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ABSTRACT

Haya griva is an early-diverging neornithischian (“hypsilophodontid”) dinosaur known from
several well-preserved skulls and articulated postcranial skeletons, in addition to dozens of partial
or isolated finds from the Upper Cretaceous Khugenetslavkant and Zos Canyon localities (Javkhlant
Formation and equivalent beds) in the Gobi Desert of Mongolia. Collectively, nearly the entire
skeletal anatomy of Haya is known, including partial growth series of skulls and femora. Detailed
description and comparisons with other ornithischians, including novel anatomical information
about the palate and braincase gleaned through high-resolution x-ray microcomputed tomography,
reveals a wealth of osteological data for understanding the growth and relationships of this key
taxon. Though the Haya specimens span a wide size range, bone histology reveals that all are likely
perinatal to subadult individuals, with specimens of intermediate age the most common, and skel-
etally mature specimens absent. Phylogenetic analyses place Haya as one of the few Asian members
of Thescelosauridae, an important noncerapodan neornithischian group of the Late Cretaceous.

INTRODUCTION

The ornithischian dinosaur Haya griva holds
great evolutionary, systematic, biostratigraphic,
and paleoecological significance. It is the only
representative of an early-diverging ornithis-
chian dinosaur currently known among the vast
diversity of Mesozoic vertebrates from Mongo-
lia’s Gobi Desert. Despite previous expeditions
to the Upper Cretaceous (Santonian-Campan-
ian) eastern Gobi exposures of the Javkhlant
Formation (Shine Us Khudag redbeds) at the
Khugenetslavkant locality (Eberth et al., 2009;
fig. 1) by Russian, Mongolian, and American
paleontologists, the presence of a primitive
neornithischian dinosaur at this site was not
revealed until the first discovery of its fossils in
2002 by the joint Mongolian Academy of Sci-
ences—American Museum of Natural History
expedition (Makovicky et al., 2011). Makovicky
et al. (2011) named and described Haya griva
on the basis of an articulated holotype skull and
several referred specimens consisting of articu-
lated and partially articulated cranial and post-
cranial remains. We extensively describe these
materials and another specimen (IGM
100/3181) first presented by Norell and Barta
(2016). We also describe six new nearly com-
plete or partial specimens of Haya griva, and
compare them to other ornithischian dinosaurs,
particularly those for which excellent material
also exists. Such comparisons enhance com-

parative anatomical knowledge of early-diverg-
ing neornithischians. The combination of
character states described in Haya provides fur-
ther information for attempts to resolve the
unstable relationships and complex, mosaic dis-
tribution of characters within clades along this
grade (Boyd, 2015). In order to provide a thor-
ough account of the morphology, growth, sys-
tematics, and probable life habits of Haya griva,
we apply high-resolution X-ray microcomputed
tomography (uCT) scanning and bone histol-
ogy to a partial growth series of this taxon for
the first time, reassess its phylogenetic affinities,
and further evaluate the implications of gastro-
liths associated with three specimens.

MATERIAL AND METHODS

The holotype and referred specimens col-
lected by the Mongolian Academy of Sciences-
American Museum of Natural History (MAE)
expeditions listed below form the basis of this
description.

Four Haya griva skulls (IGM 100/2016, IGM
100/2017, IGM 100/3178, IGM 100/3181) were
scanned using high resolution X-ray micro-
computed tomography (uCT) at the American
Museum of Natural History Microscopy and
Imaging Facility (MIF) with a GE v|tome|x CT
scanner at 160 kv, with a 0.5 mm copper filter,
a current of 200 pA, and a voxel dimension of
0.04 mm to produce 1800 images. All of these
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FIG. 1. Map of Mongolia showing the Khugenetslavkant and Zos Canyon localities.

except IGM 100/3181, which was not processed
for this study, were reconstructed using Phoe-
nix Datos X (GE Inspection Technologies, LP,
Lewistown PA) and FIJI (Image], Schindelin et
al.,, 2012) software, and features of interest were
segmented with VGStudio Max (Volume
Graphics, Inc. Charlotte, NC). Key specimens
(IGM 100/1324, IGM 100/2014, IGM 100/2015,
IGM 100/2016, IGM 100/2017, IGM 100/2019,
IGM 100/2020, IGM 100/3137, IGM 100/3178,
IGM 100/3181, and IGM 100/3661) were sur-
face scanned with a Space Spider surface scan-
ner (Artec, Luxemborg). Stereolithography
(STL) files of these specimens are provided as
supplementary information available online
(https://doi.org/10.5531/sd.sp.47). Bone histol-
ogy and phylogenetic analysis methods are
described in the relevant sections below.

INSTITUTIONAL ACRONYMS

AMNH FARB American Museum of Natural
History Fossil Amphibians, Rep-
tiles, and Birds Collection

BYU Earth Sciences Museum,
Brigham Young University,
Provo, Utah

IGM Institute of Geology, Mongolian
Academy of Sciences, Ulaan
Baatar, Mongolia

ROM Royal Ontario Museum,
Toronto, Ontario, Canada

MOR Museum of the Rockies, Boze-
man, Montana

YPM Yale Peabody Museum of Natu-

ral History, New Haven, Con-
necticut
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SYSTEMATIC PALEONTOLOGY
Dinosauria Owen, 1842
Ornithischia Seeley, 1887

Neornithischia Cooper, 1985 (sensu Sereno,
1998)

Haya Makovicky et al., 2011
Haya griva Makovicky et al., 2011

ErymoLroGY: “Haya griva, from the Sanskrit
for the Hindu deity Hayagriva, an avatar of
Vishnu characterized by a horse head, in refer-
ence to the elongate and faintly horselike skull of
this dinosaur, and the common depiction of this
deity in the Buddhist art of Mongolia” (fig. 2)
(Makovicky et al., 2011: 626).

Horotype: IGM 100/2017 (figs. 3-5, 17A,
18A, 21-26A, 30), complete articulated skull (CT
scanned) and anterior cervical vertebrae.

REFERRED SPECIMENS:

IGM 100/1324 (figs. 41, 51, 52), large isolated
femur (the largest in the studied sample).
IGM 100/2013 (figs. 44, 47), “dorsal rib and
series of chevrons, an articulated right crus
and pes, part of left pes” (Makovicky et al,,

2011: 626) and right femur.

IGM 100/2014 (figs. 9, 17B, 26B, 20), Largely
complete crushed skull articulated with cervi-
cal vertebrae.

IGM 100/2015 (figs. 27, 31, 35, 37, 38, 42, 49, 51,
52), Articulated postcranial skeleton; a cast is
catalogued as AMNH FARB 30635.

IGM 100/2016 (fig. 10), largely complete articu-
lated skull (CT scanned).

IGM 100/2018 (fig. 11), anterior portion of small
skull.

IGM 100/2019 (figs. 6, 18B, 19, 28, 33, 34),
largely complete skull and articulated postcra-
nia.

IGM 100/2020 (figs. 43, 51, 52), postcranial frag-
ments including ribs, femur, tibia, and pedal
phalanges (Makovicky et al., 2011: 626). This
specimen includes the smallest femur in the
studied sample.

IGM 100/3137 (fig. 29), articulated postcrania
lacking skull.

IGM 100/3178 (figs. 7, 32, 36, 39, 40, 45, 46, 48),
skull (CT scanned) and partially articulated
postcrania.

IGM 100/3181 (fig. 8), skull (CT scanned) and
articulated dorsal series with ribs, manual
phalanges, radius and ulna (Norell and Barta,
2016).

IGM 100/3182 (fig. 50), partial postcrania,
including a largely complete left leg, some
dorsal vertebrae, and associated gastroliths.

IGM 100/3557 (fig. 12), crushed partial skull.

IGM 100/3661 (fig. 14), disarticulated partial
skull and skeleton.

IGM 100/3672 (fig. 15), partial pelvic region and
articulated legs and feet from two individuals
in close proximity, centra of the axis and third
cervical vertebra, a jaw fragment and other
surface collected fragments, including a pos-
sible atlantal neurapophysis. An isolated
troodontid tooth was found in the matrix
inside the jacket during preparation (fig. 16).

MAE 15-84, isolated femur.

Many additional specimens (IGM 100/3561,

100/3632, 100/3633, 100/3634, 100/1322,
100/1873, 100/3558, 100/3559, 100/3560,
100/3562, 100/3563, 100/3564, 100/3565,
100/3566, 100/3567, 100/3568, 100/3569,

100/3570, 100/3571, 100/3604, 100/3605, MAE
03-21) (fig. 13) comprise surface-collected cra-
nial and postcranial fragments, including an iso-
lated frontal (IGM 100/3567) and abundant
partial maxillae and dentaries. These are all from
very small, apparently juvenile (or even perinate-
sized) individuals. IGM 100/3561 is from the
Red Rum sublocality at Zos Canyon (Norell and
Barta, 2016).

LocCALITY AND GEOLOGIC SETTING: All speci-
mens other than IGM 100/3181 (Norell and
Barta, 2016), IGM 100/3661, and IGM 100/3561
are from the Upper Cretaceous (Santonian-Cam-
panian) Javkhlant Formation at the Khugenet-
slavkant locality within the Shine Us Khudag
badlands in the southeastern Gobi Desert of
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FIG. 2. A Buddhist depiction of the deity Hayagriva.

Mongolia (Eberth et al., 2009; fig. 1). They were
found primarily within a 90 m thick section of
the middle Javkhlant beds (Eberth et al., 2009).
IGM 100/3181 is from the Zos Canyon locality
in the western Gobi, and illustrates the wide-
spread geographic distribution of Haya griva
during the Late Cretaceous. The presence of this
specimen also provides important evidence for
correlating the Javkhlant Formation and Zos
Canyon beds, and by extension illustrating the
conformable nature of the stratigraphic sequence
spanning the base of the Bayn Shire Formation
to the top of the Djadokhta Formation (Norell
and Barta, 2016).

