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The eucentrosauran centrosaurines Einiosaurus procurvicornis and Achelousaurus horneri are the two most commonly
recovered ceratopsids from the Campanian Two Medicine Formation of northwestern Montana, USA. Einiosaurus
procurvicornis is known from at least 15 individuals recovered from two monospecific bonebeds, while Achelousaurus
horneri is primarily known from one articulated adult cranium as well as two isolated subadult individuals previously
referred to the taxon. Previous assessments of ontogeny in these taxa, alongside closely related centrosaurines, focused
primarily on crania of mature individuals and disarticulated elements of immature individuals. Here we describe an
articulated subadult Einiosaurus procurvicornis skull (MOR 456 8-8-87-1) from the Einiosaurus procurvicornis type
locality bonebed and compare its cranial ornamental development with the only identically sized articulated subadult
eucentrosauran skull from the Two Medicine Formation, MOR 591. These individuals represent the only known artic-
ulated subadult skulls from the hypothesized eucentrosauran lineage in the Two Medicine Formation, thereby enabling
comparison of early ontogenetic developmental sequence and timing of all three primary cranial ornaments (nasal, su-
praorbital, and parietosquamosal frill). Comparison indicates that parietosquamosal frill and supraorbital ornamentation
development may have preceded nasal horncore development in these taxa. MOR 456 8-8-87-1 fills a gap between the
plesiomorphic morphology of juvenile Einiosaurus procurvicornis supraorbital horncores and the rounded, spheroid
mass of bone which characterizes adults. The complete left squamosal of MOR 456 8-8-87-1 is of adult size, in contrast
to its shorter face and immature facial ornamentation, which suggests that in Einiosaurus procurvicornis, the face and
facial ornamentation development occurred after the parietosquamosal frill had reached adult size.
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Introduction

Ceratopsids are among the most common dinosaur taxa pre-
served in the Upper Cretaceous terrestrial formations of the
Western Interior of North America, and are known fromnearly
fifty taxa comprising two subfamilies, Chasmosaurinae
and Centrosaurinae (Dodson et al. 2004; Ryan and Evans
2005; Horner et al. 2011). Commonly recovered taxa with
large sample sizes and well-constrained stratigraphic occur-
rences, such as the chasmosaurine Triceratops from the Hell
Creek Formation, provide insight into ceratopsid evolution-
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ary trends and ontogeny (Horner and Goodwin 2006, 2008;
Scannella and Horner 2010; Scannella and Fowler 2014;
Scannella et al. 2014). Monodominant bonebeds of some cer-
atopsids, such as the centrosaurines Centrosaurus apertus,
Coronosaurus brinkmani, Styracosaurus albertensis, and
Pachyrhinosaurus lakustai, likewise reveal the ontogenetic
changes within single, contemporaneous populations and
enable a variety of ecological inferences (Ryan et al. 2001;
Ryan and Russell 2005; Ryan et al. 2007; Currie et al. 2008).

The two most commonly recovered ceratopsids from
the Campanian Two Medicine Formation of northwest-
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ern Montana, USA, are the eucentrosauran (Centrosaurini
plus Pachyrhinosaurini; Chiba et al. 2017) centrosaurines
Einiosaurus procurvicornis Sampson, 1995, and Achelou-
saurus horneri Sampson, 1995 (Horner et al. 1992; Sampson
1995; Sampson et al. 1997; Chiba et al. 2017). Einiosaurus pro-
curvicornis is known from at least 15 individuals recovered
from two monospecific, multi-individual bonebeds (Museum
of the Rockies localities Dino Ridge Quarry [TM-023] and
Canyon Bonebed [TM-046; type locality]), which are situated
47 and 45 meters, respectively, below the upper contact be-
tween the Two Medicine Formation and the overlying Bear-
paw Formation (Horner et al. 1992; Rogers 1990; Sampson
1995). Achelousaurus horneri is primarily known from an
articulated near-complete adult cranium with additional asso-
ciated material, as well as from two single, isolated subadult
individuals (Horner et al. 1992; Sampson 1995). Adult indi-
viduals of Einiosaurus procurvicornis (e.g., holotype MOR
456 8-9-6-1) are characterized by an elongate, heavily pro-
curved nasal horncore, spheroid and convex masses of bone
as supraorbital ornamentation, and a parietal bearing a single
pair of elongate, straight processes at the P3 locus (Sampson
1995). The single adult specimen of Achelousaurus (holotype
MOR 485) is diagnosed by its low nasal boss, high-ridged
supraorbital bosses, and a parietal bearing a single pair of
elongate, laterally curved P3 processes (Sampson 1995).
Here we describe an articulated subadult Einiosaurus
procurvicornis skull, MOR 456 8-8-87-1, from the Einio-
saurus procurvicornis type locality TM-046 bonebed,
and compare its cranial ornamental development with the
only other identically sized (facial length 44.5 cm; Table
1) articulated subadult eucentrosauran skull from the up-
permost Two Medicine Formation, MOR 591 (Fig. 1). As
the only articulated subadult skulls collected from the Two
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Medicine Formation from the hypothesized lineage con-
taining Einiosaurus and Achelousaurus (Horner et al. 1992;
Wilson et al. 2020), these specimens enable comparison of
early ontogenetic developmental sequence and timing of
nasal, supraorbital, and parietosquamosal ornamentation
of single individuals of these eucentrosauran centrosauri-
nes. Previous assessment of early Einiosaurus ontogenetic
change was limited to disarticulated juvenile and subadult
nasal and supraorbital specimens which could not unam-
biguously be assigned to single individuals (Sampson et al.
1997). Additionally, MOR 456 8-8-87-1 presents new infor-
mation regarding the complexity and sequence of changes
in the ontogeny of Einiosaurus supraorbital ornamentation,
filling a gap between the plesiomorphic morphology found
in juvenile supraorbital horncores and the rounded, spheroid
mass of bone which characterizes adults. While MOR 456
8-8-87-1 lacks the majority of the parietal, its completely
preserved left squamosal is of adult size, in contrast to its
shorter face and immature facial ornamentation, which sug-
gests that Einiosaurus experienced later expansion of the
face and development of the facial ornamentation relative to
the parietosquamosal frill. These subadult specimens pro-
vide details of the early ontogenetic changes which char-
acterize the hypothesized eucentrosauran lineage present
within the uppermost Two Medicine Formation, and provide
a basis for hypotheses regarding the paleobiological signifi-
cance of such trends in the evolution of ceratopsid dinosaurs.

Institutional abbreviations—MOR, Museum of the Rockies,
Bozeman, Montana, USA; TM, Museum of the Rockies Two
Medicine Formation localities.

Other abbreviations—EPS, epiparietosquamosal; P, pari-
etal process; S, squamosal process.

Table 1. Select measurements of MOR 456 8-8-87-1 and MOR 591 compared with the holotypes of Einiosaurus procurvicornis (MOR 456 8-9-
6-1) and Achelousaurus horneri (MOR 485) and Einiosaurus procurvicornis supraorbitals from the TM-046 bonebed. Facial length measured
from anteriormost point of the nasal to the posterior margin of the orbit. Squamosal length is measured from the anteriormost process to the EPS.
Supraorbital ornamentation width measured from lateral margin to medialmost extent of ornamentation. Nasal horn length measured from dorsal
margin of nares to dorsalmost preserved extend of horncore. Note, much of the rostrum of MOR 485 is reconstructed. Abbreviations: L, left;

R, right; *, incomplete element; #, measured using ImageJ (Rueden et al. 2017).
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lacrimal

Fig. 1. Lateral views of articulated crania of subadult eucentrosaurans from the Campanian Two Medicine Formation, Montana, USA. A. Einiosaurus
procurvicornis Sampson, 1995, MOR 456 8-8-87-1. B. Eucentrosauran (Einiosaurus procurvicornis or Achelousaurus horneri Sampson, 1995), MOR
591. Photographs (A; and B;), osteological line drawings (A,, B,). Face of MOR 591 mirrored, with pariectosquamosal frill superimposed. The contact
outlines between the postorbital, jugal, and squamosal in A, are estimated due to lack of externally visible sutures and may appear different from MOR
591 due to some breaks and gaps. P4-P7, parietal processes.
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Geological setting, material
and methods

