrictor ventralis trigemini group,

consists of a 51ngle M. 1ntermand1b ularis (Qx;ohzoideg_),
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vhich‘merges posteriorly with similarly oriented fibres

innervated by the facial nerve. Together these two muscles

~connect the two lower jaw rami. The M. iurermandibularis can
~ be single or divided in modern sauropsids. (Neither Haas
(1955) nor Ostgon (1964a) restored this muscle.) The véntral
ed ge of'the dentary of UA 40 is not preserved but in NHMC
~1254e, the posterior part of the ventral edge of the dentary

shows distinct muscle scars that probaply were associated

vith the g.'intermandibulanis, although this muscle left no

M

scars more anteriorly.

Finally, since its action is an£agonistic to the action
of the trigem;naily-innervated jaw adductors, it is
appropriate to discuss the facially-innervated M. depressor
mandibulae in this section. Since the actign of opening the
mouth is aécoméiished largeiy'by'gravity, the M. deyressor
mandibulae is much smallervthan the jaw adductors. In modern
sauropsids, this muscle arises in the vicinity of the
squamosal and inserts on the retro-articular process of the
louér jaw (Haas 1955, 19735_

Haas (1955) reconstructed the origin'of the M.

depressor mandibulae of Protoceratops on the:squamosal, in a .

smooth concave area extending dorsally to the level of the
dorsal border of the lower temporal fenestra. The

insertional area, on the retro-articular process is

"somewhat U-shaped" in Protoceratops, producing a nmuscle
"vith two anteriorly sharpened edges or two coampletely

;> distinct portions"® (Haas 1955, pP.22) . According to Haas

s
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(1955), such an arrangement would leave rooam for a tyapanus,
altheugh Haas felt that the rylpanﬁl, and perhaps the qhole
middle ear, might have been missing in dinosaurs. Sidce the
pdbiication‘of Haas" recdnstructiod, Colbert and Ostros
(f958) and Ostrom (1961) hdve shown that stapes are present
in certain dinosaurian genera and,é'tylpanUl probably vas
present in all dinosaurs.

Ostrom (1964da) restored the M. depressor mapdjbulae of
Triceratops arising from the antero-;entral edge of the
squalosal and inserting on the retro-articular process, SO
that the fibres are not nearly as vertical as in
g;g;oceratgp§. Among ceratopsians, such a horizomtal’
errangelent is possible only in ceratopsids, and varies v;th
different genera. eved within the Ceratopsidae, wvhere the
squaiosal'is produced into a broad ventro-lateral flange
that is nor present in psxttacosaurlds or protoceratop51ds.

There is more room for a tyapanuk in ceratopsids thap in <

. protoceratopsids. _
In Boceratops, the area of origin of the #. depresgol

mandibulae is preserved in both UA 40 and HMC 1254a. In OA

40, the entire jugal notch is preserved. This notch is very
narrow conpared to that of nany other ceratops1ds and the H.
deg;eggg; iandibggae mnust have been correspondingly ghorter.

There ig. a slight bulge in the center of the anterior edge

_‘of the squalosal, vhich is even lore rugose than the rest of

7

W

this edge and the ledial snrface of the squamosal

1|pediately posterior to the bulge is considerably thickened

~

\



134

and rugose, at least anteriérly. These surfac%“ formed‘fhe |
area of origin for the A. depressor !gggibulaé:‘In NHC“ V
1254a, the anterior edge of the squamosal is slightly convex
and roughened but is not develoﬁed as a cohspicuous bulge as
iﬁ OA 40. The bone in this area is thicker than in UA 40, |
hovever, so it seems that there Qas some variation in this
area in Foceratops. | | |

-The retro-articular process is not preserved in either

OA 40 or NMC 1254 but the‘lo}er jaws of ceratopsids are

,faifﬁﬁ uniform so that one may estimate the relative

- position of this process in foceratops. As restored, the 7.

depfgssbg mandibulae vould have an orientation of about aség

vith respect to the long axis of.the maxillary tooth row.
Partial restorations of the cranial musculature of

gggg;g&gg§‘are_given in Pigs. 17, 18 And 19.

The cranial muscles of other ceratopsids appeai to have .

been rather similar to those of Eogeratops, althougb'the

" nuaber of specimens of each species“is_sb restricted that it

is not possible to'identify individual, ontogenetic or

sexual differences'and in many instances the proposed areas

~of éttachlept are lost, poorly preserved or unprepared.

-~

(This pfoblgi is especially acute with respéct ~he
braincase, vhich seldoa is prepared, and the lo.._. jauws,
wvhich often are incomplete or missing altogeiher.)

Noneth- " ~ss, it is possible to identify cértain trends and»

S Tn ceratopsids there is a large passcge for the



Fig.

17.

Left lateral view of skull of UOA 40 (Eoceratops
ganadg§§;§), partially restored, showing postulated

appearance and placement of the Mm. levator bulbi,

levator anguli ogis and depressor mandibulae, x.20.

({Note fascia'covefing lateral temporal fenestra.)
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Fig. 18. Left lateral view of skull of UA 40 (Eoceratops

e e i v i

lover temporal arches cut away and the Mm. levator

bylbi and levator anquli 9ris removed to show

postulated appearance and placement of Ma. adductor

mandibulae exterpuys superficjaljis, adductor

!agdibhlae externus medialis, pseudotemporalis and

s e e it

‘.

;nte;!andibuiggis and thé‘long head of the M.

pterygo-mandibularis and a possible separate

anterijior slip of the'g.‘adductor gahdibulag‘externu§
superficialis, x.20. (The muscle visible medial to
the posterior orbital Xim is the M.

pseudotemporalis.)
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. Fig. 19. Left lateral view of skull of UA 40 (Eoceratops
cagaden§i§),,partially restored but with upper and
lower temporal arches and much of orbiial rim cut
avay and the #m. adductor mandibulae externus
superficialis .and adductor mandibulae externus
medialis removed t. show postulateé apperance aﬁd
placeament of the Mm. pseudotemporalis and adductor

mandibulae externus posterior and the

Bodenaponeurosis, x.20.
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fibres of the M. adducto; mandibulae externus, which, from

its inferred size, formed the main jaw adductor in all

ceratopsids.

In all ceratopsidé, the lateral tehporal fenestra is
much reduced with respect to that of Protoceratops but there
is considerablelvariation in its placement on the side of
the skull. If this fenestra does mark the major area of

origin of the pars superficialis, there must have been

considerable variation in the length and direction of pﬁll
in this muscle, as wvell. gggg;égggg is unusual in that the
dorsal border of the lateral temporal fenestfa is on a level
with the ventral edge of the orbit. In most ceratopsids,
this fepestra lies in a more vqptral positiqn_gq fhe side of
the:skull than in Eoceratops and sbmetimes; as in

A:;hinocératops, Centrosaurus, Styracosaurus and some

speciés of Triceratops, it lies in a much more ventral
position. In all these forms, the pars superficialis must
have been shorter than in Eoceratops. In many species, for

example, Chasmosaugus brevipostris, C. belli and most

species of Triceratops, the area between the orbit and the
lateral temporal fenestra is not so wide as in Eocetg;ggg

and the direction of pull of the pars superficialis would

have been more vertical.

The area of insertion of the pars superficialis is
visible in several ceratopsid specimens. This area always is
relatively large and confined to the. dorso-lateral surface

|
of the coronoid process. It is possible, since the fibres of
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the pars gupe;ﬁic;gZ{s and pars medialis seem to have merged

into each other, that the pars superficialis was

considerably reduced and that this area of insertion vas
occupied largely by the pars medialis. Since the pars
medialis alreadg had a large area of insertion on the
lateral surface of the Bodenaponeurosis, however, and since
it would seem to be odvantageous to have ali.portions of‘the
main jaw adductor as large and powerful as possible, it

seems unlikely that the pars superficialis was greatly

reduced. Due to the lack of osteologic evidence, however, it
is not possible to be certain on .this point. In.no
ceratopsid specimen is there any indication of a separate

lateral portion of the bars superficialis, such.as Haas

(1955) reconstructed for Protoceratops amd Psittacosaurus.

" In some genera, especially Anchiceratops,

Arrhinoceratops and Pentaceratops, the jugal-epijugal
projection orotrudes much fufther lagerally than in
Eoceratops but in none of these §enera does this area appear
to have served as an origin for a lateral portion of the

pars superficialis. The ventral surface of these bones is

not excavated as for a muscle attachment, and indeed, the
epijugal shows deep.vascular marks and may have hdd a horny
coverlng in life. Further, a muscle arising from this area
would have a strong postero-lateral component of
contractlon, an unlikely action for a jaw adductor.

All ceratopsids show strong laxlllary and dentary

rldges, here 1nterpreted as the areas of insertion of the
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cheek muscle, the M. levator anguli oris. Presumably, this

muscle arose from the medial surface of the jugal in all

ceratopsids, but UA 11735 (Centrosaurus sp.) is the only
skull on which I have observed suitable scars on the jugal.
In no ceratopsid is there any indication that the pags

'meg‘al'g or the pars profundus of the M. adductor mapdibulae

exte _extended farther than the posterior rim of the

b ]

" Kence, breSugaLly, in the muscles arising from'it.

The supratemporal fossae of Styracosaurus are broad

~ laterally but short anterc nosteriorly (Fig. 20a). Although

there is some variation in this feature, this fundamental

shape also characterizes Centrcsaurﬁé.‘ln these genera, the
basic 6utline of the frill is broad and round, with the
short squamosal sloping postero-ventrally toward the center
of the lateral edge of the frill. The suprateﬁporal fossa
follovws the medial edge of the squamosal for part of its
length so that £he area available for the origin of the pars
ggg;g;;§ and pars profundus is broad but short, narrowing

rapidly posteriorly. In Qggsnosaurus (Fig. 20b),

pentaceratops and possibly Eoceratops, although lateral

. crushing has distorted the frill of UA 40, the supratempo: 'l
fossae are long and relatively narrow, especially in

Pentaceratops, slanting postero-latetally along the medial

edge of the long squamosél. Arrhinoceratobs and




Fig. 20. Dorsal view of supratemporal fossae of a. NMC 344

(Styracosaurus albertensis), x.06 (from Lull 1933);

b. AMNH 5402 (Chasmosaurus belli), a badly crushed

skull but drushing is largely dorso-ventral and at
least the left supratemporal fossa appears to be
undamaged, x.07 (from Lull 1933); and c. YPM 1823

(Triceratops serratus), x.08 (from Hatcher, Marsh

and Lull 1907).
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Anchice;atops have supratemporal fossae of approximately the
same shape, but relatively shorter and more narrow.