EMENDED D1aGNosIs: Makovicky et al. (2011:
627) identified a combination of seven characters
diagnostic of Haya griva in their differential
diagnosis:

(1) “five homodont, bulbous, unserrated pre-
maxillary teeth”; (2) “premaxilla without rugose
ramphothecal pad”; (3) “triangular accessory
maxillary fenestra”; (4) “jugal with bifid caudal
ramus’; (5) “quadratojugal foramen present”; (6)
“midline depression along internasal suture”; and
(7) “predentary with bifid ventral ramus”

To these we add an eighth: a bifid anterior
process of the jugal (only present in Haya and
Heterodontosaurus). Autapomorphies of Haya
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griva resulting directly from a new phylogenetic
analysis are discussed in the Phylogeny section
below.

TAPHONOMY

Both the Shine Us Khudag and Zos Canyon
localities preserve Haya specimens as articulated,
partially articulated, associated, and isolated ele-
ments. One of the Zos Canyon specimens, IGM
100/3661 (fig. 14), is unusual in that the skull
and postcranial bones are all fairly widely sepa-
rated from one another, possibly dispersed by
scavengers or running water. Articulated speci-
mens (e.g., IGM 100/2015) are contorted in a
death pose typical of small ornithischians (Santa
Luca, 1980; Zheng et al., 2012), in which the
back is strongly flexed, the neck curled back, and
the knees bent slightly forward (figs. 27-29).
Articulated postcranial specimens often lack the
hands, distal half of the tail, and sometimes the
skull. When information from all specimens is
combined, however, only some of the manual
elements, distalmost tail, and a few braincase ele-
ments remain unknown or too poorly preserved
to describe.

IGM 100/3672 is unusual in that it con-
tains the remains of two individuals, the pel-
vic region and both legs of one, and a foot
from a third that points opposite to the other
two feet (fig. 15). This is the only specimen
that preserves definitive evidence of two Haya
buried in close proximity to one another. A
troodontid tooth also was recovered from
matrix within the same jacket as IGM
100/3672 (fig. 16). To our knowledge, this is
the first published indication of troodontids
from the Javkhlant Formation. Many Haya
bones contain holes, likely made by insects
feeding on the bones postmortem, as in many
other Gobi specimens (Norell and Makovicky,
1997; Fanti et al., 2012; Norell et al., 2018).
None of the Haya specimens have been recov-
ered from any kind of burrow structure, in
contrast to the related Oryctodromeus (Varric-
chio et al., 2007).

DESCRIPTION
SKULL AND MANDIBLE

The following description is based primarily
on elements as preserved in the Haya griva holo-
type, IGM 100/2017 (figs. 3-5, 17A, 18A, 21-26).
Elements not preserved or readily visible in IGM
100/2017 are described from other specimens in
which they are visible. Morphological differences
between IGM 100/2017 and other specimens
also are emphasized to comprehensively docu-
ment variation within Haya griva. Definitions of
clade names follow those provided by Madzia et
al. (2018).

PREMAXILLA AND PREMAXILLARY DENTITION:
The anterior margin of the premaxilla overhangs
the anteriormost premaxillary tooth, though it is
not developed into a hooked projection to the
extent seen in Thescelosaurus, Changchunsaurus,
and Hypsilophodon (Huxley, 1870; Galton, 1974a;
Jin et al., 2010; Boyd, 2014). The two nutrient
foramina on the anteriormost portion of the pre-
maxilla form a “figure 8” configuration, as noted
by Makovicky et al. (2011). Just posterior to the
nutrient foramina, at the position of the first
tooth, the premaxilla bulges laterally. The poste-
rior portion of the premaxilla laterally flares and
thins dorsally along the subnarial process, form-
ing a flat articular surface with the lateral side of
the nasal (fig. 3, 5). The premaxilla of Haya griva
is proportionally dorsoventrally taller and antero-
posteriorly shorter than that of Thescelosaurus
(Boyd, 2014) and has a more dorsally directed
subnarial process. As in Hypsilophodon, Isaber-
rysaura, and possibly Orodromeus, the subnarial
process of Haya gently curves posteriorly, but
does not contact the lacrimal (Galton, 1974a;
Scheetz, 1999; Makovicky et al., 2011; Salgado et
al,, 2017). The process is taller, narrower, and less
anteroposteriorly expanded than the condition
seen in Jeholosaurus (Barrett and Han, 2009). The
supranarial (ascending) process of the premaxilla
is incompletely preserved in all Haya specimens,
with only a short process remaining (figs. 3, 4, 5,
7, 8, 11). The anteriormost points of the nasals
opposite the external nares from the ascending
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FIG. 3. Skull of the holotype specimen of Haya griva, IGM 100/2017, in A, C, right lateral and B, D, left lateral
views. Abbreviations in appendix 1.
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FIG. 4. Skull of the holotype specimen of Haya griva, IGM 100/2017, in A, C, dorsal and B, D, ventral views.
Abbreviations in appendix 1.

processes of the premaxillae appear damaged,
providing no evidence about the morphology of
the internarial bar. The apparently confluent
nature of the external nares of Haya (fig. 5) is best
considered a taphonomic artifact because conflu-
ent external nares (i.e., with loss of a complete
internarial bar) are unknown among dinosaurs
except for some diplodocoid and titanosaur sau-
ropods (Upchurch, 1995; Wilson et al., 2016). In
Haya, the surface of the premaxilla is smooth, in
contrast to the rugose anterior premaxillary sur-
taces of Lesothosaurus, Jeholosaurus, Changchun-
saurus, Oryctodromeus, Zephyrosaurus,
Thescelosaurus, and Hypsilophodon (Galton,

1974a; Sues, 1980; Sereno, 1991; Varricchio et al.,
2007; Barrett and Han, 2009; Jin et al., 2010;
Boyd, 2014). Such rugose surfaces have been
interpreted as evidence of a ramphotheca (Gal-
ton, 1974a), but the extent and attachment of a
ramphotheca in Haya, if present, is unclear. The
general morphology of the premaxilla anterior to
the first premaxillary tooth is similar to Lesotho-
saurus (Sereno, 1991; Knoll, 2008), except Haya
lacks even the limited pitting inferred to corre-
spond to a short ramphotheca anterior to the first
premaxillary tooth in Lesothosaurus (Sereno,
1991; Knoll, 2008). Future discoveries of morpho-
logically mature skulls may reveal whether pitting
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and, by inference, a ramphotheca, developed on
the premaxilla of Haya griva through ontogeny,
as in Jeholosaurus (Barrett and Han, 2009). In
IGM 100/2017, the premaxillae are unfused along
their midline contact. Many other primitive
ornithischian taxa, including Oryctodromeus,
Changchunsaurus, and Thescelosaurus, possess
fused or partially fused premaxillae (Norman et
al., 2004; Varricchio et al.,, 2007; Jin et al., 2010;
Boyd, 2014). The premaxilla contains five teeth,
as is typical for most early-diverging ornithischi-
ans (Norman et al., 2004), though six are present
in Lesothosaurus, Isaberrysaura, Jeholosaurus, and
Thescelosaurus (Sereno, 1991; Barrett and Han,
2009; Boyd, 2014; Salgado et al., 2017). Boyd
(2014) noted that the number of premaxillary
teeth may have increased through ontogeny in

Jeholosaurus and Thescelosaurus, based on his
personal observations of multiple specimens of
the two taxa. So far, there is no evidence for an
increase in premaxillary tooth count through
ontogeny in Haya, but future discoveries of onto-
genetically more mature specimens are needed to
test this. The teeth lack serrations (Makovicky et
al., 2011) but bear very faint longitudinal stria-
tions. As in Lesothosaurus, the premaxillary teeth
lack wear facets, suggesting that during feeding
they worked in opposition to the softer kerati-
nous beak inferred to be present on the preden-
tary (Knoll, 2008; but Norman et al., 2004, notes
the presence of premaxillary tooth wear facets in
other taxa). The apicalmost portion of each tooth
is slightly recurved (figs. 3, 7, 8). In IGM
100/2017, the first and third right premaxillary
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FIG. 5. Skull of the holotype specimen of Haya griva, IGM 100/2017, in anterior view. Abbreviations in
appendix 1.

teeth are somewhat bulbous, unlike the more
pointed second, fourth, and fifth teeth. This is
also true of the left premaxillary teeth, though the
tips of the second and fifth teeth are broken on
this side. The first and third left premaxillary
teeth of IGM 100/3178 (fig. 7) are also somewhat
bulbous, but the other premaxillary teeth are
largely obscured. IGM 100/2018 (fig. 11) is not
well preserved, but the left premaxilla is more
complete than the right. The suture between the
two premaxillae is visible at the anteriormost end
of the rostrum, and the quality of preservation

makes it difficult to tell whether or not the two
bones are fused. The premaxillary toothrow is in
line with the maxillary toothrow, in contrast to
Hypsilophodon, where they are offset (Galton,
1974a; Makovicky et al., 2011). These two
toothrows are separated by a diastema, as is pres-
ent in most basal neornithischians (Norman et
al., 2004; Makovicky et al., 2011). It is unclear
whether the diastema present in these taxa is
homologous to that of theropods or the possible
sauropodomorph Eoraptor (Langer and Benton,
2006; Sereno et al., 2012).
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FIG. 6. Skull and cervical vertebrae of Haya griva, IGM 100/2019, in right lateral view (skull) and dorsolateral
view (vertebrae). Abbreviations in appendix 1.