This study primarily examines the cranial ornamentation
(nasal and supraorbital horncores, jugals, and parietosqua-
mosal frills) of subadult Einiosaurus procurvicornis MOR
456 8-8-87-1 and subadult eucentrosauran MOR 591 (pre-
viously referred to Achelousaurus; see below) within a
comparative osteological framework, as they are the only
articulated subadult eucentrosauran centrosaurine skulls
of near-identical size (Table 1) from the Two Medicine
Formation, and therefore the only subadult individuals of
each taxon which preserve both the nasal and supraorbital
ornamentation from single individuals (Fig. 1). Additional
juvenile and subadult Einiosaurus procurvicornis speci-
mens from the Canyon Bonebed (TM-046; MOR 456) are
described which expand the cranial ontogenetic series of
this taxon, though these are single elements from disartic-
ulated individuals and therefore cannot be unambiguously
corresponded to one another. Here, we follow the terminol-
ogy and recommendations of Hone et al. (2016) in defining
our specific ontogenetic assignments, and we consider “ju-
veniles” as individuals which express plesiomorphic con-
ditions with no ontogenetic modification towards the adult
condition, and consider “subadults” as being individuals
which express some modification of elements and orna-
mentation towards the adult condition, which may include a
combination of both plesiomorphic and modified morphol-
ogies and appear ontogenetically transitional between the
juvenile and adult conditions. Adults are here identified as
individuals which express the diagnostic ornamental condi-
tions of their taxon and bear osteological indicators of skel-
etal maturity (or cessation of rapid growth, but see Reizner
2010 and Reizner et al. 2020).

MOR 456 8-8-87-1 is an articulated partial subadult
Einiosaurus procurvicornis skull roof preserving paired
nasals, lacrimals, palpebrals, postorbitals, frontals, and the
complete left jugal, epijugal, quadratojugal, squamosal, and
partial left lateral parietal bar. MOR 456 8-8-87-1 was re-
covered from the Canyon Bonebed (TM-046) in 1987. This
site is a monospecific centrosaurine bonebed which pro-
duced multiple mature skulls referable to Einiosaurus pro-
curvicornis, including the holotype skull (MOR 456 8-9-6-1)
and additional disarticulated, mature cranial ornamentation
diagnostic of Einiosaurus procurvicornis (Rogers 1990;
Sampson 1995). No diagnostic adult material was recovered
from this site which could be referred to any centrosau-
rine taxon other than Einiosaurus procurvicornis. Canyon
Bonebed occurs in Lithofacies 5 (Horner et al. 2001) of the
uppermost Two Medicine Formation, 45 meters below the
upper contact between the Two Medicine Formation and the
overlying Bearpaw Formation, within the Landslide Butte
area, immediately adjacent to the USA/Canadian border
and 40 km northwest of the town of Cut Bank, Montana
(Sampson 1995: fig. 2; Rogers 1990: fig. 1). Additional
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postorbitals are described which were also recovered from
the Canyon Bonebed, including complete left postorbital
MOR 456 8-10-87-20, complete left postorbital MOR 456
8-9-7-3, partial right postorbital MOR 456 8-8-87-19, partial
right postorbital MOR 456 2020-C-1, complete right postor-
bital and articulated palpebral and frontal MOR 456 8-23-87,
and partial right postorbital MOR 456 2020-C-2.

MOR 591 is an articulated partial eucentrosauran skull
with associated postcrania which preserves the rostral, pala-
tal elements, paired premaxillae, partial right and left maxil-
lae, paired nasals, right lacrimal, complete right and partial
left palpebrals, complete right and partial left postorbitals,
complete right and partial left frontals, complete right jugal
and partial left jugal, complete right quadratojugal, proxi-
mal right squamosal and near-complete left squamosal, left
lateral parietal bar, and elements of both lower jaws. The
cranium is broken into three primary segments: the rostrum,
including the nasal ornamentation, the supraorbital-jugal
complex, and the frill. MOR 591 was discovered in 1989
as an isolated individual (MOR locality TM-077) within
Lithofacies 5 (Horner et al. 2001) of the uppermost Two
Medicine Formation, within 50 meters of the upper con-
tact between the Two Medicine Formation and the overlying
Bearpaw Formation (Jack Horner, personal communication
2020). The specimen was collected from a low, isolated hill
of outcrop in an area with minimal exposure of the Two
Medicine Formation along Blacktail Creek, in southern
Glacier County (Sampson 1995; Jack Horner, personal com-
munication 2020).

MOR 591 was collected approximately 5.7 km southwest
of MOR 571 (TM-072), a partial subadult Achelousaurus
cranium bearing incipient nasal and supraorbital bosses.
The upper contact between the Two Medicine Formation
and overlying Bearpaw Formation is visible at the top of
the hill from which MOR 571 was collected (Jack Horner,
personal communication 2020). MOR 591 was previously
referred to Achelousaurus by Sampson (1995) and Sampson
et al. (1997) on the basis of low ridges on the medial sur-
face of the supraorbital horncore which were interpreted
as incipient boss formation as well as the overall similar-
ity of the parietal to both Einiosaurus and Achelousaurus;
this referral has been maintained in subsequent studies (e.g.,
McDonald 2011). MOR 591 is referable to Eucentrosaura
based on the presence of a prominent, pointed nasal horncore
(which is not present in Nasutoceratopsini or in more basal
centrosaurines such as Diabloceratops and Medusaceratops
(Kirkland and DeBlieux 2010; Chiba et al. 2017), as well
as diminutive, pointed supraorbital horncores, which is the
plesiomorphic condition of Eucentrosaura. The plesiomor-
phic nasal and supraorbital horncores of MOR 591 align
its affinities with the hypothesized eucentrosauran lineage
containing Einiosaurus and the stratigraphically successive
Achelousaurus. The adult holotype skull of Achelousaurus is
known from the uppermost 20 meters of the Two Medicine
Formation, while Einiosaurus is known from two bonebeds
which occur 47 and 45 meters below the upper contact with
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the Bearpaw Formation (Sampson 1995). Therefore, with
an ambiguous stratigraphic placement within the uppermost
50 meters of the formation, MOR 591 may pertain to either
Einiosaurus or Achelousaurus; ontogenetic implications of
both taxonomic referrals are discussed.

Results

Surface texture—Bone surface texture of immature cera-
topsids is typically striated, long-grained, and smooth, in-
dicative of rapid growth that is ongoing (Sampson et al. 1997,
Brown et al. 2009; Scannella and Horner 2010; Tumarkin-
Deratzian 2010). As individuals mature and approach full
body size, surface texture becomes mottled at transitional
locations, and then rugose, as vessel canals become im-
printed into the bone surface (Brown et al. 2009). However,
despite its small size and state of cranial ornamentation
development, MOR 456 8-8-87-1 expresses only well-pre-
served rugose bone and does not express any striated sur-
face textures (Figs. 1-5). The anterior nasal processes and
the lateral surfaces of the nasal horncore, the lateral surfaces
of the supraorbital horncores, and the entire dorsal surface
of the skull roof, express the most rugose bone on this skull,
imprinted with deep vessel traces. The left jugal likewise
lacks any long-grained or striated texture, and is instead
dense with a subtle, rugose texture and several shallow ves-
sel indentations. The anterior end of the left squamosal ap-
proaching the postorbital and jugal bears a rugose, pebbled
texture. The body of the squamosal is likewise pebbled,
with small dimples, several wide but shallow vessel canals,
and an overall texture similar to the left jugal. The squa-
mosal marginal crenulations express a more rugose texture
with deeper canal traces than the majority of the body of
the squamosal. In comparison, Einiosaurus procurvicornis
holotype MOR 456 8-9-6-1 and a large, undescribed artic-
ulated skull from the same bonebed MOR 456 8-12-86-2,
likewise bear dense and well-developed bone surfaces punc-
tuated with prominent vessel canal impressions. In contrast
to these specimens however, the vessel traces of MOR 456
8-8-87-1 are deeper in some places, such as on the nasal and
supraorbital ornamentation, and approximately equivalent
on non-ornamental surfaces.