Triceratops (Fig. 20c) shows some variation in this

character, but agproaches the long, rectangular shape more
closely than the broad, triangularione. In some species, the
supratemporal fossae may be short and narrow but the basic
shape iS‘rectangu%ara ‘
Certainly such variations musg.have affected the

origins of the pars g_g;g;lgband pars profundus, although

these muscles were large in all ceratopsids. Pentaceratops,

for instance, has relatively much larger fossae Bhan, say,

Triceratops sulcatus and thus the area available for
'muscglar attachment is relativelyumuch larger, as well. The
po§$ible significance, if any, of these variations is
obscure, and it is possible that the shape of the fossae
Fespohded to‘changes in the shape o. the frill that vere
’goyerned by demands other than those imposed by the adductor
;mgsculature.

As noted aboie, theAexact placemen* of the insertion of
the Bodenaponeurosis, pars medialis and pars'sqgetficialis

~o_ - .
méy\vary somewhat among ceratopsids, a*thoqgh the basic

pattern seems to be similar in all genera, but too few
genera possess'complete, vell preserved lover jaws to trgce
- changes in this character throughout the group.

The M. pséudotemnor%}iﬁ appears to have been a - Ty

constant element in all ceratopsids. The braincase, as far

as is known, is very similar throughout~the‘éeratopsia and’
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the laterosphenoid always shows a strong oblique ridge that

presumably gave rise to both the 4. pseudotemporalis and the
M. levator bulbi.sThe major area of insertiom, on *he
antero-gdial slope of the coronoid process, also is veiy
constant anongwceraiopsids. Haas4(1955, p.7) has restored

the }§. pseudotemporalis as "a flatteggd?luscular-gibbon" bu-

there is ample reom in all ceratopsids for-a fairl} thick
muscle and the robus. areas of ofigin and insertion tend to
confirm this interpretation.

| The.pterygoid and ectopterygoid, and hence the M.
pteryqo~mandibularis of ceratopsids, are rﬁther.di. rent
than in.ggofoce;gggg§: In a'! ceratopsids, the Qggg gppsa is
arose from a rugose k;\ .~ ~d by the ectopterygoid, passed’
over a s;ooth,'trougﬁ~l ke dec-ession and inserted on fhé
vretroéarticular process, +' th is tclativxiy larger thanjié

Iy

P:o;oce:a;ops; All ceratopsids show two areas of insertion

for the gg;; veg&;al;s- obe on the lateral surfacé’ of the
N A : ’ :

angular and one on the short ridge bordering the Meckelian
fossa. In most, howvever, there is no indication‘of division
into two heads at the area of origim, as there is in

Protoce:gtogs, the ridge providing: the origin for the pars

Vvent;ali continuing uninterrupted frou the baszpter7901d

'vprocess to the quadrate,
The ﬁ gggggg_; mandibglae ggg;g;;g; also seeas to have
\'been a constant elelent in cergtopsids, ;risxng f;on the |
_broad anterior slcpe of the{gnadrate ana»insertiﬁg in'the

Meckélian fossa, the onlj‘ceratOPSid muscle to occupy this
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fossa. : )
| With the exception of the appareptly variéﬁle size aud

shape of the 4. agdgcglg nangi'u ae ;_;__2 medialis and
g;ofgggg‘ orlglns, and - the p0551ble varxatxon io slze and
location of the Q_;g suge;flg;gl;§ or1qin, the N. deg;esspr
nanglb e probably vas the most varia- c;luscle 1n the
“ceratopsld skull -In all genera it arose fro- the anterlor
edqe o “the Ventral squamosal” flange, vhich usually sho«. a
projectxén, thlckenlng and/or rugosity to mark the area of-”
Ho*;gln.‘As lentloned above, the retro-articular process Ls
preserved in only a few genera but it undoubtedly recelved
)‘he fibres of tae s. g_p;_ggg; mandjibulae in all
">ceratop51ans. The lq;n ‘source of variation in this amuscle

:involves its probabl-= iength and oriehtatiou in life. 1In
gggg:g;gg§, the M. depressor mandibulac appearsvﬁg have been
ratﬁer‘short, acting at more or less a 459 anéle to the
plane of the maxillary tooth rov.‘ggaglogau;bg belli, ¢.
;ggse;li « some species of 1;;gg;a;62§ probabiy»shoved a
similar condition but in/cgaSlosahgug kaiseni and

Pentaceratops, the A. depreggor mandibylae was much longer,

acting at a somewhat sfeeper angle. In these latter forms,

’

the quadrate is relatively longer and the ventral flange of
‘the squamosal relatively shorter. Centros .
§i1;ggg§‘§;#§ and some spec1es of 1;jg_gg§_g§ probably vere
xnter;ediate between these two extreles. chagmosayrus

brevirostris shows a rather'diffetent condition, suggesting
‘a larger and more powerful Y. depressor papdjbylae. The

-
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anterior edge of the ventral squamosal flange of this

species has a very large projection for the origin of the “.
. 3

degresson !gndibQ;zA and this muscle appears to have been
oriented at - "@ep. T angle than in Eoceratops, ir all, a
more power nl - anéelent, p0551bly suggestlag éhﬂlder gape.
One highly o int spec1es with respect taﬁﬁkgf\feature is -

friceratops hatcheri, in which the ventral squamosal flange

1s very short, so that the orientation of the H. degrgssor-g

mandibulae approaches that of P:gtoce;Atops more closely“‘\*mgyw

than in any other ceratopsid. . ’ ’ f@g"

The Mm. levator anguli oris, pseudotemporalis, levator
bulbi, adductor mandibulae posterjor and intetlanglgg;agig

probably vere basically similar in all three falllles of the
Ceratopsxa._The other cranlal muscles, hovever, shdu sdne
varlatlon betueen the fanllles.

Haas (1955) has shown .convincinyly fhat there was a
separate lateral porfion ofrthe M. addgg£g; !andibulag
gg#ggggg §ngé;ficig;;§ in“ﬁﬁé;oCé;aigggiand ggitgacogguggg.
Leptoceratops has-n.sililar excavaticn'di the ventral
surface of the jugal and so préb&bly also had a separate
laterél divisidn of this ruscle énd similar conditinns
probably existed in other protoc;ratopsiné and in
g;gﬁ;ggagodg . All‘these foras are characterized hy short
skulls that are very broéd across the jugals, and by\lov,
broad coronoid processes with a distinct basal ridge, as
described by Haas (1955) for Protoceratops. .There is no .

evidence of this léte;al division in any ceratopsid.

[
.
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The maih mass of the pars superficialis was relatively
much larger in protoceratopsids and psittacoséurids than in
7 ceratopsids. In both the Protoceratopsidae and the
Psittacosauridée the lateral temporal fenestra is relativelyv
much larger tham in the Ce;atopsidae, altering the
proportions of -the entire posterior part of thé skull.
Kurzanov (1972) showed that the pars medialis and pags

profundus of Protocetatops could not have covered the entire

dorsal surface of the frill but the same is not true for all:

protoceratopsids. Leptoceratops has a short, non-fenestrated
frill, éhoving no indication of secondary closure of a
fenestra. The_floor of the supratemporal fdésa merges with
the frill, which could be described. as merely a short
extension of this floor. Examination of the dorsal surface
of the frill reveals distimct muscle scaré along the
mid:p§rietal crest~and along the poﬁteriorvborder4of tpe

frill. The lateral edge of the suprafifdporal fossa shows

1;)

deep striations as well. These scars likely mark the areas
of attachment of a tough fascia that covered the pars

medialis and pars profundus of the M. adductor mapdibulae

externus, which in‘tutn covered thé dorsal surface of the
frill (FPig. 21); Striations on tﬁev;ore'posferior parg bf
~Jthebfr111 indicgte.that the posterior parﬁ of this muscle -
BaSS wWas tendinons‘(again, ipsetting-tahgentially on‘the
bone sﬁfface and hence vgtj gtrong) but the anterior part §f
the floor,of the supratemporal fossa is smooth, indiéating a

broad, thick nnStle.pg551ng ante;p-yentrally to insert on -

Y



Fig. 21. Dorsal viéw of right supratemporal fossa and
postulated appearance and placement of fascia
covering left supratemporal fossa of~NHC 8889

(Leptoceratops gracilis), x.43. (From a photograph

originally published by Sternberg (1951). Thfough

the courtesy of Dr. D. A. Russell and the National

o Museums of Canada.[[%@m'vw
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the lower jaw.

Since specimens of leptoceratops are net available in
large numbers, 2 they are for Pgotocergtgg§, there could be
considerable variaticn in the shape and orientation of the
frill, but in all available specimens the contours of the
frill are such that a muscle reaching'the back of the frill
. would pass directly through the supratemporal fossa without
any of the contortions heccessary for such an arrangement in

older specimens of Protoceratops. As in the ceratopsids,

there is no osteologic evidence of division into pedialis
and brofundus masses and the muscle on the dorsal surface of

the frill may have been undlvided although the size of the

' ﬁfmuscle mass argues agalnst this lnterpretatlon.