MAXILLA AND MAXILLARY DENTITION: The
maxilla contacts the premaxilla anteriorly, a
small portion of the nasal dorsally, the lacrimal
and jugal posterolaterally, the palatine medially,
and the ectopterygoid posteromedially. In palatal
view, it forms the lateral border of the postpala-
tine (suborbital) fenestra as in Heterodontosau-
rus, Changchunsaurus, and Hypsilophodon
(Galton, 1974a; Jin et al., 2010; Norman et al.,
2011; fig. 4B, D). The ramus of the maxilla is
straight in lateral view in Haya griva. In Thesce-
losaurus, the posterior end of the ramus curves
dorsally. The maxilla of Haya becomes mediolat-
erally thin dorsally where it meets the nasal and
premaxilla. A narrow gap between the premax-
illa and maxilla, just dorsal to the diastema
between the premaxillary and maxillary
toothrows, forms the anterior maxillary fossa
(Boyd, 2014). The long axis of this narrow fossa
is oriented dorsoventrally in Haya, in contrast to

the round fossa of Thescelosaurus. The toothrow
is strongly inset from the rest of the maxilla, with
a well-defined emargination (the buccal ridge)
between the two. In lateral view, the buccal ridge
dips ventrally and continues posteriorly to below
the midpoint of the orbit (Makovicky et al. 2011).
At least six nutrient foramina lie ventral and par-
allel to the buccal ridge in IGM 100/2017, with
the more posterior three being larger than the
anterior three. The anterior three nutrient foram-
ina face laterally, but the posterior three face
more lateroventrally underneath the overhang-
ing buccal ridge. There are five or six foramina in
IGM 100/3181, four small anterior ones, one
larger posterior foramen, and possibly one shal-
low ventrally facing foramen near the junction
with the jugal. At least four nutrient foramina
pierce the incomplete right maxilla of IGM
100/2014; however, the two posteriormost
foramina are smaller than the anterior two. Two
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FIG. 7. Skull of Haya griva, IGM 100/3178, in left lateral view. Abbreviations in appendix 1.

foramina are present on the anteriorly eroded
maxilla of IGM 100/2016. Thus, it is clear that
the relative sizes and possibly the number of
these formina are variable in Haya griva. Haya
lacks the row of smaller foramina on the lateral
surface of the buccal ridge seen in Thescelosaurus
(Boyd, 2014). A triangular maxillary fenestra lies
anterior to the antorbital fenestra, and is sepa-
rated from it by a narrow, posteriorly concave
interfenestral strut (figs. 3, 8). In Haya, the ant-
orbital fenestra is larger than the maxillary fenes-
tra. Among other early-diverging
neornithschians, a maxillary fenestra is present
only in Kulindadromaeus, where it may be larger
than the antorbital fenestra (Godefroit et al.,
2014), and Hypsilophodon, where it is even
smaller relative to the antorbital fenestra than in
Haya (Galton, 1974a; Makovicky et al., 2011).
IGM 100/3181 has a small prong dorsal to the
buccal ridge that projects into the maxillary

fenestra. It is matched by a less-pronounced
knob on the interfenestral strut that projects ven-
trally into the maxillary fenestra (fig. 8). The
interfenestral strut separating the maxillary and
antorbital fenestra is also more strongly concave
posteriorly at its midpoint in IGM 100/3181 (fig.
8) than in IGM 100/2017 (fig. 3). This could be
an artifact of slight crushing or displacement of
the strut; however, the 83 mm long skull of IGM
100/3181 is less dorsoventrally crushed overall
than the 93 mm long skull of IGM 100/2017
(Makovicky et al., 2011; Norell and Barta, 2016).
The antorbital fenestra is ovate, with the long
axis of the oval directed anterodorsally, similar to
the condition in Jeholosaurus (Barrett and Han,
2009). In comparison, the long axis of the antor-
bital fenestra is oriented anteroposteriorly in
Thescelosaurus, Changchunsaurus, and Gasparin-
isaura (Coria and Salgado, 1996) and dorsoven-
trally in Hypsilophodon. The antorbital fenestra is
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FIG. 8. Skull of Haya griva, IGM 100/3181, in left lateral view. Modified from Norell and Barta (2016).

nearly circular in Orodromeus (Scheetz, 1999),
and more triangular in Agilisaurus and Hexin-
lusaurus (Barrett et al., 2005). A shallow antor-
bital fossa surrounds the fenestra and extends
dorsally to the contact with the nasal and ven-
trally to meet the buccal ridge. A row of special
foramina (Edmund, 1957) linked by a groove
pierces the lingual surface of the maxilla. The
special foramina of the dentary are described in
more detail below.

As confirmed in CT slices, the right maxilla of
IGM 100/2017 contains 14 alveoli, whereas the
left contains 13. In the left maxilla, replacement
teeth are present at the fourth, fifth, seventh,
10th, and 13th alveoli (counted from anterior to
posterior). Replacement teeth in the fourth and
13th positions are partially erupted, with just the
tips of the crowns protruding. The right maxilla
contains replacement teeth at the first, fourth,
fifth, seventh, eighth, 10th, 11th, and 14th alveoli
(four of these are visible in the CT slice in figure

17A). Those at the fourth, seventh, and 10th
tooth positions have partially erupted, whereas
the others are deep within the maxilla. This sug-
gests the presence of at least three “generations”
of teeth in the right maxilla: (1) fully erupted,
worn teeth (first, second, third, fifth, sixth,
eighth, ninth, 11th, 12th, 13th, and 14th alveoli),
(2) partially erupted, unworn teeth (fourth sev-
enth, and 10th alveoli), and (3) unerupted teeth
(first, fifth, eighth, 11th, and 14th alveoli). The
right maxilla contains more replacement teeth
than the left, even after accounting for the pres-
ence of an extra alveolus in the right maxilla. The
degree of eruption of the replacement teeth also
differs between right and left. This suggests that
the timing of tooth replacement waves differed
between the right and left maxillae, as may be the
case for the right and left dentaries (see Dentary
section below).

IGM 100/3178 (fig. 7) has 13 teeth in its left
maxilla. The right is not preserved well enough
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to obtain a complete count. Unerupted replace-
ment teeth are not clearly visible within the alve-
oli in CT slices for any of the tooth-bearing
elements of IGM 100/3178 (there could be some
that have erupted slightly, but this is difficult to
discern in the CT slices).

Fourteen maxillary teeth in Haya griva is
within the range of most other basal neornithis-
chians, which may display one or two teeth
greater or fewer than found in Haya griva. This
is with the exception of the greatly enlarged
maxillary tooth counts (18-30) of Hexinlusau-
rus, Kulindadromaeus, Isaberrysaura, and Thes-
celosaurus (Barrett et al., 2005; Boyd, 2014;
Godefroit et al., 2014; Salgado et al.,, 2017). The
number of maxillary tooth positions increases
through ontogeny in Orodromeus and possibly
in Kulindadromaeus (Godefroit et al., 2014).
This is also likely true of Haya, given the short
length of the maxilla in the specimen with juve-
nile morphology (IGM 100/2016); however,
maxillary alveoli are not well preserved in this
specimen. The teeth are low crowned and trian-
gular, with at least 10 denticles distributed
evenly between the mesial and distal carinae on
unworn teeth in the right maxilla of IGM
100/2017. The teeth exhibit lingual wear facets.
The crowns of unworn and worn teeth appear
somewhat asymmetric in buccal view, with the
apical edge sloping basodistally, as in Changch-
unsaurus and Hypsilophodon (Galton, 1974a; Jin
etal., 2010) (fig. 17B). This asymmetry stands in
contrast to the more symmetrical maxillary
teeth of heterodontosaurids and Lesothosaurus
(Sereno, 1991, 2012). The maxillary teeth of
Thescelosaurus change from symmetrical anteri-
orly being more asymmetrical posteriorly (Boyd,
2014). In Haya there is no clear change in the
degree of asymmetry along the toothrow. The
asymmetric maxillary teeth of Haya also differ
from its symmetrical dentary teeth, as is the case
for Hypsilophodon (Galton, 2007).

LacriMAL: The straplike lacrimal is gently
concave along its anterior and posterior borders,
anterodorsally oriented, and contacts the dorsal
process and posterodorsal corner of the maxilla
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(figs. 3, 5-8). It also contacts the prefrontal and
anterior supraorbital dorsally, and the jugal pos-
teroventrally. The lacrimal of Haya is relatively
narrower and more elongate than the more tri-
angular lacrimal of Thescelosaurus, and is
straighter than the lacrimals of Agilisaurus (Peng,
1992; Barrett et al., 2005), Kulindadromaeus
(Godefroit et al., 2014), Hypsilophodon (Galton,
1974a), and a probable juvenile Jeholosaurus
(IVPP V12530), which all form inverted L-shapes
(Barrett and Han, 2009). The dorsal end of the
lacrimal flares slightly anteriorly in at least one
Haya specimen (IGM 100/3181), similar to the
lacrimals of Lesothosaurus and Changchunsaurus
(Jin et al., 2010; Porro et al., 2015). The lacrimal
of IGM 100/3181 may have contacted the sub-
narial process of the premaxilla along a very
small margin (fig. 8), in contrast to IGM
100/2017, in which these two bones do not meet
(Makovicky et al., 2011) (fig. 3). The premaxilla
and lacrimal develop an extensive contact
through ontogeny in Jeholosaurus (Barrett and
Han, 2009). The two bones contact each other in
Kulindadromaeus (Godefroit et al., 2014), and a
still more extensive contact is present among
iguanodontians (Norman, 2004). The premaxilla
and lacrimal do not articulate in other early-
diverging neornithischians nor Hypsilophodon
(Norman et al., 2004). Posteriorly, the lacrimal
contains a dorsoventrally oriented groove, pos-
sibly contiguous with the lacrimal foramen. In
IGM 100/2019, the right lacrimal contains a
small depression (possibly the lacrimal foramen),
the lateral border of which forms a pronounced
ridge that curves slightly medially toward the
dorsal end of the lacrimal.