Conversely, MOR 591 expresses surface textures more
typical of an immature centrosaurine (Figs. 1-5). The pre-
maxillae are predominantly smooth and long-grained in
texture. The nasals bear several large foramina on the post-
narial aprons, and the nasal horncore exhibits rugose texture
with several deep vessel canals oriented dorsoventrally. The
dorsal surface of the posterior nasals, along with the lateral
face of the right postorbital, including the horncore, have an
overall rugose appearance, due to vessel canals imprinted
in the bone, though the fine texture of the bone is visibly
woven. The dorsal surfaces of the postorbitals and fron-
tals are considerably more rugose, with deep vessel canals,
numerous small foramina, and an overall deeply pebbled

texture. The lateral surfaces of the right jugal and quadra-
tojugal are smooth, with some long-grained striations and
three deep but short vessel canals. The anterior end of the
right squamosal transitions to a more subtle mottled texture,
with many small dimples imprinting the surface, though it
has an overall smooth appearance. The dorsal surface of
the left squamosal is somewhat mottled anteriorly, though
with directional striations still visible extending towards the
margin of the frill. The squamosal texture resumes an ex-
clusively long-grained texture more posteriorly. Conversely,
the ventral surface of the left squamosal is almost entirely
mottled, with long-grained texture only occurring within
about 3 cm of the frill margin. The dorsal surface of the
anteriormost portion of the left lateral parietal bar is striated
and long-grained, with the striations oriented towards the
lateral margin of the parietal. Moving posteriorly along the
dorsal surface of the left lateral bar, large portions of the
surface are damaged, but preserved surfaces become some-
what mottled, with numerous small, shallow vessel traces,
interspersed with regions of striated, long-grained texture.

Cranial sutures.—Though it has recently been demonstrated
that cranial suture closure and obliteration is not a reliable
indicator of archosaur maturity (Bailleul et al. 2016), and
that immature ceratopsids may not express visibly open
cranial sutures (Currie et al. 2016), sutures and contacts be-
tween bones are sometimes visible in immature dinosaurs.
Some of the cranial sutures and contacts in MOR 591 are
visible, including the contact between the premaxillae, the
junction between premaxillae and anterior processes of the
nasals, and the contacts between the right and left posterior
processes of the premaxillae and the right and left postnarial
aprons. The contacts between the right and left maxillae and
the right and left posterior processes of the premaxillae are
visible. In dorsal view, the intranasal contact is visible in the
anterior processes of the nasals and the posterodorsal por-
tion of the nasals. The anterior edge of the nasal horncore is
complete and does not expose any of the intranasal suture,
though the posterior edge of the nasal horncore is damaged,
and the intranasal suture is visible as a wavy contact in
this cross section. In ventral view, the intranasal contact is
visible for the entire anteroposterior length of the nasals.
The majority of the posterior half of the right maxilla is
missing, though the jugal process of the maxilla is preserved
in articulation with the anterior margin of the right jugal,
with the contact being partially visible. Fewer sutures are
visible posterior to the rostrum. No sutures visibly delin-
eate the palpebrals and lacrimals. The contact between the
right jugal and postorbital is not immediately visible, though
the contact between the jugal and anterior end of the right
squamosal is partially visible immediately dorsal to the lat-
eral temporal fenestra. The posterior margin of the right
postorbital is somewhat damaged, though it appears that the
suture between the postorbital and the anterior portion of
the squamosal remained open. The contact between the ju-
gal and quadratojugal is clear. Dorsally, the sutures between
the postorbitals and frontals are not visible. The intersection
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Fig. 2. Right lateral views of nasal horncores of Einiosaurus procurvicornis Sampson, 1995, MOR 456 8-8-87-1 (A) and eucentrosauran (Einiosaurus
procurvicornis or Achelousaurus horneri Sampson, 1995), MOR 591 (B, mirrored), from the Campanian Two Medicine Formation, Montana, USA.

between the posterior margin of the nasals, the prefrontals,
and the anterior margin of the frontals is partially visible.
The contact between the left squamosal and the left lateral
bar of the parietal is visible both dorsally and ventrally along
the entire length of the parietosquamosal contact. In the
preserved vertebrae of MOR 591, the neural arches remain
articulated with their centra, with sutures being at least par-
tially closed but still externally visible.

In contrast to MOR 591, almost none of the cranial su-
tures of MOR 456 8-8-87-1 are visible. The bonebed from
which MOR 456 8-8-87-1 was recovered contains fully artic-
ulated, partially articulated, and fully disarticulated crania,
and thus articulation and sutural condition does not appear
to be taphonomically biased. In dorsal view, the intranasal
contact is only visible posterior to the nasal horncore, and
is not visible in the anterior nasal processes or within the
nasal horncore itself. However, like MOR 591, the intrana-
sal contact is visible for its entire anteroposterior length in
ventral view. None of the sutures between the nasals, lac-
rimals, palpebrals, and postorbitals are visible, though this
preorbital region is crushed and deformed on both the left
and right sides of the skull. Likewise, the dorsal aspect of the
skull roof has been somewhat transversely compressed at the
skull midline, though regardless of this no sutures between
the nasals, prefrontals, frontals, and postorbitals are visible
in the undeformed areas. The contact between the left jugal
and the left squamosal is only visible for approximately 3 cm
immediately ventral to the lateral temporal fenestra, though
the rest of the suture between the jugal and squamosal is not
visible. Like MOR 591, the parietosquamosal contact is visi-
ble along its entire preserved length.

Nasal horncores.—The nasal horncores of MOR 456 8-8-
87-1 and MOR 591 are near-identical and are both sim-
ple, erect, and recurved, tapering towards a pointed apex,
which is the plesiomorphic condition for Eucentrosaura and
“unmodified” compared to diagnostic, mature individuals
of Einiosaurus procurvicornis and Achelousaurus horneri
(Sampson et al. 1997; and Fig. 2 here). The nasal horncore of

MOR 456 8-8-87-1 is damaged and missing its apex, but the
anterior and posterior margins are both curved in posterior-
ly-oriented arcs so as to make the horncore recurved. The
anterior margin of the nasal horncore first rises steeply and
with less curvature than the posterior margin, then curves
posteriorly in an abrupt manner approximately 4 cm above
the base of the horncore, whereas the posterior margin of the
horncore rises in a more gentle arc. There is no evidence that
the missing apex would have expressed any procurvature, as
is seen in more mature individuals of Einiosaurus procur-
vicornis. As noted above, the right and left lateral surfaces
of the MOR 456 8-8-87-1 nasals are deeply imprinted with
numerous vessel canal traces, contributing to an overall ru-
gose texture of the nasals.

The nasal horncore of MOR 591 is near-identical to that
of MOR 456 8-8-87-1 and is erect, recurved, and tapers to a
pointed apex. The anterior margin of the horncore likewise
rises steeply then curves posterodorsally towards the horn-
core apex, and the posterior margin rises more gradually
towards the apex. The horncore of MOR 591 is more com-
plete than that of MOR 456 8-8-87-1, and likewise shows no
evidence of procurvature or boss formation. The horncore
portion of the nasals of MOR 591 is likewise punctuated on
its lateral surfaces with numerous vessel canal impressions
and is rugose in texture.

Supraorbital ornamentation.—In contrast to the near-iden-
tical nasal ornamentation, the supraorbital ornamentation
of MOR 456 8-8-87-1 and MOR 591 is markedly disparate
(Figs. 3, 4). MOR 456 8-8-87-1 preserves both postorbitals
and associated supraorbital ornamentation. The left supra-
orbital ornamentation is near-complete, with minor damage
to the apex which gives it the artificial appearance of be-
ing anteroposteriorly bifurcated in lateral view. In lateral
view, the left supraorbital ornamentation is sub-circular and
rounded, with a near-flat lateral surface; the dorsolateral
margins of the ornamentation on either side of the damaged
apex rise gradually and likely would have contributed to a
rounded apex lacking a sharp point. In anterior view, how-
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10 cm

Fig. 3. Right lateral views of supraorbital ornamentation of Einiosaurus procurvicornis Sampson, 1995, MOR 456 8-8-87-1 (A) and eucentrosauran
(Einiosaurus procurvicornis or Achelousaurus horneri Sampson, 1995), MOR 591 (B) from the Campanian Two Medicine Formation, Montana, USA.

ever, the majority of the supraorbital ornamentation projects
medially in a near-flat manner, and does not slope down-
wards towards the skull midline (Fig. 4A). This gives the
left supraorbital ornamentation the appearance of being an
inflated and flattened platform of bone, rather than being a
discrete horncore. Only the anteriormost edge of the supra-
orbital ornamentation, anterior to the damaged apex, slopes
downwards towards the skull midline, whereas the majority
of the ornamentation projects medially, sub-perpendicular
to the flat lateral face of the ornamentation.