Bagaceratops is a small- protoceratopsid from Mongolia,

recently described by Maryanska and Osmolska (19i5).’The
?frill;is short and‘probably not fenestrated .although the
preservation is not good enough to be certaln on thls point
(uaryanska and Osmolska 1975). Maryanska and ocndlska'
diagrams are not suff1c1ently detalled to show _muscle scars
but it appears that the p;;_ nedia11§ and pars profun dus
arose from the saggltal crest, posterior’ border of the frill
and lateral edge of the supratemporal fossa, as in
lLeptoceratops. The postero-lateral edges of the frill of

Bagaceratogs flare laterally, rather than being rounded as

in Leptoceratops, but not to such a degree as to prevent a

straight passage from the dorsal surface of the frill

through the large supratemporal fossa.
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‘Microceratops is the most primitive and geologically

oldest prbtocératopéid, although it cannot be regarded as an

ancestor for the other protoceratopsids (Maryanska and

Osmolska 1975). The frill in Microceratops is short with a

>
rounded posterior border, as in Leptoceratops, but the frill

is fenestrated, as in Protoceratops. The shape of the frill

indicates that the pars medialis and pars profundus covered

the entire dorsal surface of the frill, although in this
case, the posteriot pa@; of the muscle mass overlay the
frill fenestra. This situatidn, if correctly reconStructed,

among all known

was restricted'to Mi
ceratopsi;ns. L. S. Russell (19%5 sugggsted that the-
fenestrae in ceratobsid frills allowed bulging of the "M,
‘temporalis™ upon contraction but evendif the adductor
puscles had covered.the dorsal surfaée_of ceratopsid frills,
it seems unlikely that ihe frill fenestrae ;ould al’»>w any

more bulglng than would the sk1n coverlng the muscle.

similarly, it is unlikely that the fenestrae in

Microceratops, which were covered by musculature in life,
functiohed‘in this vaj: Possibly, their functioﬁ was to
lighféﬁfthe frill, or they may have,had.some function unique’
to this genus.

Psittacdsaurids also possess a short, non4fenestrated
- posterior extension of the pe;ietals, although this platform
is not nearly S6 ‘extensive as the friil of ceratopsids or ~
protdceratopsids. In these forms, the_supratelporal fossa

covers the entire dorsal surface of the platforn} except for
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the short posterior extensions of the squamosals, and this

platform functioned to support the medialis and profundus

divisions of the M. adductor mandibulae externus. .

~In both protoceratopsids and psittacosaurids, the Qggé
medialis and pars pggggggg§ prqbably inserted in the large
inframandibular fossa rather_tﬁan on the low, broad coronoid
process. CorreSpondingly;\in ceratopsids, the pars medialis

and pars profundus inserted on the cdronoid'process and the

M. adductor mandibulae posterior inserted in the

inframandibular fossa, whereas the g. adductor mandibuylae
pPosterior of protoceratopsids and psittacosaurs probably

inserted on a ridge medial to the fossa. In other respects,

the M. adductor mandibulae posterior appe : to have been
véry similar in all ceratopsigns.

As mentioned aﬁove, the‘éétopterygoid of ceratopsids is
very.different frqn that of pfctoceratopsids,’formir a
rugose knobfrather than a broad;vsheathing element. This
expanded'knob providea'a larger area of attachment that,
'fdgether‘iith the greater development of the regﬁb-articular
process, indicates a larger and more powerfﬁl M. pterygo-
ggggigularis dorsalis. The origin of the pars ventralis, on
the other hand, appears.fo have been $Simplified with reSpect
to the condition'in protoceratopsids. (The skulls of
psittacqsarids dre‘not known in sufficient detail to comment
on their affinities in this regard.)

Neither protoceratopsids nor psittacosaurid# possess

the ventro-anterior squamosal flange that characterizes the )
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ceratopsids. Hence, the M. aepressor mandibulae must have

arisen from the short, postero-lateral surface of the
squamosal, giving this muscle a much mote vertical
orientation than in ceratopsids (with the possible exception

of Triceratops hatcheri). This muscle, being both relatively

longer apd more vertical than in ceratopsids, would have

produced a relatively greater torque around the jaw

articulation than the M. depressor mandibulae of
ceratopsids, although with respect to the adductor muscles,

the M. depressor nandibu;gg cf protoceratopsids and

psittacosaurids still was relatively small.

.0f the four groups of reptilian dorsal axial muscles,
only three, the longﬂhédian, long lateral and occipital
groups have atfaéhnents on the skull (Olson 1936). The
members of the logg median group lie next to the vertébralh
column and slightly dorsal to the members of the long
lateral group whi;é the occipital group lies deep to the
other iéo sysfgﬁs and consists of short muscles exténdipg
from the anterio- cervicai vertebrae to the}atlas and
occiput (Hyman 1$-2). )

One of the most distinctive scars on the ceratopsid
occiput consists cf a pair of dérso—ventrallyfelongate
depressions, separd%ed by a comspicuous ridge, lying dorsal
to the foramen magnum. Lull (1908) felt that these

depressions were the insertional areas for parts of the M.

loé§22§inus dorsi but since these scars occupy a median

/
7 .

&
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position in all ceratopsid skulls, it is unlikely that they

were associated with the g.'lonqissimus dorsi, which belongs

to the lateral series of epaxial muscles (Hyman 1942; Olson
1936) . L. s. Russell (1935, p.43) identified this area as

"the common insertion area of the biventor cervicis ("spino-
occipitalis" ] muscles". Accordiﬁg to him, there is a single

depression in this area in Chasmosaurus, Centrosaurus and

Anchiceratops but a pair of depressions in Styracosaurus and

Triceratops. While it is true that the median ridge is more
noticeable in some specimens .than in others; there . always

a pair of elongate depressions, separated by a ridge, in

this area of the ceratop ‘ié skull, even g:?c 2280 ‘
(ehasmosaurus belli), the specimen figure: Yy Russell. The

Y. biventor cervicis also is a member of the longissimus

‘syétem (Olson 1936) ard thus seems-an unlikely candidafe for

such a median position on the skull. In Sg_enodon, nodern

llzards and crocodlles, the M. spinalis Capltls "occupies a

superficial p051tion (on the occiput] very close to the

midline" (Ostrom 1961, p.113). Such a position corresponds

very vell with the elongated scars above the foramen magnum

of ceratop51ds, wvhich seem- m;re likely to have received the
ﬁ. sg;gglls gggggls than any part of the lateral long1551mus
series. The medlan ridge dividing the tvo muscle scars very
probably received a strong ;igggggggg nuchae. (Olson (1936)

restored a similar condltlon in the cotylosaur Diadectes and

the pelycosaur Dimetro don ) Both the M. spinalis capi§;§ and

the ligamentum nuchae would arise from the neural spines of

'

*
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the'éérvical vertebrae and since their main fumnction is to
'/support the head (Lull and Wright 19@2), it seems likely
that both the muscle and the ligament vere very strongly
developed in ceratopsids. Indeed, the.depth of the muscle
scars and.the height of the median ridge support this
assumption. As in @odern lacertilians (Olson 1936) and
§Qgenodon (Hyman 1542), the origin of the M. §p;ggl;§
capitis probably consisted of separate tendons arising ffom
the neural spines, but the smooth texture of tge floor of
the depressions on the occiput indicaces a ~ufshy insertion.

(A fleshy insertion also charact :-izes the at’ achment of the

g.’gpinalis capitis of lacertiliaux (01son 1936) and
Sphenodon (Ryman 1942).)

| There are two major muscle systems in the long lateral
group of reptilianp epaxial muscles: the longissimus, vwhich
occupiés the entife“length of the verteprai éolumn,'and the
more lateral ;ggg~gg§;g;;§, uhich does not always extend
into the cervi;al region (olsoﬂ\1936). That part of the

longissimus that occupies the cervical region is termed the

longissimus cerv;gg~¢apit1§ and can itself be divided into

several muscles (olsdn 1936) . The most dorsal one, the M.

articulo-parietalis (complexus major), can combine at its

insertion with the M. spinalis capitis (Olson 1936). If this
muscle was present in ceratopsids, it presumably had a
similar combined insertion with the M. spinalis capitis, fc

it left no separate scar on the béciput. Of the other three

divisions of the M. longissimus cervico-capitis, only the
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Mm. tranversalis cervicis (complexus minor) and capitis

(spin l;. colli) have insertions on the skull. The M.

A ——

\
transversalls capitis of Iquapa inserts on the basioccipital

(Olson 1936) and the basioccipital of ceratop51ds has a
deeply concave posterior face that p - _wzbly received this

muscle. The M. transversalis cervicig -+ Iguana inserts more

dorsally and more laterally on ti.. occiput (Olson 1936).
Lull (1908) showed a small, separate muscle scar on the
basioocipitél, directly above that here ldentlfled as the

1nsert10n of the M. t;ansve:salis capitis but I have not

been able to distinguish such a "scar in any ceratopsid.
There is a deep scar belov the ventromedial border of the
exoccipital, however, that probably accomodated the M."

tgansversall erv ;§

“

The other part of the long lateral group of epaxial

muscles that attaches to the.occinut, the H. 1110-costalls,

-

consists of two muscles: the Mm. jlio~costalis cepvicis and

capitis (Olson 1936) . In Iguggg, the M. ilio-costalis

_capitis inserts in common with the H. transversalis capitis

(Olson 1936) and this probably was the 51tuat10n in
ceratop51ds as well since the area avallable on the- B
posterior face of the basloccipltal is large and there are
no other suitable scars in this area. The M. ilio-costalis

*

gg;vicis probably shared the insertional ‘arer of the H.

. transversalis cervicis, as again, there are no other
SN : .
suitable\scars in this area.

The obcipital group of reptilian epaxial muscles
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includes a medial M. rectus capitis and a lateral H.

obliquus capitis, both of which usually are further

subdivided (Olson-1936). Apart from the insert: £ the M.

spinalis capitis and the ligamentum nuchae, the S

conspicuous scars on the ventral surface of the ceratopsid
frill consist of two deep oval depressions on the dorsal
borders of the exoccipitals. Both Lull \1908)-and L. S«
Russell (1935) described these depro551ons as the. areas of

insertion of the M. rectus (capitis) QOSthUS pa jor. Lull

(1968) divided the M. rectus capitis into four portlons,

with insertions on the basioccipital and beneath the-
ventromedial edge of the exocc1p1tal as well, Hhile L. S.
Russell (1935) proposed ‘two divisions, with the "antlg__“
portion inserting on the ventro-lateral edge of the

: Qexocciéital and the "posticus" portion ihserting in the dee-
depre551on on the dorsal border of the exoccipital.
Russell's reconstructlon of the "anticus" portlon is )

unlikely to be correct since, ® 10dern reptiles, the fi.

rectus capitis ggteriog, along with the Y. t;anvetéa;ig

cervicis, lowers or flexes the-head ;OStrpm 1961).