NasaL: The nasals are roughly triangular in
dorsal view, contacting the subnarial processes
of the premaxillae anterolaterally, the prefrontals
posterolaterally, and the frontals posteriorly (fig.
4A, C). Unlike Thescelosaurus (Boyd, 2014), but
similar to most early-diverging neornithischi-
ans, the nasal of Haya does not contribute to the
border of the antorbital fenestra. The nasals are
mediolaterally broadest above the anteroposte-
rior midpoint of the maxillae and taper posteri-
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FIG. 9. Skull and cervical vertebrae of Haya griva, IGM 100/2014, in A, left lateral and B, right lateral views.
Abbreviations in appendix 1.

orly near their contact with the frontals. The
posterior end flares somewhat laterally, forming
a ridge along the contacts with the maxilla and
prefrontal that borders the antorbital fossa dor-
sally. In Haya, the nasals are not as extensively
exposed in lateral view as those of some other
early-diverging neornithischians (e.g., Isaber-
rysaura, Jeholosaurus, Thescelosaurus), though
the nasal region is not often preserved among
taxa of this grade (Norman et al., 2004). The
nasals are unfused along the internasal suture.
They dip toward one another, forming a shallow
midline depression along the length of their
suture (fig. 4A), as in Heterodontosaurus, Agilis-
aurus, Hexinlusaurus, Kulindadromaeus, Jeholo-
saurus, and Changchunsaurus (He and Cai,
1984; Peng, 1992; Barrett and Han, 2009; Jin et
al., 2010; Makovicky et al., 2011; Norman et al,,
2011; Godefroit et al., 2014; Norell and Barta,
2016). This depression deepens anteriorly. The
nasals are mostly flat except near the midline
depression and at their anterior ends, which
arch above the naris. The anterior ends of the
frontals wedge between the posterior ends of the
nasals (Makovicky et al., 2011). The prefrontals
overlap the posterior half of the nasals along an
extensive flat contact. A single nutrient foramen

is present near the broadest portion of each
nasal (Makovicky et al., 2011; fig. 4A). Multiple
such foramina are present in Jeholosaurus and
Thescelosaurus (Barrett and Han, 2009; Boyd,
2014). As noted by Makovicky et al. (2011), the
internarial bar is not preserved, but the anterior
ends of the nasals leave little space for the pre-
maxillae to wedge between them, in contrast to
the nasal-premaxilla articulation of Hypsiloph-
odon (Galton, 1974a).

JuGatr: The jugal is mediolaterally compressed
and forms the ventral borders of the orbit and
lateral temporal fenestra (figs. 3, 5-8, 10). The
anterior (maxillary) ramus is dorsoventrally nar-
rower than the posterior (quadratojugal) ramus.
Overall, the jugals of Haya and most other early-
diverging neornithischians are dorsoventrally
narrow and anteroposteriorly long, compared to
the dorsoventrally wider jugal of Hypsilophodon
(Galton, 1974a). The jugal thickens mediolater-
ally at the level of the dorsal (postorbital) pro-
cess. The postorbital overlaps the dorsal process
of the jugal dorsally along an anterolaterally fac-
ing scarf joint. The dorsal process of IGM
100/2017 is more posteriorly directed than in
other specimens, but this likely is a consequence
of the slight crushing and shearing of the holo-
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type skull. In IGM 100/3181, the dorsal process
exhibits a well-defined dorsoventrally directed
ridge on its lateral surface (fig. 8). Unique to
Haya and Heterodontosaurus among noncerapo-
dan ornithischians is a bifid anterior process of
the jugal (figs. 3, 6, 8). In IGM 100/2017 and
IGM 100/2019, the dorsal prong of this bifurca-
tion appears to reach the lacrimal (as in Heter-
odontosaurus), and the ventral prong articulates
solely with the jugal process of the maxilla. It is
difficult to determine whether the dorsal prong
would have reached the lacrimal in IGM
100/3181 because of poor preservation. In Heter-
odontosaurus the anterior jugal bifurcation forms
the entrance to a deep lateral channel connecting
to the antorbital fossa (Norman et al., 2011;
Sereno, 2012). Haya lacks such a deep channel;
instead, the lateral surface of the anterior process
contains a shallower suborbital sulcus in all spec-
imens. In IGM 100/3181 and IGM 100/2016 this
sulcus houses at least five small foramina that are
not present in other Haya specimens or other
taxa (Norell and Barta, 2016). The slight degree
of curvature of the anterior process is similar to
that of Thescelosaurus (Boyd, 2014) and Changc-
hunsaurus (Jin et al., 2010). It lacks the extreme
dorsal curvature seen in Agilisaurus (Peng, 1992;
Barrett et al., 2005). The anterior process does
not taper as sharply as in Hexinlusaurus, Agilis-
aurus, and Jeholosaurus. Instead, the dorsal and
ventral borders of the process are largely parallel
to one another for their entire lengths. Posteri-
orly, the jugal is bifid, with both prongs overlap-
ping the quadratojugal. IGM 100/2016 best
illustrates the bifid nature of the jugal (Makov-
icky et al., 2011), with two nearly equal-length
prongs forming a V-shape where they overlap
the quadratojugal (fig. 10). As noted by Makov-
icky et al. (2011), the appearance of this V-shape
may be exaggerated by bone loss between the
prongs. However, the angle between the prongs
is a much shallower U-shape in many other spec-
imens (IGM 100/2017, IGM 100/2019, IGM
100/3178 and IGM 100/3181), and it seems likely
that this shape difference in jugal prongs com-
pared to IGM 100/2016 is at least partially bio-
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logic. The prongs are roughly equal in size in
IGM 100/3181 (fig. 8), whereas the dorsal prong
is narrower and more pointed than the ventral
prong in IGM 100/2017, IGM 100/3178, and
IGM 100/2019 (figs. 3, 6, 7). The prongs both
overlap the quadratojugal, in contrast to Thesce-
losaurus, Tenontosaurus, and Zalmoxes, where
the dorsal prong overlaps the lateral surface of
the quadratojugal and the ventral prong the
medial surface (Weishampel et al., 2003; Makov-
icky et al., 2011; Boyd, 2014). The surface of the
jugal in all examined Haya specimens is smooth,
with no trace of the jugal rugosities seen in some
Jeholosaurus and Changchunsaurus specimens
(Barrett and Han, 2009; Jin et al., 2010). It fur-
ther lacks the jugal bosses present in Heterodon-
tosaurus, Manidens, Zephyrosaurus, and
Orodromeus (Sues, 1980; Scheetz, 1999; Norman
et al, 2011; Pol et al., 2011).