The right postorbital and supraorbital ornamentation is
essentially identical to the corresponding left supraorbital or-
namentation. In lateral view, it is sub-circular and rounded,
lacking a pointed apex, and the lateral face of the postorbital
is near-flat. Shallow pitting occurs at the dorsolateral margin
of the ornamentation, which may contribute to the lack of
a pointed apex (Fig. 3A). Like the left supraorbital orna-
mentation, when viewed anteriorly, the right supraorbital
ornamentation projects medially as a flat platform of bone
in a perpendicular plane to the lateral face of the postorbital,
such that it does not slope downwards as in distinct horn-
cores (Fig. 4A). The anterior margin of the right ornamenta-
tion slopes medially less than the left ornamentation. When
the entire dorsal skull roof is viewed anteriorly, the surface
between the postorbitals is near flat, with the apices of the
ornamentation being barely perceptible, and instead appear-
ing as slightly dorsally inflected dorsolateral “corners” of
the postorbitals. While the skull of MOR 456 8-8-87-1 is
transversely compressed, this compression appears to have
only affected the frontoparietal fontanelle by closing it; the
solid masses of bone that form the dorsal roof of the postor-
bitals do not appear to be affected by this compression and
are non-deformed (Fig. 4A). The postorbitals have not been
rotated or repositioned in such a way that would artificially

produce the appearance of the flattened medial surfaces of
the right and left supraorbital ornamentation.

In contrast to the modified supraorbital ornamentation of
MOR 456 8-8-87-1, MOR 591 expresses unmodified, plesi-
omorphic eucentrosauran supraorbital horncores typical of
immature individuals (Figs. 3B, 4B). MOR 591 preserves a
complete right postorbital and associated supraorbital horn-
core, while the left postorbital is missing approximately half
of the dorsal aspect, including the apex, only preserving the
anteriormost portion of the horncore. In lateral view, the right
supraorbital horncore is triangular in profile, with a sharper
apex than in MOR 456 8-8-87-1. Like MOR 456 8-8-87-1, the
lateral face of the right supraorbital horncore is near flat, and
is punctuated by several shallow vessel indentations. In an-
terior view, the right supraorbital horncore rises steeply dor-
sally, such that the medial surface of the horncore is near-ver-
tical, and is transversely narrow and blade-like (Fig. 4B).
The left supraorbital horncore preserves neither the lateral
surface nor the apex, but the small preserved portion of the
medial surface is likewise dorsoventrally steep. Whereas the
medial surface of the MOR 591 supraorbital horncores slope
towards the skull midline in a steep, near-vertical manner,
the medial surfaces of the MOR 456 8-8-87-1 supraorbital
ornamentation project near-horizontally. Sampson (1995)
notes that MOR 591 bears shallow ridges on the medial sur-
face of the right supraorbital horncore; this appears to be
textural as opposed to incipient diagnostic ridges, and re-
sembles the rugose surface textures which cover most of the
dorsal aspect of the MOR 591 cranium.

Parietosquamosal frill—Neither MOR 456 8-8-87-1 nor
MOR 591 preserve a complete half of the diagnostic parietal,
though MOR 456 8-8-87-1 preserves a complete left squa-
mosal and MOR 591 preserves a near-complete left squamo-



804

ACTA PALAEONTOLOGICA POLONICA 66 (4), 2021

Fig. 4. Anterior views of supraorbital ornamentation of Einiosaurus procurvicornis Sampson, 1995, MOR 456 8-8-87-1 (A) and eucentrosauran
(Einiosaurus procurvicornis or Achelousaurus horneri Sampson, 1995), MOR 591 (B), from the Campanian Two Medicine Formation, Montana, USA.

sal (Fig. 1). MOR 456 8-8-87-1 preserves the anteriormost
portion of the left lateral parietal bar along the length of the
parietosquamosal contact, though it does not preserve any of
the anterior crenulation processes which line the lateral mar-
gins of the parietal. The left squamosal of MOR 456 8-8-87-1
is complete and is notably the same size as the squamosals
of Einiosaurus procurvicornis holotype MOR 456 8-9-6-
1, which is an overall larger adult individual (Fig. 8). The
MOR 456 8-8-87-1 left squamosal measures 31 cm from the
anterior edge of the anteriormost squamosal process to the
parietosquamosal contact at the lateral margin, and the adult
Einiosaurus holotype MOR 456 8-9-6-1 measures 29 cm.
Measured from the dorsalmost extent of the otic notch to the
EPS, MOR 456 8-8-87-1 is 33 cm and MOR 456 8-9-6-1 is
31.5 cm. Overall the morphology of the preserved squamosal
does not differ from those of other eucentrosaurans.

Four of the five complete squamosals preserved in the
stratigraphically lower Einiosaurus bonebed (TM-023) bear
four marginal processes plus an EPS structure, with one
bearing three processes, whereas the stratigraphically higher
Einiosaurus bonebed preserves seven complete squamosals,

five of which bear three marginal crenulations and an EPS,
while two bear four processes and EPS structures, including
MOR 456 8-8-87-1. All of these squamosals are of adult size
and bear well-developed surface textures, suggesting that
the specimens from each bonebed which deviate from the
typical number of marginal crenulations represent individual
variation. The apex of process S4 is somewhat damaged,
though suggestive of a typical short, pointed process at the
anterior corner of the lateral squamosal margin. In contrast
to the typical low, rounded, D-shaped profile of eucentro-
sauran squamosal crenulations, the locus of S3 is rugose and
dorsoventrally thickened compared to the squamosal margin
between crenulations, but does not project outward from the
margin, such that the overall lateral profile of the squamosal
gives the appearance of lacking this locus entirely. Processes
S2 and Sl are typical, low, rounded crenulations, though
the apex of Sl is damaged. The posterolateral margin of the
squamosal gently curls dorsally, such that S1 and the EPS at
the parietosquamosal contact are both upturned dorsally. As
is typical for ceratopsids, an EPS crenulation spans the pari-
etosquamosal contact, with approximately two thirds of the
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Fig. 5. Lateral views of jugals of Einiosaurus procurvicornis Sampson, 1995, MOR 456 8-8-87-1 (A) and eucentrosauran (Einiosaurus procurvicornis or
Achelousaurus horneri Sampson, 1995), MOR 591 (B, mirrored), from the Campanian Two Medicine Formation, Montana, USA. Arrow indicates epijugal.

process occurring along the squamosal margin and one third
on the parietal. The posteriormost extent of the preserved
portion of the parietal appears to bear the locus of P7, though
this process is damaged and mostly missing.

The left squamosal of MOR 591 is mostly complete,
missing the anterior corner, including S3/S4 (Fig. 1B). Like
MOR 456 8-8-87-1, the squamosal of MOR 591 is of adult
size. The measurement from the anterior edge of the ante-
riormost crenulation to the EPS is not possible to assess for
MOR 591 because it is missing the anteriormost crenulation,
but it can be measured from the dorsalmost extent of the
otic notch to the EPS, which is 34.5 cm in MOR 591. An
adult sized Achelousaurus horneri squamosal (MOR 485
7-12-87-4) from the holotype Achelousaurus horneri local-
ity measures 31.3 cm from the dorsalmost extent of the otic
notch to the EPS. All complete squamosals of Achelousaurus
horneri bear three marginal processes plus EPS structures;
MOR 591 preserves two squamosal processes plus an EPS.
S1 and S2 are typical low, D-shaped processes, though the
apex of Sl is damaged. The EPS structure is formed from
a small, bulbous, dorsoventrally thickened mass of bone on
both the squamosal and left lateral parietal bar on either side
of the parietosquamosal contact. Posterior to the EPS on the
left lateral parietal bar are the loci of two damaged marginal
processes, both of which are imbricated and appear to be
low, D-shaped, and unmodified, and therefore likely corre-
spond to P7 and P6 (Wilson et al. 2020). Posterior to the two
damaged processes is a low, non-imbricated, D-shaped pro-
cess with an anteroposteriorly wider base, which would cor-
respond to P5 if the anteriormost two processes are P7 and
P6. The posteriormost preserved process, which likely cor-
responds to P4, is 11.8 cm wide at its base and approximately

11.9 cm long (this homology contrasts that of McDonald
2011 but is consistent with the homology of all known Two
Medicine Formation eucentrosaurans, Wilson et al. 2020).
The apex of this process is pitted and divided by grooves
into multiple bulbous masses, which may correspond to
resorption of the spike-like process. The adult holotype of
Achelousaurus horneri MOR 485 likewise bears a pitted
apex of the P4 process. Conversely, if MOR 591 instead rep-
resents a subadult individual of Einiosaurus procurvicornis,
this more elongate P4 condition relative to P5—P7 is consis-
tent with the morphology present in the lower Einiosaurus
bonebed (Dino Ridge Quarry, TM-023) in which P4 is a
short, partially elongate process (Wilson et al. 2020).