Therefore, a lateral position forvth’s muscle is unlikely.,

Lull's placement of the M. rectus capitis anteglor vlth the

The—

M. _;anve:; alis ce;v1c1s may be correct, as there are no

separate scars for this portlon. Although Lull dlvided the

M. rectus capitis Qgsterigg, there is no clear ev1dence for

this in ceratopsid skulls. The scar on the dors_al edge of %{}
R 3

the‘exoccipital is deep and probably received all the.fib‘

«
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of this muscle, althoudh it is’ possible that a slip of the
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Sy

8. rectus capitis posterjor inserted in common with the §.
transyersalig capitis and §. jfljo-costalijs capitiq. In

Sph gggdo and modern lacertillans, the lnsertlons of the e

(RN

-

g;angve;§ ;;§ capitis and ob;;guus capitis nagnus“are

- 1

’_closely associated and these tvo muscles ‘have silllar

functions of rotation and abduct1on of the- head (Ostron

1961) . In ceratopsids, it appears that the ‘4. ob 1;g us
{

gplgg_ agng_ vas much the stronger muscle as the area

.a551gned to the . transversalls capitis is small and close

i

fto the occ1p1tal CQndyle so that its moment arm would be

small. - o
, D . ) 4 T
Lull (1908), figured a ver scar covering the

lateral portLon of the exocc1pitar and adjacent parts of e

A'1nsert10na1 area of the g 1gt;_§1 us ogsi. L. S. Bussell

s,

(1935) 1abelled the exocc1p1tal contr1Qyt10n of thlS area

- "\ )

‘the "rectus caBT%;§ agtlgus _;gor" but, as lentloned above,

the lateral pgsltlon of thls_scar argues against such an
: €3 o . o =

interpretation. Alth%ugh_nost ce,atopsids have a shallow
concavity on the véntral surface of the sguanosal; this
depréssionﬁlg separated.fron that on the exdccipitai by'a
ridge on the lateral'edge_of theAexoccipital, and often by a
ridge on the squanosai as dell..Fhrther, this‘cqncavity
appears to be too extensive and-ill-defined to repreSeht a
muscle scar. The M. complexus minor (_;__ve;§a11§ ce;v;glg)

(Olson 1936) is a division of the M. g §51lus ce vico-

“-sqhamosal of I;;ge;atgpg, labell&ng th1 caraas part-of the -
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capitis, not of the j. lat;5§;!us dorsi, as stated by Lull

{1908) . It seems more likely that the M. transiersa;ig
cervicis wowld insert near the ventral surface of the

~ . brainqgse, as .in henodonland lacertilians (Ostrom 1961),
: rgﬁz'x’than in the extreng}}nteral position postulated by }
= f§5;§2i908). The function of the H. gg&ijugg capjtis magnys
: . _ .
{rotation and abduction of the heaul;pnd its large size in
“’;zzzgost modern reptiles, where it is the iargest muscle
producing a lateral‘rofation of the headA(Ostro- 1961)

indicate: that thls muscle . atgated the scar on the
: S LER i
ventro= lateral surface of the' é£OGC1p1tal in all

ceratopsxds.*“‘ ) , T “m

ey

0f the hypaxial nd#tles, only the M. subvertebralis

reached the occ1put, attachlng to theml rge. rugose ventral
surfaces of the basa; tubera, 1nned1ate£y ventral to thé
< .)

5o 1nsert10ns of the gn. ; ggve;gal; ge;v1c1s and 1110~

c_§tal § ce;v101s.

& o T Lal1® (1908; pl. ;II ;/figured but did not descrlbe an
A . -area on the veutral surface of the parietal; near the

* . .~

parietc-squalosal suture, which he labelled "?levator
clav1culae" This area,~if it is indeed a muscle sc¢ar, is
not strongly delimited fr0m the rest of the ventral surface

‘of the frill. I am unable to discern a_dlstlnct scar ‘in this

area in any ceratopsid and am inclined to believe,

especially considering the extreme&lateral position of this

muscle on the parietal, that this-area did not receive a

nuscle in the Ceratopsidae.
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The only other prominent scar visible on the ventral
“Surface of the frill in ceratoPSids is a single median

depression dorsal to the scars of .the M. spinalis capitis.

L. S. Russell (1935) identified this scar as the area of
origin or the neapiti—dorsi-clavicularis“v(%&apezi;s)
auscle. (L. S.. Russell (1935) stated that thlr(1§08)
identﬁfiedbthiﬁ scar as"part of the insertion‘of the
"co_p;g;gs" but in fatt, Lull's descrlptlon refers to the

dorsal extent o the“ﬁ. spinadis capi tis' scars. Lull did not
i ‘M g T
S . fiqure this’ separaézy _ al 'scar, although it is present ln
R '\" ’ _' .
all ceratop51ds ) Although this &car shovs no 1ndrfatlon of

4& d1v1510n 1nto left and right, as one mlght expect if it

u.\) N s

-»Qg-v°represents the orlgln of the trapezius group on both sides
- ¥ (;, .

4

S

of the skull it 1185 in the correct p051€§on to bé the

.

I 3 -~ ‘ - \\7 "’
or;gln of part of the trapeziusvgroup, possibly a separate
\ -y e .
M. sternocleldonastﬁldeus. This depre551on is thc post
: R T KAE
"dorsal scar on the«frill. %g other muscle. appears to have

attached more closely%§§§ke perlmeter of the frlll, so that

X

t of the ventral surface of the parletal and all of the@

>

ventral surface of the squamosal were free of muscuylar

attachments.ln life. NS - %“:7.\

;he arrangéhent of‘the musclesi or,atlleast of the.
muscle scars, o% the ventral surface of the fril;_gas,seny
censtant among cgratpps;ds (Eig..22)-u$herefafe'minor o W

s - variations in theisizeaand,shape of certain attachments,n
many of vhich may be duecte distortiohirather than variation

in shape or power of the muscles involved. In NMC 22890



Fig. 22. reas of muscle attachment in the occiput and

entral frill surface g ‘::

Pe) -
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(Cchasmosaurus belli), however, there is a large and very

distinct muscle scar immediately dorsal to the area of

-insertion of the 4. rectus capitis posterior (Fig. 23). L.

rare essentlally 51m11ar~to those seen in ceratops1ds,

S. Russell (1935) described this scar as .the insertion of o
S
,a..

part of the«ﬁ longi ;nus cervico-capitalis. It is unllkeiy\vw

that either transversalls muscle had such a dorsal

attachment (see above) but it is'possible that the #. & ©

artlculo—g‘rletalls 1nserted 1n thlS area. Altermnatively, %

this scar may represent-a. separate head ‘'of the H. Iectis
A

capitis posterior. Such a scar does not appedr in any other

)

spe01mﬁn of Ch gsmosaurus nor, as far as I am avare, in any
) oo . - .

other ceratop51d

‘The ventral surface of the frill of UA 40 (Eoceratops)

o

Nonetheless, ‘one can Q§§éern scars for, the 4. splnalls

‘capitis and llgggggggg nuchag, and for the Mm. yectus

capitis gdsterior, t.ansversalis and ilio-costalis capitis,

transversalis and ilio-costalis cervicis and obligquus .

capitis magnus. Since the occiput of UA 40 is badly danaged iy

¢

and sihce the patternm of the muscles in this® area is so

) . Nl . . s
constant in ceratopsids,’ the areas of muscular attachment .
b :

are shovn for UA 11735 (Centrosaurus =p.) -(Fig. 22), which /

has a very well preserved occiput.

Protoceratopsids have iuSCle scars on the oéciput that

desplte the dlfferegi proportlons of the elements formlng
4
theé occiput. In Protggergtops.-houever, the exocc1p1tals
. [ :

.ﬁed and the surface 1s poorly preserved._ _ .



Fig. 23. Areas of muscle 'ttachment on the occiput of NMC

—_—

2280 (Chasmos¢ igus ' .1.i). (Note separate scar for

the Q.'éfticulo—BaLLetali§.)
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being relatively much longer than in ceratopsids, the area

of insertion of the H. obliquus capitis magnus is in a much

e

more lateral position. Leptoceratops also is fairly similar,

although it apéears to lack the deep depression for the M.

sternoc eidomastoideus éﬁen in ceratop51ds. The trapezius \ﬁsﬁ
group presumably 1nserﬂed somewhere on the ventral surface :h?g
of the frill, possibly as far back as the posterlor edge ofunﬁié
the frill, the ventral surface of which is marked vlth

¢
.parallel strlatlons, as on the dorsal surface, although
more probably, these scars represent a slight ventral
contlnuatlon of the fascia coverlng the dorsal surface of

k

the frill. :(The "frill of Leptoceratops is much more
restricted than that of Protoceratops SO that a muscle
attaching near the'posterior edge'of the frill would still
be'relativelf close to the occipiggl condyle.) In ‘

rotoceratops. the exoccipitals lie essentially in a

a

o .

straight’line; bracing “the ventro-lateral,sides of the

frill. In somne specimens of Leptoceratops, the two

exocc1€1tals form an obtuse angle with each other, so that
they brace the postero lateral cormers o- he frlll. This

change in orlentatlon ‘places the 1nsert10nal areas of the M.

S

rectﬁs capitis gosterlor very close to those of the H.
d .

-

plnalls capitis but otherwlse, hese scars are very 51m11arh

. »

to those ‘seen 1n ceratop51ds. 4nuc 8887 (Leptoceratogs) has:

its e50c01p1tals orlented appr011mately as in Protoceratops
(Sternberg 1951) ) The ventro—lateral surface of the

exoccipital, however, shows no concav1tv fort the reception
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of the M. obljiguus capi ‘15 ;gggg and it is poss;ble that

this muscle occupied a lei?%iedial position than in

protoceratops and the ceratopsids, although there are no

osteologic features to indicate the precise position of this

ruscle.