QuapraTOojuGAL: The quadratojugal is a
small, flat element situated between the jugal lat-
erally and the quadrate medially (figs. 3, 6-8,
10). It is trapezoidal in overall shape, with a dor-
sal border that is shorter than its ventral border
(Makovicky et al., 2011), whereas the exposed
portion of the quadratojugal is more triangular
in Orodromeus and somewhat teardrop shaped
in Zalmoxes and some Dryomorpha (Scheetz,
1999; Norman, 2004). It has a pointed dorsal
extension as in Agilisaurus, Thescelosaurus, and
many other early-diverging neornithischians
(Norman et al., 2004; Barrett et al., 2005; Boyd,
2014). The quadratojugal is relatively dorsoven-
trally tall and contributes more extensively to the
posterior border of the lateral temporal fenestra
than to the ventral border. This dorsal process of
the quadratojugal is splintlike and appressed to
the anterior margin of the quadrate (fig. 6). Its
dorsalmost point reaches the anteriormost pro-
jection of the quadrate in lateral view as in Agil-
isaurus, Jeholosaurus, Changchunsaurus,
Thescelosaurus, and Hypsilophodon (Galton,
1974a; Peng, 1992; Barrett and Han, 2009; Jin et
al., 2010; Boyd, 2014). This process does not
reach the squamosal, unlike in Heterodontosau-
rus and possibly Lesothosaurus and Gasparin-
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FIG. 10. Skull of Haya griva, IGM 100/2016 in A, ventral, B, dorsal, C, right lateral, D, left lateral, E, posterior,
and F, anterior views. Abbreviations in appendix 1.
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isaura (Coria and Salgado, 1996; Norman et al.,
2011; Porro et al., 2015). The quadratojugal of
Haya lacks any significant anterior process, in
contrast to the L-shaped quadratojugals of Park-
sosaurus and especially Gasparinisaura (Galton,
1973; Coria and Salgado, 1996). In lateral view, it
overlaps and obscures most of the quadratojugal
wing of the quadrate. Dorsally, the quadratojugal
contributes to the posteroventral border of the
lateral temporal fenestra. Ventrally, the border of
the quadratojugal is straight and parallels the
anteroposterior axis of the skull. The posteroven-
tral corner projects ventrally to the same level as
the ventral edge of the jugal in lateral view. It
lacks the extremely long posteroventral process
of heterodontosaurids (Norman et al., 2011; Pol
etal, 2011; Sereno, 2012), and the lesser postero-
ventral expansions present in Changchunsaurus,
Parksosaurus, and Thescelosaurus (Galton, 1973;
Jin et al., 2010; Boyd, 2014). Centrally, a large
quadratojugal foramen pierces the quadratojugal,
as in Hypsilophodon and Jeholosaurus (Galton,
1974a; Barrett and Han, 2009). The long axis of
this ovate foramen is oriented anteroposteriorly.
Much smaller foramina are present in the qua-
dratojugals of Thescelosaurus and Gasparinisaura
(Coria and Salgado, 1996; Boyd, 2014). There
may be a small notch present in the posteroven-
tral corner of the quadratojugals of IGM
100/2017 and IGM 100/2016 (figs. 3, 10). In IGM
100/3181, the quadratojugal foramen appears to
pierce the suture between the jugal and quadra-
tojugal (Norell and Barta, 2016; fig. 8), somewhat
similar to the condition in Tenontosaurus (Nor-
man, 2004); however, this could be an artifact of
displacement or erosion in this specimen.
POSTORBITAL: As in most basal neornithischi-
ans, the postorbital is a triradiate bone, with pro-
cesses that contact the frontal, parietal, jugal, and
squamosal (figs. 3, 6-10). There does not appear
to be any contact with the laterosphenoid, as
occurs in Hypsilophodon (Galton, 1974a). The
anteroventrally directed ventral process exten-
sively overlaps the dorsal (postorbital) process of
the jugal along a scarf joint to form the posterior
border of the orbit. The posterior process articu-
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lates with the squamosal, with the posterior pro-
cess forming a simple triangular prong on IGM
100/3178 (fig. 7) and a possibly bifid prong on
IGM 100/2017 and IGM 100/2019 (figs. 3, 6).
The anterior process contacts the frontal and
parietal near where those two bones meet. The
anterior process of Haya is straight and straplike,
being less anteroposteriorly expanded than the
postorbital of Orodromeus (Scheetz, 1999). A
deep sulcus extends dorsoventrally across the lat-
eral side of the postorbital in IGM 100/3181 (fig.
8), but it is less evident in the other Haya speci-
mens, being nearly absent or forming a shallow,
U-shaped trough (IGM 100/2016). This differs
from the more extensive postorbital fossa in Het-
erodontosaurus (Sereno, 2012). Viewed anteri-
orly, the orbital margin of the ventral process
possesses a shallow dorsoventrally oriented
trough. The posterior edge of the postorbital
contributes to the lateral border of the supratem-
poral fenestra. The right postorbital of IGM
100/2016 has a somewhat pronounced and later-
ally directed protuberance (the “postorbital pro-
cess” of Makovicky et al., 2011) that projects
anteriorly into the orbit (fig. 10). This feature is
not strongly developed in IGM 100/3181 and
IGM 100/3178 (figs. 7, 8), but is present (though
not as laterally directed) in IGM 100/2014 and
IGM 100/2017 (figs. 3, 9). Orodromeus and Zeph-
yrosaurus possess similar protuberances (Sues,
1980; Scheetz, 1999). As revealed by the intact
posterior supraorbitals of IGM 100/2019 and
IGM 100/3178 (figs. 6, 7), this rugose protuber-
ance is indeed the attachment site for the poste-
rior supraorbital, as hypothesized by Norman et
al. (2004) and Makovicky et al. (2011).
QuUADRATE: Overall, the quadrate is fairly
morphologically conservative among early-
diverging neornithischians and closely related
taxa (Norman et al., 2004). It is bowed and nar-
row in lateral view, but broadens into a medial
flange, the pterygoid wing, that articulates along
a broad, flat contact with the pterygoid (figs. 4B,
10A). Another flange, the jugal wing, flares later-
ally above its contact with the quadratojugal. The
two diverging wings give the quadrate a keeled
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appearance in posterior view (with sulci on
either side of the posterior ridge), and, inversely,
a trough in anterior view. Dorsally, a rounded
head articulates with the corresponding cotylus
of the squamosal. This head is not as deflected
from the shaft as it is in Hypsilophodon, Zephyro-
saurus, and Dryosaurus (Galton, 1974a, 1983;
Sues, 1980; Makovicky et al., 2011), but it is more
recurved than the more columnar quadrate of
Agilisaurus (Peng, 1992). Articulation with the
squamosal almost completely prevents the head
of the quadrate from contacting the paraoccipital
process of the exoccipital as in Thescelosaurus
(Boyd, 2014; fig. 6). The right quadrates of IGM
100/2014 and IGM 100/2016 (figs. 9, 10) may be
less bowed than those of IGM 100/2017 and
IGM 100/2019 (figs. 3, 6); however, the quadrate
of IGM 100/2014 is broken and separated at
midshaft, complicating assessment of its overall
shape. Ventrally, the two rounded condyles of the
distal end contact the articular. There is little
separation between these two condyles in IGM
100/2019 (fig. 18B, 19). The lateral condyle proj-
ects laterally beyond the mandible. The quadrate
forms most of the posterior border of the lateral
temporal fenestra, in contrast to Gasparinisaura
and some basal iguanodontians, where the quad-
rate is partially or completely excluded from this
fenestra by the squamosal and jugal or quadrato-
jugal (Coria and Salgado, 1996; Norman, 2004).
The right quadrate of IGM 100/2016 bears
deeper depressions on both its pterygoid and
jugal wings than IGM 100/2017. These depres-
sions are offset from one another, with the medial
one placed more dorsally on the bone, and the
lateral one more ventrally. The quadratojugal is
tightly appressed to the quadrate in Haya; there-
fore, it is difficult to assess whether or not a
paraquadrate foramen is present, as in Heter-
odontosaurus and some iguanodontians (Nor-
man, 2004). A depression between the two bones
in IGM 100/2017 (fig. 3), pockmarks on the lat-
eral surface of the quadrate in IGM 100/3181
(Norell and Barta, 2016), and a damaged hole
between the quadratojugal and quadrate in IGM
100/2019 (figs. 6, 19) suggest the presence of a

small paraquadrate or quadrate foramen. How-
ever, the poor quality of these specimens pre-
vents further assessment.

SQuaMmosarL: The squamosal forms a bar that
contributes to most of the dorsal border of the
lateral temporal fenestra and the lateral border of
the supratemporal fenestra (figs. 3, 4, 6-8). It
contacts the postorbital anteriorly, the quadrate
posteroventrally, the parietal medially, and the
exoccipital posteriorly. An asymmetrical
V-shaped suture joins the postorbital and squa-
mosal. This suture is more symmetric in IGM
100/3178 (fig. 7) than in IGM 100/2017 (figs. 3,
4), and is more clearly S-shaped in IGM 100/2019
(fig. 6), forming an interlocking contact between
the two bones. In all Haya specimens, this con-
tact is less extensive than the long tongue-in-
groove suture of Thescelosaurus neglectus, being
more similar to the simpler suture of T. assiniboi-
ensis (Brown et al., 2011: fig 6). However, the oft-
center lateral overlap of the two bones in at least
IGM 100/2017 (fig. 4A) is distinct from the more
symmetric, dorsally oriented sutural surface of T.
assiniboiensis. The prequadratic process of the
squamosal fits into the groove on the anterior
surface of the quadrate, while a short, broad
flange folds ventrally under the posterior surface
of the quadrate head to form a cotyle for the
head of the quadrate. This posterior flange is
itself overlain by the exoccipital (fig. 6). Posteri-
orly, a short, slightly medially directed knob
arises from the body of the squamosal to contact
a dorsal process of the exoccipital. Medial to its
articulation with the quadrate, the squamosal is
strongly concave anteriorly in dorsal view where
it contributes to the posterior border of the
supratemporal fenestra. The right squamosal of
IGM 100/2016 (fig. 10) is less strongly concave
anteriorly than in IGM 100/2017 (figs. 3, 4A, C).
A deep triangular fossa, contiguous with the lat-
eral temporal fenestra and defined primarily by
the overhang of the dorsal portion of the squa-
mosal roofing the prequadratic process, exca-
vates the lateral surface of the squamosal.
According to (Ostrom, 1961) and Galton (1974),
this fossa likely contained the origin for M.
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adductor mandibulae externus superficialis, gen-
erally consistent with its origin in extant lepido-
saurs, crocodylians, and birds (Holliday, 2009).
This fossa is not as well defined in IGM 100/2016
as it is in IGM 100/2017.

PARIETAL: In dorsal view, the parietals are
broad, flat, dorsolaterally facing bones meeting
along a midline sagittal crest (figs. 4A, 10B); a
feature typically present in neornithischians,
though it is weak to absent in Lesothosaurus
(Knoll, 2002a, 2002b; Porro et al., 2015). The
parietals are fused in IGM 100/2017 (fig. 4A) and
at least partially fused posteriorly in IGM
100/2016 (fig. 10B). The sagittal crest bifurcates
anteriorly (Makovicky et al., 2011). The suture
with the frontals is extensive and V-shaped, with
the parietals accommodating the posterior pro-
cesses of the frontals, as in Jeholosaurus and
Thescelosaurus (Barrett and Han, 2009; Boyd,
2014). Haya lacks a median process inserting
between the frontals, a feature exposed on the
dorsal surface of the skull in Hypsilophodon and
Dryosaurus (Galton, 1974a, 1983), and ventrally
in Thescelosaurus (Boyd, 2014). The posterior
thirds of the parietals laterally flare and are
divergent, forming the nuchal crest, which
defines part of the posterior borders of the supra-
temporal fenestrae. In posterior view, the wings
of the parietal laterally surround the supraoccipi-
tal (fig. 18). These wings are mediolaterally wider
and more dorsally arched in posterior view than
those of Lesothosaurus (Porro et al., 2015), Thes-
celosaurus (Boyd, 2014), Hypsilophodon (Galton,
1974a), and iguanodontians (Norman, 2004).
The parietal has an anteroposteriorly short con-
tact with the squamosal, as in Jeholosaurus and
Hypsilophodon (Galton, 1974a; Barrett and Han,
2009), in contrast to the more extensive contact
of some iguanodontians and marginocephalians
(Maryanska et al., 2004; Norman, 2004; You and
Dodson, 2004). Ventrally, the parietals form part
of the dorsal roof of the endocranial space. Later-
ally, the postorbital overlaps the parietal. The
parietal projects a short process to contact the
base of the postorbital bar (Makovicky et al,
2011). The parietals of IGM 100/2016 (fig. 10B)
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are anteroposteriorly shorter than those of IGM
100/2017 (fig. 4A, C) and bear a more anteriorly
directed nuchal crest. A short sagittal crest is
present in IGM 100/2016, but whether it anteri-
orly bifurcates is not apparent. The lateral pro-
cesses of the parietal are short and apparently do
not contribute to the base of the postorbital bar.