Epijugal —MOR 456 8-8-87-1 preserves the complete left
jugal and MOR 591 preserves a complete right and partial
left jugal (Fig. 5). The jugals of both individuals are identical
in size and do not differ in morphology from each other or
from other eucentrosaurans. Notably, however, MOR 456
8-8-87-1 preserves the left epijugal in articulation with the
jugal (Fig. 5A). In lateral view, the epijugal is semi-circular,
with a rounded posterior edge. The posterior edge of the epi-
jugal projects medially at about a 90° angle to the lateral face
of the epijugal, such that the posterior edge is box-like. The
lateral surface of the epijugal is roughly parallel to the lateral
surface of the jugal and does not face anteriorly, as in some
ceratopsids. The rounded ventral margin of the epijugal is
contoured identically to the rounded ventral extent of the ju-
gal beneath it. The suture between the epijugal and jugal oc-
curs at an oblique, sub-vertical angle. Interestingly, no other
specimens of Einiosaurus thus far reported preserve epiju-
gals. Likewise, MOR 591 does not preserve either epijugal,
and none of the additional two individuals of Achelousaurus
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Fig. 6. Ontogenetic series of supraorbital ornamentation of Einiosaurus procurvicornis Sampson, 1995 from the Campanian Canyon Bonebed, Two Medicine
Formation (TM-046), Montana, USA. A, B. Juvenile, MOR 456 8-10-87-20 (A) and MOR 456 8-8-87-19 (B). C, D. Early subadult, MOR 456 8-9-7-3 (C)
and MOR 456 2020-C-1 (D). E, F. Late subadult, MOR 456 8-8-87-1 (E) and MOR 456 8-23-87 (F). G, H. Young adult, MOR 456 2020-C-2 (G) and MOR
456 8-9-6-1 (H). B and D are mirrored. All specimens in anterior view, lateral is to the right in A-D, G, H; E, entire skull width; F, lateral is to the left.

preserve jugal material. The bone surfaces of the MOR 591
jugals are subtly rugose and undamaged, indicative of un-
fused epijugal loci, in the locations corresponding to the
epijugal attachment site in MOR 456 8-8-87-1. The presence
of an articulated epijugal in one subadult individual (MOR
456 8-8-87-1), but the lack of articulated (or fused) epijugals
in another subadult individual (MOR 591) and all larger adult
individuals may indicate that epijugal fusion did not occur

until very late in ontogeny (or perhaps never), or may simply
be preservational or taphonomic in nature.

Ontogenetic series of Einiosaurus procurvicornis supraor-
bital ornamentation—The bonebed (TM-046) which pro-
duced both MOR 456 8-8-87-1 and Einiosaurus procurvi-
cornis holotype MOR 456 8-9-6-1 preserved an additional
six postorbitals and supraorbital complexes (postorbitals in
articulation with palpebrals, lacrimals, and frontals, or some
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Fig. 7. Ontogenetic series of supraorbital ornamentation of Einiosaurus procurvicornis Sampson, 1995 from the Campanian Canyon Bonebed (TM-046),
Montana, USA. A, B. Juvenile, MOR 456 8-10-87-20 (A) and MOR 456 8-8-87-19 (B). C, D. Early subadult, MOR 456 8-9-7-3 (C) and MOR 456 2020-
C-1 (D). E, F. Late subadult, MOR 456 8-8-87-1 (E) and MOR 456 8-23-87 (F). G, H. Young adult, MOR 456 2020-C-2 (G) and MOR 456 8-9-6-1 (H).

B, D-G are mirrored. All specimens in lateral view, anterior is to the left in all images.

combination of those elements) with ornamentation ranging
from unmodified horncores, to ornamentation identical to
that of MOR 456 8-8-87-1, to masses similar to the ornamen-
tation of holotype MOR 456 8-9-6-1 (Figs. 6, 7). These speci-
mens help to fill the gap in Einiosaurus procurvicornis onto-
genetic development between the unmodified plesiomorphic
condition and the rounded supraorbital mass of the adult
holotype which characterizes the taxon (see Discussion).
The smallest and most gracile postorbital from TM-046,
MOR 456 8-10-87-20, is near-complete, preserving all mar-
ginal sutures, and missing the majority of the supraorbital
horncore (Figs. 6A, 7A). Its bone surfaces medial to the
horncore, adjacent to the frontal suture, and posterodorsal to
the orbit, are punctuated by numerous vessel canal impres-
sions, though the bone is visibly striated and long-grained.
Despite the horncore being damaged, its morphology can
be inferred from its preserved base. The base of the horn-
core is anteroposteriorly elongate, measuring 6.8 cm from
its anterior extent at the palpebral suture to its posterior

margin, and transversely narrow, being 1.7 cm at its widest
point (halfway along its anteroposterior length). The base
of the horncore projects dorsolaterally, such that the entire
horncore likewise would have had a considerable dorsolat-
eral orientation. While it is not possible to know its dorso-
ventral height or to what extent the apex would be rounded
or pointed, its combined length and width make it narrow
and blade-like, consistent with the plesiomorphic condition
of eucentrosauran supraorbital horncores which are sub-tri-
angular in lateral profile and bear pointed apices (e.g., as in
Spinops, Centrosaurus, Styracosaurus, and Stellasaurus).
Therefore, because MOR 456 8-10-87-20 expresses an un-
modified plesiomorphic horncore we consider it a juvenile
specimen.

The next largest postorbital from TM-046, MOR 456
8-9-7-3, is complete and likewise preserves all sutural mar-
gins (Figs. 6C, 7C). The vessel canals punctuating its lateral
and dorsal surfaces are more extensively developed than
those of the smallest postorbital, MOR 456 8-10-87-20, giv-
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ing it an overall more rugose appearance, and the bone bears
no striations. The supraorbital horncore is complete. In lat-
eral view, the horncore is sub-circular and rounded, without
a strongly triangular profile or pointed apex. In anterior
view, the medial surface of the anterior ~1/3 of the horn-
core is minimally sloped towards the skull midline, whereas
the posterior ~2/3 of the horncore project horizontally as
a flat platform of bone towards the skull midline. In these
regards, this specimen is overall similar to MOR 456 8-8-
87-1. However, the supraorbital horncore apex of MOR 456
8-9-7-3 is still somewhat more bladed than those of MOR
456 8-8-87-1. Because it expresses some modification from
the plesiomorphic condition, MOR 456 8-9-7-3 is considered
an early subadult.

MOR 456 8-8-87-19 is a partial postorbital with a com-
plete supraorbital horncore which appears to be approxi-
mately the same size and robusticity as MOR 456 8-9-7-3,
with similarly rugose surface textures, though because it is
damaged their sizes cannot be compared directly (Figs. 6B,
7B). In lateral view, the horncore is likewise short and
rounded with a sub-circular profile, and in anterior view the
horncore rises more vertically, with a more sharply sloping
medial surface which does not project horizontally towards
the skull midline. Overall, its ornamental morphology is
more similar to the inferred horncore of MOR 456 8-10-87-
20, and it is therefore considered a juvenile.

MOR 456 2020-C-1 is an additional partial postorbital
with a complete supraorbital horncore which appears to
match MOR 456 8-9-7-3 in size and robusticity (Figs. 6D,
7D). Like MOR 456 8-9-7-3, its supraorbital horncore is low,
rounded, and sub-circular in lateral view, and in anterior
view the medial surface of the horncore minimally slopes
towards the skull midline before projecting horizontally,
making it an early subadult.