]
The descriptions of Bagaceratops and Microceratops

available in the literature are not sufficiently detailed to
' indicate areas of muscular insertion on the occiput gtthough.

the occiput of Bagaceratops is so similar to that of other

protoceratopsids that the muscles inserting on thelOCCiput
probably were similar, as vell.

. In psittacesaurids, the muscles inserting on the
ventral portlcm of the ﬁlput appear to have resembled
those of otheq£§§xatop51ans, Dorsally, hovever. the occ1put j
is very dlffereg% frcm that of other ceratop51ans.

presumably at least in part reflectlng a difference in the

nuscles inserting on this area (Fig. 24). The ventral

surface of the parietei of AMNH 6254 (Psittacosaurus

mongollens1s) is deeply concave. The dorsal rlm of thls
..5‘

,concaV1ty forms the posté&1or¢edge of the frlll the ventral

/
rim forms a sharp rxdge, which overlies the exocc;pltals.
LY

VBetueen this ventral ridge and the dorsal edge of the
exocc1p1tals, there is a deep, open suture., 20551bly, the
' medla&Jsurfaces of this r1dge~suture complex received the “.

=~

rectus cagltls posteridr, and the M. agpticulo-p ;;etalls, if

such'a muscle was present, uhlle the 1ateral surfaces

received the #. obliguus capitis magngg.‘Therehls a slight



Fig. 24. Areas of muscle attachment on the occiput of AMNH

6354 (Psittacosaurus mongoliensis). (Only part of

skull shown.)
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depressiof on the dorso-medial surface of the exoccipital
that probably indicates the area of insertion of the N.
rectus capitis posterior but. there are no features

-

indicating the exact area of insertion of the M. obliquus

capitis madnu

2

z‘ Im

The,mbst_obvious difference between the parietal of

psittacosaurus and thaEﬂofwother ceratopsians concerns the
L]

possible aregfof origin of the M, ste;nocleidong&LQideus.'

.

Unlike the depression on the ventral‘surfaée.of the frili in

P

ceratopgids and Protoceratops, the concavity on the ventral - o

4
~—

surface of {%g parie%al of Psit;acoSadIUS is divided

dlstlnctly into 1eft and rlght portlons. 1f th1< concav1ty

- .
does ingdeed represent the attachment of the‘f. T e

steggoclg’domastoiaeus, this was the largest muscle'

attachipg to thebocciput of PSlttaLOS&HL‘S' as this

€ﬁepresslon 1s rqlatlvely much larger than in any other

ceratopsman‘ (The parietal of AMNH 6253 (Proglguaggggg) is

1nc0hplete hut Osborn (1924' fig. 6) illuStrated“this o
ielement and there is- a depreSSIOn lh the same (relative)

.‘\~

posxtxon as the rlght M. ste;nocleld ona stoldeus scar ‘in

’U

Psittacosalrus. Probably this area was similar to that in

A

951gtacosaurus, although the rest of the area of’brigin of

the M. tegnocleldomast01deus is- unknown in P;otlguang Oon.)

Presumably, the u. spinalis capltl inserted on the raised,

A

,medlan Qfea that Separates the twou ?u.

’

4]
o+

e;gocleidoi§§§~;de§§’depre551ons but the lack of a

l

distinct t;dge indicates that a ligamentup nu g hae may not

® ) -

[
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have been présent in Psittacosaurus.

(b) Dentition

The restored cranial musculature of ceratopsids

indi®ates a powerful jaw action,;an assumption that is

corroborated by the dénéition,‘yhich“shows-adaptations for

i resﬁonding;to_ﬁeavy;,répid weat.

\

In his original description, Lambe (1902) a551gned a

séparano tooth and a max1llary wlthQieeth to Monoclonius
1

2

‘1%Seratops) canaden51s but, as mentloned preV1ously, both
of";hese spec;mens must be consxdered 1ndeterm1nate. The -
left dentary (NMC 1254e) of NMC 1254 (gggg£g392§) lacﬁs
teeth and thé maxillary of NMC 1254 is;noi preserved,

other than ac<broken tooth in the left dentary of A 40 - the

only known parts. of the dentltlon of Foce;agogs occur in the i

left maxillary of UA aO (Fig. 25)
Except for a Short, anterior, edentulous por:iion, the
p S :

ventral border. of tﬁe'maxillary of UA 40 confhins

closely-spacéd alveoli back to the 1ncomplete posterxor

_eigb There appear to have ﬁ%en approx1mately tuenty-four
tooth p051t10ns 1n thercomplete maxlllhry row. As in all

‘Mceratop51ds, each maxlllary tooth has a« strongly developed

longltudlnal rldge on the posterior half of Ats labial N

: surface. There are similar anterxor and posterior rldges

o

but, in unworn teeth, these do not contlnue to thet t1p of

the crown, whereas the center rldge does. The edge of the‘

=3

®

I

\



Fig. 25. Left iateral view of preserved portions of
maxillary dentition of UA 40 (Eoceratops

canadensis), x1.

<o
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crown, between anterior and posterior ridges, is marked by
small crenulations. Although the edges of the xillary

teeth taper somewhat, the unworn coronal edge is rounded but

¥
L

thete appears to be some variation among ceratopsids in chis
respect. The unworn dentary teeth of YPM 1821 (Irjcera‘ Hps

flabellatus) are sharply pointegd (see Hatcher, Marsh aad

Lul - 27, fig. 44), whereas the unworn maxillary teeth of
YPM 1823 (T. Serratus) (see Hatcher, Marsh and Lull 1907,
fig. 42) ‘are somewhat more rounded, although not asi rounded

s

'as those of UA 40.

There is a thiék median ridge on the lingual surface
of the maxillary teeth of UA 40, above the lingual root.
Although the alveoli are smaller anteriorly, it is not
pPossible to map differences in size along the tooth row,
since many of the anterior teeth are missing. Where
preserved, the fully erup ted teeth are approxxlately the
same size ‘hroughout the tooth row.

None of the teeth preserved in UA 40 shows the vertical
shearlng surfaces so characterlstlc of ceratop51ds, thes
parts of the tooth series that part1c1pated in the occlusal
surface having been lost.

As the tooth rows of ga 40 are incomplete, and no Cross
sections have Seen made of the jaws, it is not possible to
describe the entire dental battery of Eoceratops. As far as
is known, hovever, the general dental Pattern is similar in
all ceratopsids, SO presumably Eoceratops followed this

pattern as well.

o
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Ceratopsid tecth do neot form>extensive dental
batteries, as in hadrosaurs, although a large, continuous
occlusal surface is formeé in both groups. Unlike the
hadrosaurian batteries, in Ceratopsids, generally only one
tooth in each vertical serier is fully functional at one
time (Ostrom 1964a), although other teeth may participate in
the occlusal surface during replacesecnt of older teeth.
Within the family Ceratopsidae, the number of vertical

series of teeth varies froam twenty in Brachy :ratops to

forty in Triceratops (Ostrom 1966; Gilmore 1914) but
according to Brown and Schlaikjer (1940¢), ceratopsids are
characteri-:d by larger numbers of maxillary than dentary
teeth. (In Triceratops, for instance, there may be at least
ten more maxillary than dentary tooth positions (Brown and
Schlaikjér 1940c¢c) .) wnus, ghen stating the maximue number of
tooth positiomns in-ceratopsids, presumably most authors are
referring to the maxillary dentition. further, while the
nuaber of .~-th rows appears to ha?e taxonomic significance,

this number increases with age in Protoceratops and may do

So in ce;atopsids, aé well (Ostrom 1966; Hatcher, qarsh and
Lull 1907) so a range, rather fhan a single number should be
used in the def%nition of a genus or species. The number of
A;;eth in each vertical series depends upon the position of
‘that series in the tooth row. Near the center of the row
there can be four or five téeth Per series (Ostrom 1964a),

vhile at either end there can be only one (Hatcher, Marsh

and Lull 1907) or two (Ostrom 1964a).

Lawiia
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Ceratopsid teeth are unusual in that the tooth at the
base of the vertical series has one large, triangular root,
vhile older teeth in the same series have twc roots. The
double—rooggd condition arises as the crown of the
developing tooth presses into the pulp cavity of the next
tooth in the same vertical series, the single root of which
bifurcates to accommodafe this crown (see Hatcher, Marsh and
Lull 1907, figs..u3 and 45). Thus, each tobth is guided into
its occlusal position by neighbouring teeth and by the.
succeeding tooth in the same series (Hgkcher, Marsh and Lull
1907) « On each side of a tooth, between the two roots, there
is a groove, which facilitates close union with adjacent
teeth and, as the tooth series in ceratopsids tend to be
more or less strictly alternating (Ostrom 1364a; Edmund
1960) , the crowns of the ¥wo neighborring teeth are
approximately on the same level below the edge of the
intervening croin, so that a tight fit is maintained
throughout the todth LowW.

Ceratopsid teeth are strongly curved, convex on the
lingual side, slightly concave on the lébial side in the
denﬁary series; with this orientation being reversed in the
maxillary series. The vertical tooth series are curved as
well, continuing fhe curve of the individual teeth, with the
root on the convex side fitting into a ledge.on‘the
succeeding tootﬁ, so that the whole dental battery is
strongly interlocked. (See Hatcher, Marsh and Lull 1907,

fig. 43.) As with the individual teeth, the maxillary tooth
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series curves in the opposite direction to the .dentary
series. Due to the curve of thc‘xeetb, the curve of the
tooth series and the interlocking of each tooth with both
neighbouring teeth ang with the succeeding tooth in the same
series, there“is a rotation of individual teeth arHund the.
long axis of the jaw during the précesses of growth,
eruption and wear. For the unerupfed teeth, this rotation is
clearly visible in cross sections of the jaﬁ (for example,
Hatcher, Harshband Lull 1907, fig. 43; Ostrom 1966, fig. 3)
but the rotation apparently continues during the functional
life of the tooth, so that the angle of the wear facet with
respect to the long axis of the central ridge and to the
base of the crown changes during use (Fig. 26), as the old
tooth is contdinually pushed toward the occlusal plane and .
~away from the jaw.