FroNTAL: The frontal is an anteroposteriorly
long, relatively dorsoventrally thin, rectangular
bone that meets the nasal anteriorly, the parietal
posteriorly, and the postorbital posterolaterally
(figs. 3, 4A, C, 8-10). The frontal forms most of
the dorsal margin of the orbit. It is narrowest at
its midpoint over the orbit. The frontal thickens
slightly in dorsoventral height from its anterior
to posterior ends. The anterior processes of the
two frontals articulate between the posterior
processes of the nasals along a V-shaped suture.
The frontal contains a deep, narrow groove that
receives the pointed posterior end of the prefron-
tal laterally. This groove curves ventrally, in con-
trast to the dorsally curving groove in
Tenontosaurus (Thomas, 2015). The suture with
the parietal is relatively mediolaterally straight
(Makovicky et al,, 2011). As in many other
ornithischian taxa (but not Lesothosaurus; Porro
et al,, 2015), the orbital margin of the frontal
bears minute striations that create a rugose edge
(Norell and Barta, 2016; fig. 8), likely represent-
ing an attachment site for connective tissue that
stretched to the anterior supraorbital, laterally
(Maidment and Porro, 2010). The frontal is
arched along its length in lateral view and faces
anterodorsally in uncrushed specimens, such as
IGM 100/3181 (Norell and Barta, 2016; fig. 8).
IGM 100/3181, IGM 100/3178, and IGM
100/2019 (figs. 6-8) likely provide a better over-
all idea of the form and dimensions of the skull
roof bones in lateral view, as they are not as dor-
soventrally compressed as in the holotype, IGM
100/2017 (fig. 3). The maximum length to width
ratio of the frontal is 2.9 in IGM 100/2017, nearly
identical to the ratio in Jeholosaurus, Agilisaurus,
Hypsilophodon, and Zephyrosaurus, but greater
than that of Orodromeus, Hexinlusaurus, Thesce-
losaurus, and basal ceratopsians (Barrett and
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FIG. 11. Premaxilla, predentary, partial maxilla, and partial dentary of Haya griva, IGM 100/2018. Abbrevia-

tions in appendix 1.

Han, 2009). Makovicky et al. (2011) described a
significant narrowing of Haya frontals through
ontogeny. This is not supported by our revised
measurements, which found a maximum frontal
length:width ratio in IGM 100/2016 of 2.8, a
ratio in IGM 100/2017 of 2.9, and a ratio in IGM
100/3567 of approximately 2.5. Makovicky et al.
(2011) likely used too narrow a width measure-
ment for the frontals of IGM 100/2017, which
produced the discrepancy between their findings
and the current work. The left frontal of IGM
100/3181 (fig. 8) appears relatively longer and
narrower than that of IGM 100/2017 (figs. 3, 4A,
C). In a possible ontogenetic difference, the fron-
tals of IGM 100/2016 contact the parietals fur-
ther posteriorly on the skull than in IGM
100/2017, a consequence of the overall smaller
size and ventral deflection of the parietal and
occipital region in IGM 100/2016. The suture
between the frontals appears unfused along its
length in IGM 100/2016 (fig. 10B). In IGM
100/2017, the suture between the two bones
appears as a line of higher density than the

matrix (and of similar density to the bones) in
the CT scans, though this is frequently destroyed
by postmortem cracks that follow the suture.
Given that this suture is still visible in places, it
is clear that the frontals were not completely
fused in IGM 100/2017. The length of the pre-
frontal suture is also relatively longer in IGM
100/2016 than in IGM 100/2017.

An isolated near-complete right frontal (IGM
100/3567), somewhat smaller than the corre-
sponding element in the holotype, reveals addi-
tional details not readily observed in articulated
specimens. The ventral surface of the frontal pos-
sesses a prominent ventral ridge, the crisa cranii,
inset medially from the orbit and running
anteroposteriorly, as in Lesothosaurus (Porro et
al,, 2015). Anterior and medial to this ridge is the
posterior end of the olfactory tract and posterior
to the ridge lies a small portion of the cerebral
fossa (Galton, 1989). The concave ventral surface
between the orbital margin and ventral ridge is
mediolaterally narrower in Haya than in Dryo-
saurus and Tenontosaurus (Galton, 1989;
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Thomas, 2015). The frontals interlock with one
another via anterodorsally directed ridges and
grooves on the median sutural surface. The artic-
ular facet for the postorbital is triangular, and is
directed slightly ventrally, as in Zephyrosaurus
and Thescelosaurus (Sues, 1980; Boyd, 2014).
PREFRONTAL: The prefrontal is a blade-
shaped, dorsally convex bone that overlaps
slightly less than half of the length of the frontal,
fitting into a narrow groove on its dorsal surface
(figs. 4A, C, 8, 10, 12). The prefrontal is broadest
and thickest anterolaterally and tapers and thins
posteriorly. The prefrontals of IGM 100/2016
(fig. 10) are longer relative to the frontals than
those of the other specimens. The nasal contacts
the prefrontal medially for much of its length in
IGM 100/2017 (fig. 4A, C). This contact is less
extensive in IGM 100/3181, with the medial con-
tact with the frontal more extensive in this speci-
men. The anterior process of the prefrontal abuts
the maxilla, but not as extensively as in Parkso-
saurus (Galton, 1973; Boyd, 2014). The anterior
supraorbital articulates with the prefrontal along
much of its lateral and posterolateral surfaces.
The lacrimal overlaps a short ventral process.
The morphology of this ventral process is diffi-
cult to assess in articulated specimens. In IGM
100/3181 (fig. 8) the ventral process of the pre-
frontal appears to be relatively short, as in Thes-
celosaurus (Boyd, 2014), in contrast to the
extremely long ventral process of Tenontosaurus
(Thomas, 2015). The prefrontal contributes to
the anterodorsal margin of the orbit. The left pre-
frontal of IGM 100/3181 (fig. 8) is relatively nar-
rower and more pointed at its posterior end than
that of IGM 100/2017 (fig. 4A, C). In IGM
100/3181, possibly IGM 100/3557, and IGM
100/2016 (figs. 8, 10, 12), a small foramen pierces
the dorsal surface of the bone about one third
the distance from its anterior margin, at the level
of the articulation with the anterior supraorbital
(Norell and Barta, 2016). This foramen also is
observed in Thescelosaurus and previously was
considered autapomorphic for that taxon (Boyd
et al., 2009; Boyd, 2014). A prefrontal foramen
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may be present in IGM 100/2016, but its depth
and extent are concealed by matrix.

SuPrAORBITALS: Though the bony elements
overhanging the orbit in ornithischian dinosaurs
have often been referred to as “palpebrals” (e.g.,
Norman et al., 2004; Makovicky et al.,, 2011;
Norell and Barta, 2016), other authors (Maid-
ment and Porro, 2010; Nesbitt et al. 2012) rec-
ommend against using this term based on the
nonhomology of this element with the crocodil-
ian palpebral. We follow their suggestions and
here refer to these bones as the anterior and pos-
terior supraorbitals sensu Salgado et al. (2017).
These are equivalent to the supraorbital and
accessory supraorbital, respectively, of Boyd
(2014). The anterior supraorbital is triradiate,
with a recurved dorsal process that contacts the
prefrontal, an anterior process that contacts the
prefrontal-lacrimal junction, and a posterior
process that extends across the orbit (figs. 3, 4A,
C, 6-10, 12). A small ventral process abuts the
lacrimal. The anterior supraorbital is thickest
anteriorly and thins posteriorly. In lateral view, it
is dorsally concave, in contrast to Heterodonto-
saurus, Jeholosaurus and Thescelosaurus, in which
it is dorsally convex (Barrett and Han, 2009;
Norman et al., 2011; Boyd, 2014). Laterally, a
well-defined ridge runs the length of the anterior
supraorbital. The dorsal surface of the anterior
supraorbital is striated, probably for connective
tissue attachment with the corresponding rugose
surface of the frontal (see above). The left ante-
rior supraorbital of IGM 100/3178 has a
smoother dorsal surface than that of IGM
100/2017. The left anterior supraorbital of IGM
100/3181 (fig. 8) is directed somewhat more dor-
sally than those of the other specimens, but this
is likely because IGM 100/3181 is less dorsoven-
trally crushed than they are. The posterior end of
the anterior supraorbital extends nearly to the
level of the dorsal margin of the orbit in lateral
view. The anterior supraorbital appears to
lengthen relative to the orbit during ontogeny in
Orodromeus (Scheetz, 1999); however, this can-
not yet be assessed for Haya.
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FIG. 12. Skull of Haya griva, IGM 100/3557 in dorsal view. Abbreviations in appendix 1.
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FIG. 13. Maxilla and dentary fragments of Haya griva. A, IGM 100/3568, B, IGM 100/3562, C, IGM 100/3569,
D, IGM 100/3566, E, IGM 100/3604, F, IGM 100/3564, G, IGM 100/3564, H, I, IGM 100/3565 (two pieces),
J, IGM 100/1873, K, MAE 06-6, L, IGM 100/3559, M, IGM 100/3563, N, MAE 06-64, O, IGM 100/1322, P,
MAE 03-21.
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FIG. 14. Skeleton of Haya griva, IGM 100/3661. Note the scattered distribution of skeletal elements. Further
preparation and study of this specimen is ongoing. Abbreviations in appendix 1.