MOR 456 8-23-87 is a supraorbital complex, preserving
the complete right postorbital and associated supraorbital
ornamentation, palpebral, and partial frontal in articula-
tion, which is near identical to MOR 456 8-8-87-1 in size,
degree of rugosity, and morphology (Figs. 6F, 7F). The bone
surface texture of MOR 456 8-23-87 is highly rugose, with
numerous narrow ridges and deep grooves radiating trans-
versely across the dorsal and posterodorsal aspect of the
postorbital, including the supraorbital ornamentation. The
medial aspect of the postorbital and the articulated frontal
have been partially crushed downward in the regions cor-
responding to the thinner bone of the skull roof above the
sinuses. Like MOR 456 8-8-87-1 and the majority of the
other postorbitals described here, the supraorbital ornamen-
tation in lateral view is low, somewhat rounded, and lacks
a triangular profile or distinctly pointed apex. The deep
grooves which penetrate the dorsal surface of the ornamen-
tation terminate at the lateral edge of the ornamentation and
disrupt the rounded profile of its dorsolateral edge. Due to
the taphonomic crushing, the ornamentation has the ap-
pearance of sloping downwards towards the skull midline,
though even when this crushing is not accounted for this
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Table 2. Ontogenetic development and ornamental expression of Einio-
saurus procurvicornis and Achelousaurus horneri growth stages. Or-
namental expression is based on articulated skulls of subadults Einio-
saurus procurvicornis MOR 456 8-8-87-1 and eucentrosauran MOR
591, and on articulated skulls of adults Einiosaurus procurvicornis
MOR 456 8-9-6-1 and Achelousaurus horneri MOR 485, as well as
disarticulated postorbitals from the TM-046 Einiosaurus bonebed.

Growth stage Ornamental condition

plesiomorphic morphology, unmodified erect nasal

Juvenile .
and supraorbital horncores

early subadult: may express a combination of ple-
siomorphic and modified features; plesiomorphic
and unmodified to slightly medially inflated supra-
orbital ornamentation; plesiomorphic, unmodified
erect nasal horncore; “adult-sized” frill

Subadult — -
late subadult: may express a combination of plesio-

morphic and modified features; medially inflated

and transversely flattened supraorbital ornamenta-

tion; plesiomorphic, unmodified erect nasal horn
core; “adult-sized” frill

expresses diagnostic condition of the taxon;
procurved nasal horncore or nasal boss; spheroid,
rounded supraorbital mass or supraorbital boss

Adult

sloping is shallow. If the medial aspect of the postorbital
was not crushed, it likely would have projected horizontally
as a flat platform of bone, as in MOR 456 8-8-87-1. Visible
in dorsolateral and anterior view, the dorsal surface of the
ornamentation is subtly convex and appears inflated, with
convex posterior and medial margins which slope down-
wards. In this regard, this postorbital is near-identical to and
replicates the morphology of MOR 456 8-8-87-1, expressing
a subtle dorsal inflation of the more medial aspect of the or-
namentation which contributes to an incipient, Einiosaurus
procurvicornis holotype-like morphology, and we consider
it a late subadult like MOR 456 8-8-87-1 (Table 2).

MOR 456 2020-C-2 is a partial right postorbital which
preserves the majority of the supraorbital ornamentation
(Figs. 6G, 7G). The surface texture of this specimen is well-
developed and is not striated or long grained, but does not
express the same degree of rugosity as MOR 456 8-8-87-1
and MOR 456 8-23-87, with rugose texture instead primar-
ily occurring at the anterior extent of the preserved postor-
bital and supraorbital ornamentation. The supraorbital orna-
mentation of MOR 456 2020-C-2 is a low, dorsally-inflated
spheroid mass of bone with convex edges. In lateral view, it
lacks the acute subcircular profile of the subadult supraor-
bital ornamentation, and is more anteroposteriorly broad. Itis
most closely similar to the morphology of adult Einiosaurus
procurvicornis holotype MOR 456 8-9-6-1, in which the su-
praorbital ornamentation is a low, convex, spheroid mass of
bone dorsal to the orbit. Additionally, the supraorbital mass
of holotype MOR 456 8-9-6-1 is near-identical in anteropos-
terior length (10.3 cm maximum) and transverse width (9.4
cm maximum) to MOR 456 2020-C-2 (9.8 cm maximum
anteroposterior length; 9.7 cm transverse width), though the
marginal edges of holotype MOR 456 8-9-6-1 are taller and
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it is overall more dorsally inflated than MOR 456 2020-C-2.
We consider MOR 456 2020-C-2 an adult, like adult holo-
type MOR 456 8-9-6-1.

Discussion

Complex supraorbital ontogeny in Einiosaurus—There
are multiple supraorbital ornamentation morphologies pre-
served within the TM-046 bonebed, which may reflect on-
togenetic change, individual variation, or both. Due to some
specimens being incomplete, it is difficult to establish the
absolute size of specimens relative to one another, though
size alone is not a reliable indicator of maturity (e.g., Griffin
and Nesbitt 2016). However, plesiomorphic morphologies are
only expressed in small and more gracile specimens, while
morphologies approaching the diagnostic morphology of the
holotype occur in larger and more robust specimens. This is
consistent with the hypothesis that the differences expressed
in these specimens primarily represent ontogenetic change.
Certain specimens likewise appear intermediate in develop-
ment between the small, plesiomorphic specimens and the
larger holotype bearing the diagnostic mature ornamenta-
tion. Because these additional postorbitals express varying
degrees of more plesiomorphic ornamentation relative to the
adult holotype, it is reasonable that they represent less ma-
ture individuals experiencing ontogenetic change. Because
ontogenetic change cannot yet be ruled out as the cause for
the differing morphologies, the hypothesis that the multiple
morphologies of supraorbital ornamentation represent indi-
vidual variation cannot be favored. If the multiple morphol-
ogies preserved in the TM-046 bonebed represent random
individual variation without ontogenetic change, that would
imply wide polymorphism of the supraorbital ornamenta-
tion, with the morphology of the holotype being one of mul-
tiple morphologies and therefore not diagnostic. The hypoth-
esis that these specimens represent ontogenetic change could
be falsified by discovery of large specimens (i.e., at the full
size of the adult holotype) bearing distinct, erect horncores,
or small specimens (i.e., at the size of MOR 456 8-10-87-20,
the smallest Einiosaurus postorbital) bearing rounded supra-
orbital masses similar to that of the larger holotype, though
evidence of this falsifying nature currently does not exist.
The ornamental morphologies seen in MOR 456 §-8-87-1
(erect, short nasal horncore; transversely flattened platform
of bone as supraorbital ornamentation), which bears rugose
surface texture, are seen in multiple other specimens from
the TM-046 Einiosaurus bonebed (e.g., MOR 456 8-23-87-4
short, erect nasal horncore; MOR 456 8-23-87 flattened su-
praorbital platform). However, these additional specimens of
similar or identical morphology do not express the same de-
gree of bone surface rugosity as in MOR 456 8-8-87-1, per-
haps indicating a degree of variability in textural expression
in MOR 456 8-8-87-1 or an unknown physiological cause
which may warrant more detailed examination. Brown et
al. (2020) similarly note relatively advanced surface texture
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in a subadult specimen of Styracosaurus albertensis. We do
not consider the texture alone indicative of MOR 456 8-8-
87-1 being a mature individual of a different taxon. Further,
Sampson (1995) and Sampson et al. (1997) did not recog-
nize the presence of multiple centrosaurine taxa within the
two bonebeds of Einiosaurus procurvicornis, and noted that
specimens such as these express ornamental morphologies
characteristic of immature individuals. Given that MOR
456 8-8-87-1 lacks the diagnostic parietal ornamentation,
and considering that the hypothesis of an ontogenetic re-
lationship between the specimens described here remains
unfalsified, it is not taxonomically conservative to consider
MOR 456 8-8-87-1 a different taxon from Einiosaurus pro-
curvicornis. The supraorbital ornamentation of MOR 456
8-8-87-1 is additionally not consistent with that of any basal
eucentrosaurans, but is consistent with being an intermedi-
ate step in the inflation of the spherical mass of bone which
characterizes the larger Einiosaurus procurvicornis holo-
type specimen MOR 456 8-9-6-1. As stated above, in the
absence of larger adults in the same bonebed bearing erect
nasal horncores and erect, pointed supraorbital horncores,
or small immature individuals expressing small procurved
nasal horncores or small, spherical supraorbital masses of
bone, the presence of multiple centrosaurine taxa within the
TM-046 bonebed is not supported. In the absence of any
diagnostic adult material of a second centrosaurine taxon
from the same locality, it is most taxonomically conserva-
tive to consider the small, partially plesiomorphic skull of
MOR 456 8-8-87-1 and all other similar such disarticulated
specimens from the same bonebed as representing juvenile
and subadult Einiosaurus procurvicornis.