The convex surface of each tooth in ceratopsids
geherally is enamelled (Ostroa 1964a) and suéports three
strong, longitudinal ridges such as were described for
Eoceratops. (On the dentary teeth, these ridges are on the
lingual surface and the central ridge lies on the anterior.
half of the tooth.) The edge of the crown bears crenulations
and sometimes the fidges do,-as wvell, unlike the ridges in
Eoceratogé, wvhich are smooth. The opposite surface, marked
by the thick median ridée, lacks enamel (Ostroa i964§).

When occluded, the maxillary teeth of qerétopsids lie
lateral to the dentafy teeth. This arrahgelent allows the

functional teeth to shear past each other, forming vertical



Fig. 26? Functional series of isolated teeth illustrating
the rotation of the occlusal plane in,cerétopsids>
with respect to the base of the crown. a. and e.,
APM P67.8.5, x1.56 and 1.51, repectively; b. and f.,
APM P66.33.4, both x1.43; c. and g., APM P67.18.1,
both xt.61; and d. and h., - # P64.5.199, x1.58 and

1.40, respectively.

-~
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wear sugfaces capped with enamel. The crenulations on the
-edge of the crovwn quickly wear away but :.:e enamelled
ridges, esézcially the central one, form large crenulat:ons
along the tooth row (Ostrom 1964a). According to Galton
(1973) both forms of crenulation would increase the
sharpness of the edge of the occlusal surface, presumably by
increasing the surface area of that edge, without increasing
its thickness, Since only one side of the teeth carries
enamel, and so abrades more sloilj, and since the cvrrve of
the maiillary teeth is opposed by that of the dentary teeth,
the edges of both tooth rows are continually sharpened with
use, retaining a sharp edge throughout the life of an
individual tooth, although the relative poéitibn of that
edge changes through wear. The placementﬁpf the enamel and
the pattern of wear insure that the cutting edge is formed
by the most resistant part of the tooth (Ostrom 1964a) .

In some specimens, such as AMNH 907 and YPM 1823

(Triceratops serratus) (Ostrom 1964a), the occlusal surfaces

of both the‘naxillary and dentary tooth fows are vertical
but many specimens show some oblique wear surfaces. Ostrom
(1964a, p.6) attributed such oblique orientations to.
"post-mortem distortion and crushing"” or to "minor" natural
irregularities but Lull (1908) felt that the wear surfaces
generally were vertical ohly in the anterior portions of the
jaws, becoming oblique posteriorly. (A similar condition is

seen in Leptoceratops (McKenna and Love 1970), although

tooth function is somewhat different in this genus.) Also,
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in most ceratopsids, the functional teeth in one ramus lie
in a single plane and according to Ostrom (1964a), any
va:iation‘from a planar tooth row also is either a

A\
post-mortem effect or a "minor™ natural 1rregular1ty.,

Certainly it is true that the majer component bf\\\ﬁlusal

action in ceratopsids would have been vertical and “that the
\_. N

occlusal surfaces in many cases arebmore or less planar.

S
1

Nonetheless, variations in wvwear. surfaces indicate variations
in jaw action, especially, as Lull (1908) noted, in the
posterior »arts of the jaws. Considering that such
variations are so videspread, they must be accounted for in
analyzing the function of ceratopsid jaWws.

As mentioned above, the':e{gtionship'of the rostral and
gredentary uoul& prevent any anterior motion of the lower
jaw, at least at or near full occlusion, and/according to
Ostrom (1964a), the -posterior inclination of the glemnoid
surface>vould prevent posterior Qotions of the lower jaw,
but since the glenoid surface of ceratopsids forms an
"obliquely transverse groove" (Ostfom 1964a, p.9), sonme
latéral motion of the jaﬁs may have been possible. Lull
(1908) suggested that a certain amount of lateral motion
could have occurred in the initial stages of adduction.
Since ceratopsids had a scissors-like action in closing the
jaws (see below), the posterior teeth would be in contact
before the anterior teeth. Closer to full occlusion, the
opposed vertical shear surfaces would prevent any lateral

motion of the jaws but in the initial stages of occlusion,
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vhen only the posterior teeth were in contact, lateral
notions woqid be possible, producing the oblique wear
surfaces visible in so many specimens a accounting for the
fact that sac. éurfaces are more common in posterior than
anterior teeth. More férce éould be generated at the most
posterior teeth (see below) and it is poscible that a
certain amount of érinding was advantageous in this aréa,but
no ceratopsid developed wear surfaces indicating that
lateral motions as éxtensive as those seen in some modern
herbivores wvwere possible. o

An isolated ceratopsid tooth (APH P6u.5.19§)~(£ig. 27) o
shows oblique, parallel striat%ons on the wvear surface, //////
" indicating that s cme anterior-éo§;erior motion was possible.

< \“\
as well. Such striations indicate tooth-on-tooth contact and

they parallel the direction of'jau_action‘fhat caused them
(Greaves 1973). Unfortunatély, there is no way to estinate

the position of this isolated specimen in the tooth row, oOr
even to tell from which jaw it came,! nor am I aware of such
.marks in other ceratopsid épecimens. Nonetheless, the
orientation of the striations is such that purely vertical,

or even lateral mot. :n < 114 not have produced them. Thus, .
some anterior-posterior jaw action must have been possible
1possibly, APM P64.,5.199 is a maxillary tooth,. since there
+1s a slight ledge at the base of the ceatral ridge (compare
Fig. 26h with Hatcher, Marsh and Lull 1907, fig. 46) but
since most of the roots of this,specimen are missing and
since the ledge in APM P64.5.199 is not as prominent as that

figured by Hatcher, Marsh and Lull (1907) (although part of
this difference could be taxoncmic), this tooth cannot be

)

assigned to a particular jav ramus.



Fig. 27. Occlusal view of isolated ceratopsid tooth (APM
P64.5.199) showing striations from tooth-on-tooth
contact (s) and additicnal wear surface (a), x7.

(See also Figs. 26d and h.)
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in ceratopsids, at least in the individual that possessed
this tooth. This specimen also shsvs an oblique wear surface
that tapers away smoothly from the main wear surrace. This
obllque surface vas formed by a tooth in the opposing ramus
moving laterally and then proximally over the occlusal
surface of this tooth. (The Jjaw action that produced the
paréllel striations could not have produced this oblique
wear surface, as the long axis of the wear surface 1is
approximately perpeudlcular to the striations.) The presence
of both these features On a single tooth is strOng evidence
that jaw actiom in ceratop51ds vas not always a matter of
simple vertical shear. }

dne of the features of the ceratopsid dentitioqﬁthat
distinguishes it from t%e dentitions of protoceratégsids is
the insreased pumber of tooth positions and the extremely
close spacing of these positionsi(Ostrom 1966) . This close

spacing, combined with the intérlocking of adjacent teeth

and the largely vertical wvear surfaces produces a long, and

. in some cases essentlally continuous occlusal surface, as in

hadrosaurs. Unl: rdrosaur dentitions, howvever, t+he edge
of the shearinc surfece in ceratopsids is irred .. = (Pig.
28) . In hadrosa: . . e elongate roots are retéA . in the

functional tooth r.- by interlocking'neighbouring teeth,
even after the crown is completely worn away (Edmund 1960),
and the retention of heavily worn teeth ensures that the
edge of the occlusal sdfface is more or less regular (Edmund

1960) (Fig. 29a, b). In cerétbpsids, the teeth lie more or



Fig,

28,

Medial view of right dentary of UA 41 (

SPp.) showing irregular edge on shearing surface and

bony masses (b) within vertical tooth rows.
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Fig. 29. a. ?Anterior view of a single vertical tooth series

from the dentary of Anatosaurus anectens (from Lull

and Hridht 1940) showing retention of roots (r) even
afﬁer crown is entirely worn‘awayn x1.08. b. Lingual
view of dentary teeth of an unidentified hadrosaur
(UA 11734) showing even edge on occlusal surface,

x3.4. (Comparé with Fig. 28.)
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less in vertical rows and despite the interlocking of
adjacent teeth; the roots of heavily worn teeth are lost, at
least in the fossil jaws, although in lif; they may have
been held in placé“by connective tissue (Edmund i960).
Edmund (1960, p.TSZ) described "small mésses of bone
overlying the junction of the crown of one tooth vitﬁ the
root of its predeceﬁéor" in the jaws of an unidentified
Belly River (Judith River) ceratopsid (ROM 1944). These
masses of bone may have helped to retain the roots of
heavily worn teeth in the functional tooth row (Edmund 1960)
but it is aiso possible that they served to further l
strengthen the dental battery, for even in jaws where such
masses are common, the edgé of the occlusal surface is
highly irfegular and roots are not retained (see Fig. 28).
Although these bony masses are not mentioned elsewhere ‘in
the literatufe (Edﬁund 1960) , they are quite common: Edmund

reported their presence in AMNH 970 (Iriceratops serratus),

YPM 1834 (I. brevicornus), AMNH 5351 (Centrosaurus

nasicornus), NMC 8800 (Chasmcsaurus russelli) and AMNH 5402

(<. bellik; they also are visible on UA 41 (Centrosaugus
sp.) and NMC 285 (the right maxillary originally assigmned to

Honoclonius (=Eoceratops) canadensis (Lambe 1902) but here

considered indeternina}e). Further, Edmund (1960, p.152)

stated that the dentition of YPM 1821 (Iriceratops

flabellatus) has "the tips of the roots broken away in every

case, as if some persistant material, perhaps the bone

described above, had been removed during preparation." (See
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also Hatcher, Marsh and Lull 1907,,fig. 44.)