No posterior supraorbitals are preserved in
IGM 100/2017. In IGM 100/3178, IGM
100/2014, and IGM 100/2019 (figs. 6, 7, 9), a
small, rod-shaped, slightly ventrally curved pos-
terior supraorbital overlaps the anterior margin
of the postorbital. The posterior supraorbital lies
in the same plane as the anterior supraorbital,
but does not contact it. Among early-diverging
neornithischians, only Haya, Agilisaurus, Isaber-
rysaura, and Thescelosaurus possess posterior
supraorbitals (Peng, 1992; Makovicky et al.,
2011; Boyd, 2014; Salgado et al., 2017). The
holotype of Changchunsaurus possesses a small,
broken, rodlike bone adhering to the postorbital
(Zan et al., 2005; Jin et al., 2010). It is unclear
whether this represents a fragment of the post-
orbital or a posterior supraorbital. In contrast to
Haya, the anterior and posterior supraorbitals of
Agilisaurus and Thescelosaurus likely contacted
or nearly contacted one another (Peng, 1992;
Boyd, 2014). Uniquely, the single anterior supra-
orbital of Dryosaurus may have spanned the
entire orbit to contact the postorbital (Galton,
1983). Many basal neornithischian taxa (Jeholo-

saurus, Hexinlusaurus, Orodromeus, Zephyro-
saurus) possess an occasionally rugose anterior
projection on their postorbital (Sues, 1980; He
and Cai, 1984; Scheetz, 1999; Barrett et al., 2005;
Barrett and Han, 2009), which in Haya and
Thescelosaurus is the attachment site for the pos-
terior supraorbital. Thus it remains possible that
in the future these other taxa will be found to
have posterior supraorbitals.

ScLEroTIC OssicLEs: The partial sclerotic
ring of IGM 100/2017 is preserved lying against
the pterygoid within the right orbit (fig. 3). The
left orbit also contains a partial sclerotic ring. In
IGM 100/3178 (fig. 7), portions of at least 10
sclerotic ossicles are visible, though these do not
make up a full ring. The individual sclerotic ossi-
cles are not as well defined as in IGM 100/2017,
but the ring is more three dimensionally pre-
served overall, and may lie in or just ventral to
the approximate life position. The ossicles are
simple, extremely thin, roughly rectangular
imbricated sheets of bone. The rings are too
poorly preserved to determine whether “+”
(completely overlapping at both ends) or “-”
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FIGURE 15. IGM 100/3672, containing the remains of two Haya griva individuals (labeled 1 and 2), repre-
sented by three pedes in A, dorsal and B, oblique lateral view. The arrows in B indicate the pedes of the two
individuals pointing in opposite directions.
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(completely overlapped at both ends) ossicles
(Russell, 1940) were present. Similar complete or
near-complete sclerotic rings are known for Agil-
isaurus, Hypsilophodon, and Parksosaurus (Gal-
ton, 1973, 1974a; Peng, 1992).
SupraoccrIPITAL: The supraoccipital is an
anteroposteriorly short, anterodorsally inclined,
single median element (fig. 18). It is roughly
pyramidal. The supraoccipital forms most of the
dorsal margin of the foramen magnum, as is
typical of basal neornithischian taxa other than
Thescelosaurus, in which its contribution is
reduced (Galton, 1989; Brown et al., 2011), and
iguanodontians (except for dryosaurids, Rhab-
dodon, and Camptosaurus) in which it is com-
pletely excluded (Norman, 2004; Hiibner and
Rauhut, 2010). Its dorsal process is mediolater-
ally narrower, with a more pointed dorsal edge in
posterior view than those of Lesothosaurus, Oro-
dromeus, Thescelosaurus, Tenontosaurus, Dryo-
saurus and Dpysalotosaurus (Galton, 1983;
Scheetz, 1999; Hibner and Rauhut, 2010; Brown
et al, 2011; Boyd, 2014; Porro et al., 2015;
Thomas, 2015). The dorsal process is separated
from the remainder of the bone by a postmortem
break in IGM 100/2017. The parietals contact
and overhang the supraoccipital dorsally, and the
fused exoccipitals/opisthotics abut it laterally on
both sides. The supraoccipital appears to be
unfused to the parietals and the opisthotics in
IGM 100/2016, IGM 100/2017, and IGM
100/2019 (figs. 10E, 18). The lateral processes
that contact the opisthotics are proportionally
taller dorsoventrally in posterior view than those
of Thescelosaurus (Brown et al, 2011; Boyd,
2014). A faint midline keel (the nuchal crest of
Sues, 1980) is present on the supraoccipital as in
many early-diverging neornithischians, though it
is reduced or absent in Orodromeus (Scheetz,
1999). This crest diminishes ventrally and disap-
pears dorsal to the margin of the foramen mag-
num. Unlike in Hypsilophodon (Galton, 1974a),
the dorsal margin of the supraoccipital is not
notched at its midline contact with the parietal
(Makovicky et al., 2011). A Haya specimen, IGM
100/2019, possesses a small hole near the ventral

FIGURE 16. Troodontid tooth found in matrix from
the IGM 100/3672 jacket.

border of the supraoccipital that recalls the
supraoccipital foramen of Thescelosaurus assini-
boiensis (Brown et al., 2011), but its nature is
unclear, possibly either biological or taphonomic
in origin. The articulated nature of the Haya
specimens makes it difficult to assess the extent
of the supraoccipital contribution to the lateral
wall of the braincase, and whether or not an epi-
otic was present (Sereno, 1991; Butler, 2010).
However, its contribution to the lateral wall
appears negligible in CT slices, and is probably
less than in Hypsilophodon, Thescelosaurus, and
Tenontosaurus (Galton, 1989; Brown et al., 2011).
Features of the ventral surface of the supraoc-
cipital, such as the fossa subarcuta that receives
the floccular lobe of the cerebellum (Galton,
1989), cannot be readily observed.
ExoccrpiTaL/OpisTHOTIC: The exoccipitals
form the lateral borders of the foramen magnum
and are completely fused to the opisthotics in
IGM 100/2017, as confirmed in CT slices. As for
all early-diverging neornithischians and ornitho-
pods, with the possible exception of Zephryosau-
rus (Sues, 1980), there is no visible suture
between the exoccipital and opisthotic in IGM
100/2017 (fig. 18A). However, a suture is visible
in IGM 100/2016 (fig. 10A), possibly indicating
its immature status, as the two bones are thought
to fuse very early during ontogeny in most dino-
saurs (Hiibner and Rauhut, 2010). Anteriorly, the
opisthotic articulates with the prootic. The exoc-
cipitals are raised, fingerlike projections that
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FIG. 17. A, Sagittal CT slice through the right maxilla of IGM 100/2017, showing four replacement teeth with
their sequential anterior to posterior positions indicated. B, Maxillary and dentary teeth of IGM 100/2014 in
right lateral view. See figure 26B for teeth from the left side of this specimen.

extend ventrally to contact the basioccipital
along its dorsal margin, contributing to the
occipital condyle. In IGM 100/2017, a smaller
fingerlike process extends ventrally along one
third the lateral surface of the exoccipital (fig.
18A). In lateral view, it is located just posterodor-
sal to the foramen for the hypoglossal nerve (c.n.
XII). This process may be the boss for articula-
tion with the proatlas. If so, it is positioned much
more ventrolaterally than in Thescelosaurus
(Boyd, 2014). IGM 100/2016 and IGM 100/2019

lack this process. The form and location of this
process may be autapomorphic for Haya griva, as
it does not match that for any other early-diverg-
ing neornithischian or ornithopod, and most
lack such a process. However, given that it is cur-
rently present only in the holotype, it is difficult
to determine whether this process is a typical
feature of Haya griva. The left exoccipital and
basioccipital are separated slightly by matrix in
IGM 100/2017 (visible in CT slices), whereas the
two bones are more tightly joined on the right
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FIG. 18. Occipital region of Haya griva, A, IGM 100/2017 and B, IGM 100/2019. Abbreviations in appendix 1.

side, with the suture visible as a line of higher
density separating them on the CT slices. The
exoccipital and basioccipital are possibly unfused
in IGM 100/2016 (fig. 10), and possibly fused
with a visible suture in IGM 100/2019 (fig. 18B,
19). Two foramina for the hypoglossal nerve (c.n.
XII) perforate the exoccipital within a deep lat-
eral sulcus posterior to the crista tuberalis. The
foramina lay directly in line with one another,
anteroposteriorly. The foramen for the vagus
nerve (c.n. X) perforates the exoccipital
anterodorsally to the two hypoglossal openings.
The vagus foramen faces almost directly posteri-
orly, in contrast to those of Thescelosaurus and
Dysalotosaurus, which face more laterally (Sobral
et al,, 2012; Boyd, 2014). In IGM 100/2019, two
or possibly three foramina for cranial nerves are
visible on the lateral side of the right exoccipital,
though it is not clear whether they represent
both hypoglossal foramina or one hypoglossal
foramen and the vagus foramen (fig. 19).