Therefore, we hypothesize that the stratigraphically
higher bonebed of Einiosaurus procurvicornis (TM-046)
preserves a comprehensive ontogenetic series of supraor-
bital ornamentation, including the adult holotype specimen
(MOR 456 8-9-6-1), articulated individuals such as the sub-
adult skull described here (MOR 456 8-8-87-1), and the dis-
articulated postorbitals (Figs. 6, 7). Likewise, the possible
subadult Achelousaurus horneri (MOR 591), together with
the isolated subadult MOR 571 which bears incipient nasal
and supraorbital bosses and long-grained striated texture on
portions of the parietal, and the adult holotype (MOR 485)
compose a basic ontogenetic series.

Based on the Einiosaurus procurvicornis ontogenetic
series, we can infer that Einiosaurus procurvicornis expe-
rienced relatively complex ontogenetic development of the
supraorbital ornamentation among ceratopsids (Figs. 6, 7).
Hypothesized juvenile and early subadult individuals (e.g.,
MOR 456 8-10-87-20, MOR 456 8-8-87-19) of Einiosaurus
procurvicornis possess plesiomorphic, unmodified supra-
orbital horncores with steep lateral and medial surfaces,
which begin to flatten medially in early subadults, which
transition to transversely flattened platforms of bone in late
subadults such as MOR 456 8-8-87-1 and MOR 456 8-23-
87. This flat platform of bone appears to inflate dorsally
into the diagnostic convex, spherical masses expressed by
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the holotype MOR 456 8-9-6-1 and MOR 456 2020-C-2.
MOR 456 8-8-87-1 fills an ontogenetic gap in supraorbital
ornamentation development between plesiomorphic, erect
horncores and the spherical mass of bone expressed by the
holotype MOR 456 8-9-6-1. The specific nature of this re-
modeling can therefore be characterized as dorsal inflation
of the medial aspect of the postorbital to form a transversely
flat platform of bone. This inflation continued until the su-
praorbital ornamentation became a thick, convex, spheroid
mass of bone (MOR 456 8-9-6-1).

Among other centrosaurines, with the exception of Pachy-
rhinosaurus (Fiorillo and Tykoski 2013) and Achelousaurus
(though the current ontogenetic series for Achelousaurus is
less comprehensive), Einiosaurus expresses relatively more
complex ontogenetic development of the supraorbital orna-
mentation, and currently the earliest occurrence of this su-
praorbital ontogenetic change within Eucentrosaura (Wilson
et al. 2020). Einiosaurus is the earliest occurring eucentro-
sauran centrosaurine to extend ontogenetic development of
its supraorbital ornamentation beyond a simple, erect, py-
ramidal supraorbital horncore, which is the basal condition
of the clade. Whereas Coronosaurus does express supraor-
bital horncores with laterally deflected apices, its horncores
fundamentally remain horncores through growth (Ryan
and Russell 2005). Conversely, the ontogenetic remodeling
of FEiniosaurus supraorbital horncores produces rounded,
spherical masses of bone in place of erect horncores with dis-
cernable apices, fundamentally differing from other, more
basal eucentrosaurans. As the first eucentrosauran to extend
the development of the supraorbital ornamentation beyond a
plesiomorphic horncore, Einiosaurus may represent a shift
in the particular characteristics of the socio-sexual selection
acting upon this group (Wilson et al. 2020).

Based on the growth series described here, Einiosaurus
procurvicornis likewise appears to have had one of the most
complex documented ontogenetic trajectories of supraor-
bital ornamentation of any ceratopsid. While the number
of changes seen in this growth series may seem surpris-
ing, there is plentiful evidence that ceratopsids were ca-
pable of extensive ontogenetic remodeling of their cranial
ornamentation. The eucentrosauran Pachyrhinosaurus,
hypothesized as the direct descendant of Einiosaurus and
Achelousaurus (Horner et al. 1992; Wilson et al. 2020)
likely represents the most complex ontogenetic development
of the supraorbital ornamentation of known centrosaurines.
In Pachyrhinosaurus lakustai, the smallest and presumed
youngest specimens bear supraorbital horncores which are
rounded and semi-circular in lateral view with a shallow
slope medially, similar to the ontogenetic series described
here for Einiosaurus, inflating medially and becoming large
and complex bosses (Currie et al. 2008). The most common
and well-documented ceratopsid, Triceratops, expresses re-
orientation of its postorbital horncores through ontogeny,
from recurved horncores in juveniles to anteriorly curved in
mature individuals (Horner and Goodwin 2006). Other chas-
mosaurines, such as Chasmosaurus and Regaliceratops, un-
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derwent ontogenetic resorption of their postorbital horncores
(Brown and Henderson 2015; Campbell et al. 2016). Among
the basal eucentrosaurans closely related to Einiosaurus,
such as Centrosaurus and Styracosaurus, there appears
to be less dramatic development of the supraorbital orna-
mentation through ontogeny, with the majority of change
consisting of increase in size and sometimes resorption of
the horncore apices (Ryan et al. 2001; Frederickson and
Tumarkin-Deratzian 2014; Brown et al. 2020). Given that
mature individuals of Centrosaurus and Styracosaurus typ-
ically express simple, erect horncores, similar to those of
immature Einiosaurus and Achelousaurus (nasal horncore
procurvature is known in some adults of Centrosaurus;
Frederickson and Tumarkin-Deratzian 2014; Brown et al.
2020, though to a lesser degree than in Einiosaurus), we
would perhaps not expect to see the same degree of change
through ontogeny in those more basal taxa.

Sequence of ornamentation ontogenetic change.—
Although the sample size of articulated subadult eucentro-
sauran skulls from the Two Medicine Formation is currently
limited to two, we can tentatively infer the order of on-
togenetic development between the nasal and supraorbital
ornamentation. In both MOR 456 8-8-87-1 and MOR 591,
the nasal ornamentation is an erect, recurved, and unmod-
ified horncore, consistent with the plesiomorphic condition
of Eucentrosaura. However, whereas the supraorbital horn-
cores of MOR 591 are likewise erect, triangular in profile,
unmodified, and plesiomorphic, the supraorbital horncores
of MOR 456 8-8-87-1 appear to be ontogenetically modi-
fied from the plesiomorphic condition expressed in juvenile
postorbitals from the same bonebed, e.g., MOR 456 8-10-
87-20 and are instead transversely flat and dorsally inflated.
This condition is likewise expressed to a lesser degree in
MOR 456 2020-C-1, and to an approximately equivalent
degree in the near-identical MOR 456 8-23-87, indicating
that this morphology is a genuine step in the ontogenetic de-
velopment of Einiosaurus procurvicornis supraorbital orna-
mentation. While the timing of ornamentation development
is likely variable individually and through stratigraphic time
(characteristic of heterochronic trends; see Brown et al.
2020), the available specimens currently indicate that onset
of supraorbital ornamentation modification preceded na-
sal horncore modification in the uppermost Two Medicine
Formation eucentrosaurans, whether within Einiosaurus
alone or between Einiosaurus and Achelousaurus, depend-
ing on the identity of MOR 591. This tentative hypothesis
can be tested by the recovery of additional subadult individ-
uals of these taxa. Likewise, the hypothesis that the timing
of the developmental changes noted here was affected by
evolutionary change through the time separating the TM-
046 FEiniosaurus procurvicornis bonebed from the strati-
graphically higher Achelousaurus horneri can be further
tested with additional articulated, immature specimens.