The teéth of protoceratopsids and psittacosaurids
differ considerably from those of ceratopsidé. In these two
families there is always a major horizontal component in the
vocglusal action, either from the inclined occlusal surface.

or, in Leptoceratops, from a horizontal shelf on the dentary

teeth. There are fewer teeth, ranging from six in immature
specimens of Bagaceratops (Aaryanské and Osmolska 1975) to

seventeen in Leptoceratops (Ostrom 1966) and the teeth are

smaller and not so closely spaced as in ceratopsids (Ostrom
1966).vBoth crowns and roots show less curvature, the
central ridée is smaller and the tooth row is shorter and
placed more anteriorly in the jaw, relative to the coronoid

process (Ostrom 1966) (see below).

Protoceratops is unique among ceratopsians in the
possessidn of premaxillary teeth. Both P. ggggg!§; (Brown
aﬁd Schlaikjer 1940c) and P. kozlowskii (Maryanska and
Osmolska 1975) have premaxillary teeth and Colbert (1948)

stated -hat Leptoceratops also possesses premaxillary teeth

b. s czording to Sternberg (1951) and Ostrom (1966), the

prenmaxiller..es of Leptoceratops are edentulous. The

premaxii_. t-=2th of Protoceratops are small, peq-like
structure. ir on each side, postérior to the rostral
(Ostrém.1;/“ n {1966) regarded the presence of
premaxillar. = ~ Protoceratops as a prinitive feature
but since . :cn @ o : fou.? in psittacosaurids, which

have a la-ger . © aitive cuarocters than does
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Protoceratops, and therefore may be regarded as lying closer

to the common ancestor of ceratopsians, and since the

premaxillary teeth of Protoceratops are simple structures,

unlike any other teeth found within the Ceratopsia, and are
not opposed by teeth in the mandible, it is possible that

they are derived features, developed'only in Protoceratops,

from an ancestral ceratopsian with an edentulous

premaxillary.

Protoceratops kozlowskii has seven maxillary teeth and
\r’

seven dentary teeth in the smallest known specimens but may

have as many as eleven in older individuals (Maryanska and

Osmolska 1975) and P. andrewsi has thirteen to fifteen teeth

in each jaw ramus (Ostrom 1966) . The number of teeth
increases with age in protoceratépsids but at any age,
protoceratopsids have fewer teeth than do ceratopsids. The:
individual tooth positions are not as crowded as in
cefatopsids but the teeth are relatively smaller so that the
tooth rbvs are relatively much shorter and the ratio between
the length of the dentary tooth ndw and the 1ength’of the
méndible is considerably less than in ceratopsids (Ostrom

1966) .

v

Ir forn; the teeth of P:otoéegatops are rathernsimilar
to those of cefatopsids:‘the labial surface of the'maxillarf
teeth and the lingual surface of tﬁe denéary teeth, are
thickly coa£ed vith enamel and each Qf these surfaces

. supports a prominéht ridge on the posterior half of the

tooth in the maxillary row, the anterior half in the dentary
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rovw (Brown and Schlaikijer 1940c) . The edge of the unworn
Crown isiheavily crenulated, more so than in ceratopsids,
and the ceﬁtral keel is‘relatively lower (Brown and
Schlaikje: 1940c¢) but the method of eruption appears to have.
been basically similar to that inferred for ceratopsids:
grooves on the anterior and posterior surfaces of the teéth
adnit‘the crowns of adjacent teeth, which, together with the
succeeding tooth in the same tooth series uoﬁld have pushed
individual teeth into occlusal pdsition (Brown and

Schlaikjer 1940c). In Protoceratops, however, the root‘is

—singlé (Brown and Schlaikjer 1940c) and the curve of the
teeth (Ostrom 1966), and hence of the vertical tooth series,
is not so great. Coupled with the greater spacing of the
teeth, these conditions produce a tooth row thagkis not so
tightly interlocked as in ceratopsids. Further, there .is
only one replacement tooth at each tooth position (Osfrom
1966) or, dt the’most, two (Brown énd Schlaikjer 1940¢) ,
indicating a slower rafe of wear and eruption and possibly a

telatively less abrasive diet than in ceratopsids. (The very

different occlusal pattern of'Leptgcératops (see belov)‘also

inzicates a4 diet of highly resistant vegetation, however, or

at least a diet unlike that of the Asian protoceratopsids.)
Despite the basic siﬁilarities, then, there are

sufficient differences between the dentitions of .

Protoceratops and the ceratopsids to indicate very different’

jaw mechanics and the tooth wvwear surfaces support this

interpretation. The occlusal surfaces in Protoceratops are
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oblique (Ostrom 1966), as in hadrosaurs, rather than
vertical as in ceratopsids. According to Ostron (1966),. the

oblique orientation of the occlusal plane in Protoceratops

is related to the more nearly equi;alent widths of the skull
and lower 7jaws. Although the maxillary teeth bite out51de
.those in the dentary, as in ceratop51ds, in ceratopsids the
maxillary teeth are relatively more laterally placed with |
respect to the dentary tooth row, allowing the two sets of
teeth to shear completely past each other; this lateral
shift presumably is correlated with the increased curvature
of the vertical tooth series (Ostrom 1966), vhioh affects
the placement of the teeth upon eruption. Again, these
differences probably reflect dlfferences in diet, with a
strong grlndlng component being important in the mastlcatlon
of the preferred foods of protoceratopsids, whereas slicing
moveients were more important in ceratopsids.

The dentition of Bagaceratops is very sidilar to that

of Protoceratops, both in structure and in patterns of wear

(Maryanska and Osmolska 1975). According to Haryanska and
Osmolska, the wear surfaces vary slightly along the tooth
rov but generally, in all protoceratopsids, the angle formed
by the occlusal surface and the enamelled surface of the
crovn‘is greater ir +the maxillary than in the dentary teeth,

'vith the exceptio: ox Leptoceratops, which has a unique

dentition (see below). Thus, although the occlusal surface

4
is obligque in both tooth rows, it is more nearly vertlcal,

and rore exten51ve, in the dentary teeth. The main °
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difference between the dentitions of Bagaceratops and

Protoceratops involves the greater development of the

.anterior and posterior ridges on the enamelled surface of
the mhxillary teeth of the latter (Maryanska and Osmolska
1975) . The form of the labial surface of the posterior

"maxillary teeth changes with age in Bagaceratops, juveniles

showing fewer crenulations and a lowver central ridge that is
more or less medial in position (Maryanska and Osmolska
1975) . o

Perhaps-ﬁhe most striking characteristic of the

dentition of Bagaceratops is the relative length of the

anterior, edentulous portion of the maxillary, which,
according to Maryanska and Osmolska i1975), accounts for 50%
of the post~rostral“javAlength. Ostrom (1966) stated that
there was an increase in the relative length of the
edentulous portion of the jaws in ceratopsids, with respect
to that of protoceratopsids, but considering the large

edentulous area in Bagaceratops,-it appears that there was a

relative increase in this character in certain
protoceratopsids as well.

Although the basic structure of the teeth in

Leptoceratops is similar to that in other protoceratopsids,
the wear surfaces are very different, so that, among

ceratopsians, the dentition of Leptoceratops is unigque,

implying a unique jaw action. The teeth of Leptoceratops are

single-rooted (Brown ,1914c) and there is a single functional

tooth underlgin by one reblacenent tooth (Ostrom 1966). On
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dpposite surfaces in the upper and lower jaw, there is a
thick layer of enamel ma:ked by prominent rldges (Brown
1914c) . In the dentary teeth, there are two pronlnent wear
surfaces,,one vertlcal and one, on the lablal surface,!
horizontal. In the maxillary teeth there is one, large '
vertical wear surface and a short horizontal surface on the

end of the crown that occludes with the horizbntal surface

on the dentary teeth. Thus, the teeth of Leptoce:atdps
performed both crushing and shearing funcfions. According to
McKenna and Love (1970), thé major wear surfaces of the-
posteriof maxillary.feeth are obliqué, while more
anteriorly, these surfaces are vertical, indicating a
relatively complex action, and spec1mens of 1solated teeth,
both dentary and maxillary (PU 18133) (Fig. 30) (AMNH 2571,
see- McKenna and Love 1970, fig. 2A and B), showfadditional
Hear.surfaces and striatibns‘pn tﬁe tyertical® face, in more
than onéiéirection.vncKennavand Loqe'(1970) felt that the

dental adaptations of Leptoceratops indicate a more varied

diet than that of ce;atopsids; certainly, they indicate a

-

very different method of nasticéting food.

uo_; nocegatogg a protoceratopsid from the St. Mary

River formatlon of Montana, "may have had teeth more like

those of Leptoceratops" than thcse of Protoce;atops (McKenna

and Love 1970, p.DS9), although this genus is sti.l poorly

~. .
Ay

known.
The teeth of psittacosaurids are rather different from

those of other ceratopsians, being lowv-crowned and broad



Fig. 30. Isolated ggéfoceratog§ tooth (PU 18133) from
dentary, showing wear facets (h and 1) additional to
the horizontal and vertical facets characteristic of
the téeth of this genus. a. and c., ?anterior view,
£2.77. b. and 4., occ .sal view, x2.88. (Through the
courtesy of Drs. J. H. Ostrom and D. Baird and

Princeton University.)
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éntero—posteriorly (Osborn 1923, 1924), with enamel on both
lingual and labial surfaces (Romer 1956). One can .
distinguish a 5a$ic pattern in psittacosaurid teeth that is
shared with other ceratopsians, wvhile the siwmilarities with
other ornithischians, particularly the iguanodontids, show
clearly_hou the ceratopsian patterns were derived from other
nembers of the Ornithischia. |

Psittacosaurids have teeth only in the la;illary and
dentary (Osborn 1923). The edentulous anterior portions of
the jaws, plus the'bedkrlike rostral énd predentary bones
immediately suggest ceratopsian affinities; but the
individual teeth, exhibiting a large, central ridge and
snallér anterior and posterior fidges oriented as in
protoceratopsids and ceratopsids, with the ridges on the
labial surface of the maxiklary teeth (Osborn 1924) and’
linguél surface of the dentary teeth (Osborn 1923), also
suggest a close telationship with ceratopsians. There are
seven maxillaryiteeth ;g situ in AMNB 6261 (Psittacosaupug

mongoliensis), which show that the central ridééxlies on the

posterior‘half of the labial surface (Osborn 1924), as in
protoceratopsids and ceratopsids. In Protiguanogon, the
~antral ridge divides both thé labial surface of the
maxillary (Osborn 192df'and the lingual surface of ‘the
dentary teeth (see Osbormn 1923, fig. 4B) into equal halves.
In both genera, these ridges are relatively more robust than
in protoceratopsids ahd ceratopsids but they préduce,sinilar

BN

crenulations along the tooth row (Osborn 1924); The maximum
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number of teeth inkthe maxillary of Psittacosaurus is eight
and ip the dentary, nine (Young 1958) but there are not
énough specimens known to tell if the number of teeth
increased with age in psittacosaurids, as it does in

Protoceratops. In Protiquanodon, there are nineé dentary

teeth (Osborn 1924) but the maxillary tooth row is known
only from isolated teeth.

«.Psittacosaurids also share certain features with
protoceratopsids that are not seen in ceratopsids. The tooth
row ends opposite the anterior end of the coronoid p- -ess,
the individual teeth are single-rooted (see Osborn 1923,
fig. 5) and the wear surfaces on the individual teeth are
oblique, Compared to- protoceratopsid teeth, those of
psittacosaurids are low, with rounded crowns that are
relatively more robust in a lingual-labial direction and
only a single functional and a singlesreplacement tooth at
each tooth positicn (Edmund 1960).

‘Maryanska and Osmolska (1975) included the family

L \ -
Psittacosauridae in the Suborder Ceratopsia, based partially
on the similarity in tooth structure, and this assignament is
accepted here.t
1nThe skull of the ps1ttacosaur1ds exh1b1ts some attributes
which are not present within any cther group of ornithop °s
but are common to both the Protoceratopsidae and
Ceratopsidae" (Maryanska and.Osmolska 1975, pp.171-172). In
addition to the similar tooth structure, these include: the
presence of a nasal horn core (or incipient horn core) (in
Psittacosaurus youngi); the presence of a frill, or an
expanded parietal area for muscle insertion; increased skull

width across the jugals; and the development of a rostral
(see below) (Maryanska and Osmolska 1975).
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(c) Mandibular mechanics

Having examined both the dentitjion and the possible
airangenent of the jaw muscles, it should be po§sible to
analyze the action of the jaﬁs in the three families of
ceratopsians. |

One of the most characteristic features of the
gg;atopsian skull is the beak~like development of.the
a:terior fegion of the jaws. All ceratopsians possess:
unpaired, median rostral and predentar; “ones that lack
teeth. Osborn (1923) 6riginally identifiea-the antefior,

N \IJ

beak—liféﬁBone in the upper jaw of Pgittacosaurus as the

prgnaxillary.but Ma;yanska and Osmolska (1975) have argued
convinciﬁgly‘that this element actually is the rostral.
Accbrding to.uafyanské and Osmolska (1975, p.172): "the bone
identified as ;he 'premaxilla' is very small and it is far
fronm thé external nares. This relation is so unique [sic]
among reptiles tbaf it is difficult to believejsuch a
structure could‘be'fofhd on a reptilianvsnout. More X
probably, the f'premaxilla‘ represénts in‘fact the rostral®,
especially since this bone is not- paired. "The unusually
dorsally expanded *maxilla® [therefore] includes the
prenaxllla although the suture betveen these bonec has been
obliterated" (Maryanska and Osnolska 1975, p.172). If this
1nterpretat10n is correct, the anterlor region of the Javs

- is ba51cally 51m11ar throughout the Ceratop51a.

The rostral in all ceratopsians has a single dorsal

\
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projection, two posiéroventral projections, lying lateral to
thé_anterior extensions of the premaxillaries: and two
sharp, concave ventral. margins, meeting anteriorly in a
sharp point. Often the rostral is fused to the'underlying
pfemaxillaries but in some cases, asbin USNH‘2116

(Iriceratops elatus), it is disarticulated and shows a

median septum on thée posterior surface of the dorsal
projection (see Hatcher, Marsh and Lull f907, fig. 30). In
life, this septum would have produced a strong, immobile
union betveen the rostral~and the premaxillarieg. In
addition, the lateral edges of the dorsal projeéfion overlap
the pfemaxillaries (Hatcher, Marsh and Lull 1907), so that
this articulation is very strongly reinfé;ged.‘

Although this basic pattern is preseé& in ail
ceratopsians, there are some noticeable variations in the
development of the rostral within each of the families and -

in some cases, even wvithin single genera. In ceratopsids,

i

although there .5 a great deal of variatiom in the rostral,
it is possible to define three structural types with respect

to the size and shape of the rostral and adjacent parts of

the premaxillary. In Triceratops flabellatus, and probably

in all species of Triceratops (although the rostral and
premaxillaries often are thoroughly codssified), the rostral
is relativély large, with a long dorsal ﬁrocess and a |
strongly curved posterior border, conforming to the antefior
.curve of the premaxillaries (Fig. 31a). In these fOrms; the

///large rostral is associated with a premaxillary that has a



31. Right lateral view of rostral and premaxillary

flange of a. YPM 1821 (Triceratops flabellatus) and

b. AMNH 1624 (Pentaceratops SpP.).
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relatively long ventral border that may be either more or

less straight, or gently curved. In Chasmosaurus belli, C.

kaiseni, Pentaceratops (Fig. 31b) and Anchiceratops, the

ventral edge of the premaxillary is similar to that of

Triceratops but the rostral is a small element, restricted

to the very anterior end of the premaxillaries. The dorsal-
process of the rostral in these forms is short but the

posterior edge of this element is strongly curved, as in

Triéenatops. In Centrosau;us, the rostral is a moderately
larée, triangular eiement with a short dorsal projéction and
a fairly straight posterior edge confined to the anterior
tip of the snout. The ventral edge of the premaxillary is
‘entirely unlike that of other genera, being Yelatively very
‘short, with a strong ventral projection below the center of
the external narial opening (Fig. 32a). (The rostral is
“dhknown in Styracosaupus but the configuration of the
premaxillary indicates that the rostral probably vas very
51m11ar to that of Centrosaugus. Pachyrhi osau;_§ also has a

- narial region that is very similar to that,of Centrosaurus,

Aalthough the rostral is alvays so thoroughly codssified with
the p;enaxillary that its extent cannot be deferhined.)
Arrhinoceratops falls somewhere between the last two
categories, hav1ng a fairly strong ventral projectlon on the
edge of the prenaxlllary (Fig. 32b) and, ‘seemingly, a small
rostral confined to the anteniot tip of the snout.

There is much less variation in the cératopsid

predentary, which is a basi Y triangular element with two



» 32. a. Right lateral view of rostral and premaxillary

flange of ROM 4519 (Centrosaurué apertus). b. Left

lateral view of premaxillary flange of ROM 5135

(Atrhinoceratgg§ brachyops) .
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postero-dorsal projections, emtracing the dentaries
latefaliy, and a complex postero-ventral projection that
interdigitates with the anteto-Ventral edges of the
dentaries. The main variation in the predentary concerns the
dorsal edges, which converge anterlorly to forn a sharp
point. As far as is known, in ail ceratopsids the dorsal
edges of tﬂe Predentary form, on each side, two longitudinal'

ridges with a shallow inte;vening trough. Except in

Centrosaurus, both of these ridges are more or less
horizontal, although'anteriorly they curve dorsally to

converge at the tip of the preadentary. In Centrosaurus, the

lateral rldge lies ventral to the level of the medial rldge,
so that the intervening trough faces dorso-laterally. Since

the other features 0f the Jjaws of Styracosaurus are very

similar to those of Centrosaurus, it is possible that the

,predentary vas similar as well but so far, the complete
.predentary of Styracosaurus is unknown.*(Part of the
predentary of,AaNH 53?2 (S. parksi) 1sL5novn but the dorsal
border is not preserved (Broun and Schlalkjer 1937).) Also,

although ‘a single, distorted predentary is known from,

Pachy;hinosaurus, langston (1975) neither describes nor

figures this element in suff1c1ent detail to allow a

comparison with Centrosaurus. (Unfortunatelyﬂ the lower jaws

of Arrhlnoceratopc also are unknown, so it is not poSsible

_to say if this genus,bad an intermediate position with

.

respect to this character, as it does with respect to the

o

rostral.)

e}
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Both the rostral and predentary elements in ceratopsids
show dgep and,extehsive_vascular narkings»that BOst authors
(e.g., Hatcher, Marsh and Lull 1907; Ostrom 1966) have
interpreted as an iqdicatibn of the presence of a horny
sheath in life; Ostrom (1966,‘p.291) felf thét "the lack of
sharp edges along the beak_margins in fossil ceratopsians
suggests that the h;rny beaks may not have been sharp-edged
cuttlng structures" but 1n fact, the rldges on ceratop51an
beaks are just as ‘sharp as thosé/of sea turtles, which do
function as cutting edges (Ostrom 1966) so it is possible
that each ridge supported a shafp horny fim in life. (Such
edges could have been serrated, as in some cheloniaqs,
although fhere is no strdttural evidence indicating the
presence of serrations in the ceratopsian beak,) Whatever

the form 6f the edges of the ceratopsid beak, it would seem

that two basic designs existed: that seen in Centrosayrus,

and possibly in Styracosaurus, and that found in other

ceratopsids. Ostrom (1966, p.292) felt that the cefatoPSid
beak vas'aQapted for "a grasping or pluckiné éction rather
than a biting fqncp@on" but if the edges of the predentary
and rostral did support sharp edges, if would seem likely
that these were used for cutting.

The opposing edgesﬂbf the rostral and the predentary
curve in opposite directions, although the degree of_
cuivature‘is variable. There is a deep depreésion'
antero-ventrally in the rostral of all ceratopsids that

. Lianr i

received the sharp anterior tip of the predéntary‘upon
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occlusion 'and the intervening gap between the more posterior
edges of the predentary and rostral presumably was filled by

the