Facial versus parietosquamosal frill development.—The
face of subadult Einiosaurus MOR 456 8-8-87-1, measured
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Fig. 8. Size comparison of squamosal versus face in Einiosaurus procurvicornis Sampson, 1995, subadult MOR 456 8-8-87-1 (A) and MOR 456 8-9-6-1, ho-
lotype (B, mirrored); squamosal superimposed in B. C. Outline of MOR 456 8-8-87-1 (red) superimposed over outline of MOR 456 8-9-6-1 (grey). D. Outline
of MOR 591 (blue) superimposed over outline of MOR 456 8-9-6-1 (grey). Outlines aligned by otic notch.

from the anteriormost preserved extent of the anterior nasal
processes to the posterior margin of the orbit, is 42.5 cm
on the left side of the face, though there is minor damage
to the anterior margin of the anterior nasal processes and
some taphonomic folding anterior to the orbit. Conversely,
the right side of the face measures 46.5 cm with the same
compression pulling the posterior margin of the orbit more
posterior than its in vivo position (Table 1). Therefore, MOR
456 8-8-87-1 has an estimated facial length of 44.5 cm. In
comparison, the facial length of MOR 591 is identical to that
estimated for MOR 456 8-8-87-1, at 44.5 cm. The faces of
both MOR 456 8-8-87-1 and MOR 591 are therefore approx-
imately 81.6% as long as the 54.5 cm face of Einiosaurus
procurvicornis holotype MOR 456 8-9-6-1. Interestingly,
however, the complete left squamosal of MOR 456 8-8-87-1
and the partial left squamosal of MOR 591 are of approxi-
mately equivalent size to that of the adult MOR 456 8-9-6-1.
The squamosal of MOR 456 8-8-87-1 measures 31 cm from
the anterior edge of the anteriormost squamosal process to
the parietosquamosal contact at the lateral margin, while
MOR 456 8-9-6-1 measures 29 cm. The squamosal of MOR
485, the holotype of Achelousaurus horneri, measures
31 c¢cm (Table 1). This measurement is not possible to assess
for MOR 591 because it is missing the anterior corner of the
lateral squamosal margin, though it is possible to measure
from the dorsalmost extent of the otic notch to the EPS in
MOR 456 8-8-87-1 (33 cm), MOR 591 (34.5 cm), and MOR

456 8-9-6-1 (31.5 cm). This measurement is consistent with
the anteriormost marginal process to EPS measurement,
with both being slightly longer in MOR 456 8-8-87-1 than
in MOR 456 8-9-6-1. Likewise, the squamosal of MOR 591
is slightly longer than MOR 456 8-9-6-1 for the single com-
parable measurement between these two individuals (from
the dorsalmost extent of the otic notch to the EPS). Digital
overlay of the squamosals indicates that MOR 456 8-9-6-1
may express slightly more anteroposterior elongation of the
squamosal, while MOR 456 8-8-87-1 is somewhat more dor-
sally extended, in line with the plane of the lateral frill mar-
gins (Fig. 8). Unfortunately, none of the additional parietal
material from the TM-046 bonebed can be unambiguously
assigned to MOR 456 8-8-87-1. While the frills of MOR 456
8-8-87-1 and MOR 456 8-9-6-1 are approximately the same
size, the face of MOR 456 8-8-87-1 would require additional
growth to reach adult size, suggesting relatively later facial
ornamentation development and expansion of the facial re-
gion compared to the parietosquamosal frill reaching adult
size. Future discoveries of articulated or associated fossils
of individuals representing earlier growth stages may reveal
if frill growth was similarly allometric or isometric. Other
centrosaurines, such as Centrosaurus apertus, appear to
attain adult sized or near-adult sized frills relatively early
in ontogeny (Frederickson and Tumarkin-Deratzian 2014).
Conversely, the order of some developmental events, such
as squamosal elongation versus postorbital horn elongation,
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may be the opposite in other ceratopsid (albeit chasmosau-
rine) taxa, such as Chasmosaurus in which elongation of
squamosals appears to occur after postorbital horn elon-
gation (Mallon et al. 2015). In Arrhinoceratops squamosal
elongation occurs while postorbital horncores are recurved,
the immature condition (Mallon et al. 2015). The particular
relationship (order and timing) between facial versus pari-
etosquamosal frill development is likely dependent upon the
particular selection scheme affecting the frill versus facial
ornamentation in individual taxa and/or lineages, and it may
be expected that uneven selection pressure upon certain or-
namental structures likely affects the timing and sequence
of ornamentation development (Wilson et al. 2020).

Among ceratopsids, the parietosquamosal frill is gen-
erally considered the most diagnostic portion of the skull,
with an array of disparate morphologies expressed be-
tween unique taxa (Dodson et al. 2004). Einiosaurus and
Achelousaurus are closely related to other eucentrosaurans
expressing relatively conservative facial ornamentation (e.g.,
Spinops, Coronosaurus, Centrosaurus, and Styracosaurus;
Ryan and Russell 2005; Ryan et al. 2007; Farke et al. 2011;
Chiba et al. 2017). Evolutionary facial change between these
taxa is primarily limited to simplification of the supraorbital
horncores and elongation of the nasal horncore through time.
Conversely, the parietal ornamentation of these taxa dif-
fers considerably, from the node clusters which characterize
Coronosaurus, to the large, hook-like P1 and P2 processes of
Centrosaurus and Spinops, to the hypertrophied P3, P4, and
PS5 processes of Styracosaurus (Ryan and Russell 2005; Ryan
etal. 2007; Farke et al. 2011; Brown et al. 2020). Given that the
parietosquamosal frill is generally considered an ornamen-
tal structure which functioned in a signaling capacity (e.g.,
Padian and Horner 2011; Knell and Sampson 2011), and that
the ornamental disparity between taxa within Eucentrosaura
appears to be greatest within the parietal, it can be hypoth-
esized that a parietal-dominated selection pattern character-
ized the basal portion of Eucentrosaura (Wilson et al. 2020).
In later eucentrosaurans (e.g., Einiosaurus, Achelousaurus,
Pachyrhinosaurus) increased complexity of the facial or-
namentation relative to the parietosquamosal frill suggests
facial-dominated signaling selection (Wilson et al. 2020).

If parietal-dominated selection did characterize Eucen-
trosaura basally, the signaling capacity of the frill would be
maximized by initiating its growth and development earliest
among the cranial ornamentation. It is hypothesized that
subadult individuals would express more extensive develop-
ment of the frill towards the adult condition relative to the
facial ornamentation. Unfortunately, the articulated skull of
subadult MOR 456 8-8-87-1 does not preserve the diagnos-
tic posterior bar and ornamentation of the parietal, but the
adult-sized preserved squamosal of this immature individual
is consistent with this hypothesis, with a fully-developed
and adult-sized squamosal contrasting its plesiomorphic
morphology of the nasal horncore and partially-modified
supraorbital ornamentation. Likewise, MOR 591 bears an
adult-sized squamosal while still expressing unmodified,
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plesiomorphic nasal and supraorbital horncore morpholo-
gies. Einiosaurus and Achelousaurus immediately succeed
in time the more basal eucentrosaurans with marked parietal
disparity, and their ontogenetic development may maintain
some developmental trends seen earlier in Eucentrosaura.
If the subtle differences in development between MOR 456
8-8-87-1 and MOR 591 represent genuine trends in the se-
quence of ornamentation development in Einiosaurus (and
possibly Achelousaurus), then parietosquamosal frill growth
likely preceded both nasal and supraorbital modification.
Likewise, because MOR 591 appears to be relatively less
mature than MOR 456 8-8-87-1 based on surface texture and
ornamentation development but is equivalent in size, this
may indicate that Achelousaurus reached adult size more
rapidly if MOR 591 represents Achelousaurus, though more
specimens of immature individuals are needed to test this.
Supraorbital horncore development appears to have occurred
after the parietosquamosal frill reached adult size, but prior
to nasal horncore modification. Articulated subadult individ-
uals such as MOR 591 and MOR 456 8-8-87-1 are critical to
elucidating trends in the timing and differential development
of cranial ornamentation and informing hypotheses regard-
ing the paleobiological significance of such trends and their
role in the evolution of ornamented dinosaurs.

Conclusions

This study describes an articulated subadult cranium of the
eucentrosauran centrosaurine dinosaur Einiosaurus procur-
vicornis from the Late Cretaceous Two Medicine Formation
of Montana, and compares its ontogenetic development
with a similarly sized, articulated subadult eucentrosauran
cranium from the same formation. As the only known ar-
ticulated subadult crania of Two Medicine Formation eu-
centrosaurans, these specimens allow tentative inference
of the order of ontogenetic development between the nasal,
supraorbital, and parietosquamosal frill ornamentation; the
parietosquamosal frill appears to reach adult size first, and
the supraorbital ornamentation appears to begin ontogenetic
development before the nasal horncore is modified. The su-
praorbital ornamentation of the newly described Einiosaurus
procurvicornis cranium appears to fill a previous gap in the
ontogenetic development from the plesiomorphic short horn-
core morphology of immature individuals to the rounded,
spheroid ornamentation of adult individuals. The ontogenetic
change in supraorbital ornamentation seen in Einiosaurus
procurvicornis appears to be among the most complex su-
praorbital ontogenetic change within Ceratopsidae.
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