The dorsal portions of the opisthotic expand
laterally as the paraoccipital processes. The para-
occipital processes are dorsoventrally broad and

pendant, as revealed by the complete paraoccipi-
tal processes of IGM 100/2019 (fig. 18B, 19).
Pendant paraoccipital processes are present in
Zephyrosaurus, Thescelosaurus, Tenontosaurus
and absent in Lesothosaurus, Jeholosaurus, Hyp-
silophodon, and Gasparinisaura, which have
expanded, but less ventrally directed margins of
their paraoccipital process. There is a broad
depression on the paraoccipital process near the
dorsolateral corner of the foramen magnum,
probably the insertion site for m. rectus capitis
posterior (Ostrom, 1961). The lateral borders of
the paraoccipital processes are striated, possibly
for the insertions of all or some of the following
muscles: M.obliquus capitis magnus, M. trans-
versalis capitis, M. rectus capitis lateralis, M. epi-
sternocleidomastoideus, and M. depressor
mandibulae (Ostrom, 1961; Tsuihiji, 2010). The
posttemporal foramen, for passage of vena capi-
tis dorsalis (Bruner, 1907; Janensch, 1936; Nor-
man et al., 2004; Sobral et al., 2012), pierces the
paraoccipital process dorsally near its contact
with the squamosal, as in Heterodontosaurus,
Zephyrosaurus, Jeholosaurus, Hypsilophodon,
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FIG. 19. Braincase of IGM 100/2019 in oblique right lateral view. Abbreviations in appendix 1.

Gasparinisaura, and possibly Lesothosaurus (Gal-
ton, 1974a; Sues, 1980; Sereno, 1991; Coria and
Salgado, 1996; Barrett and Han, 2009; Norman et
al., 2011; Porro et al., 2015). In contrast, both
Thescelosaurus species and Dysalotosaurus have
an open groove for vena capitis dorsalis on the
dorsal edge of the paraoccipital process (Galton,

1989; Brown et al., 2011; Sobral et al., 2012;
Boyd, 2014).

BastoccrpiTaL: The basioccipital is a roughly
cubic bone with a pronounced ventral flexure
that gives it the appearance of an inverted saddle
(figs. 4B, D, 10, 18). Dorsally, the basioccipital
articulates with the exoccipital/opisthotic and
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FIG. 20. Otic region of IGM 100/2014. Abbreviations in appendix 1.

prootic, and anteriorly with the basisphenoid
along the basal tubera. The dorsal surface of the
basioccipital is flat to slightly concave, mediolat-
erally. The basioccipital contributes the major
ventral portion of the reniform occipital condyle
(Makovicky et al., 2011), and thus forms the ven-

tral border of the foramen magnum. A promi-
nent lip encircles the condyle and divides it from
the rest of the bone. As in Zephyrosaurus and
Thescelosaurus (Sues, 1980; Boyd, 2014), a faint
keel runs anteroposteriorly along the ventral
midline, near the contact with the basisphenoid.
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FIG. 21. CT reconstruction of the basisphenoid of IGM 100/2017 in A, right lateral, B, left lateraL, C, dorsal,
D, ventral, E, anterior, and F, posterior views. Abbreviations in appendix 1.

This keel is larger relative to the size of the basi-
occipital in IGM 100/2016 (fig. 10A) than in
IGM 100/2017 (fig. 4B). The basioccipital and
basisphenoid are unfused in IGM 100/2017. The
suture with the basisphenoid is clearly visible in
IGM 100/2016; whether the two elements are
fused is difficult to determine.

Prooric: The anterior portions of this ele-
ment are eroded in IGM 100/2017 and IGM
100/2016. It is not fused to the exoccipital/opis-
thotic in either specimen. Though displaced
slightly, the region containing the foramen
metoticum and fenestra ovalis between the pro-
otic and exoccipital/opisthotic is visible in IGM
100/2017, though any crista interfenestralis sepa-
rating the two has probably eroded. The poste-
rior half of the bone contains a slitlike foramen
bounded by a ridge anteriorly. This may be the
foramen for the facial nerve (c.n. VII), given its
similar shape, location, and orientation to that of
Thescelosaurus (Boyd, 2014).

StaPEs: The otic region of IGM 100/2014 con-
tains a small, rod-shaped element with a flat
plate on its dorsally facing end (fig. 20). The flat
plate is probably the footplate of the stapes.
Despite its slight displacement within the
crushed skull, its relative size, location, and mor-
phology are all consistent with the stapes of Leso-
thosaurus and Thescelosaurus, as well as other

dinosaurs and extant reptiles (Colbert and
Ostrom, 1958; Sereno, 1991; Galton and
Upchurch, 2004; Boyd, 2014). We concur with
Boyd (2014) in regarding the “stapes” of Jeholo-
saurus described by Barrett and Han (2009) as a
hyoid element.

BAsisPHENOID/PARASPHENOID: The basisphe-
noid and parasphenoid are fused, as in most
dinosaurs, and together they contribute to the
ventral floor of the braincase (fig. 21). The body
of the basisphenoid is anteroposteriorly concave
ventrally, and narrows along its middle, flaring
both at the basipterygoid processes anteriorly
and at its contributions to the basal tubera along
its contacts with the basioccipital posteriorly. The
basisphenoid is proportionally longer in Heter-
odontosaurus than in Haya and other neornith-
ischians (Norman et al., 2011). As in
Thescelosaurus, the parasphenoid is at the same
level as the dorsal surface of the basisphenoid
(Boyd, 2014), instead of offset ventrally from it
in lateral view as in Dysalotosaurus (Sobral et al.,
2012). The cultriform process extends from the
parasphenoid anteriorly along the midline (fig.
21). The short, dorsoventrally deep keel of the
cultriform process is restricted to the middle one
third of the cultriform process and is separated
from the body of the basisphenoid by a distinct
“neck” in lateral view, unlike Thescelosaurus, in
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FIG. 22. CT reconstruction of the right pterygoid of IGM 100/2017 in A, lateral, B, medial, C, dorsal, D,
ventral, E, anterior, and F, posterior views. Abbreviations in appendix 1

which the keel merges more gradually with the
body of the basisphenoid (Boyd, 2014), and Leso-
thosaurus, which lacks such a keel (Sereno, 1991;
Porro et al,, 2015). The cultriform process con-
tains a broad groove dorsally. A faint transverse
ridge separates this groove from the pituitary
fossa posteriorly (fig. 21). The rounded, knoblike
basipterygoid processes extend anteroventrally,
as in Lesothosaurus, Heterodontosaurus, and
Thescelosaurus (Sereno, 1991; Norman et al,,
2011; Boyd, 2014; Porro et al., 2015), but in con-
trast to the more ventrally directed basipterygoid
processes of Zephyrosaurus and Dysalotosaurus
(Sues, 1980; Sobral et al., 2012). They are also
shorter and stouter than the elongate basiptery-
goid processes of Tenontosaurus (Thomas, 2015).
The anterolateral processes of the basisphenoid
appear to be shorter in Haya than in Thescelosau-
rus (Boyd, 2014), but they may be incompletely
preserved in IGM 100/2017. Likewise, the preo-
tic pedants may be less pronounced in Haya than
in Thescelosaurus (Boyd, 2014), but again it is not
clear whether this is a biological or taphonomic
difference. In IGM 100/2016, there is a small,
medioventrally facing foramen or circular
depression at the base of the left basipterygoid
process in ventral view. The homology of this
structure is unclear, as its position does not cor-
respond exactly to any similar foramen or
depression in other basal neornithischians for

which this anatomical region is preserved. How-
ever, it may represent an opening of the Vidian
canal for passage of the internal carotid artery
and the palatine branch of the facial nerve (c.n.
VII) (Ostrom, 1961).

LATEROSPHENOID: Little is preserved of this
element in IGM 100/2017; it is difficult to dis-
cern even in CT slices.

PTERYGOID: The pterygoid is divided into a
sheet- to rodlike palatine ramus, tabular man-
dibular ramus, and sheetlike quadrate wing (or
ramus), all roughly orthogonal to one another
(fig. 22). The two pterygoids are closely appressed
along part of their palatine rami anteriorly, but
are separated by a narrow interpterygoid vacuity
posteriorly. The pterygoid tapers to form a nar-
row palatine ramus that arches upward to con-
tact the vomer anteriorly, near the level of the
base of the lacrimal (Makovicky et al., 2011). The
palatine ramus is relatively narrower than that of
Lesothosaurus (Sereno, 1991; Porro et al., 2015),
but not as laterally compressed as that of Thesce-
losaurus (Boyd, 2014). The anterior end of the
palatine ramus also does not exhibit the dorso-
ventral expansion seen in Thescelosaurus (Boyd,
2014). The palatine ramus contacts the palatine
anterolaterally. As in Changchunsaurus (Jin et al,
2010), the quadrate wing of the pterygoid extends
dorsally to receive the basipterygoid processes of
the basisphenoid within a U-shaped trough (fig.
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FIG. 23. CT reconstruction of the right ectopterygoid of IGM 100/2017 in A, lateral, B, medial, C, dorsal, D,
ventral, E, anterior, and F, posterior views. Abbreviations in appendix 1.

4B, D). As noted by Makovicky et al. (2011), this
articulation is situated dorsal to the union of the
three pterygoid rami, as in Heterodontosaurus
(Norman et al., 2011). This contrasts with Jeholo-
saurus, Changchunsaurus, and Thescelosaurus, in
which the articulation with the basipterygoid
process is nearer the junction of the rami (Bar-
rett and Han, 2009; Jin et al., 2010; Boyd, 2014).
The quadrate wing of the pterygoid extensively
overlaps the pterygoid wing of the quadrate lat-
erally. These contacts are well exposed in IGM
100/2016 (fig. 10A). A thickened ridge is present
at the junction between the quadrate ramus and
the remainder of the pterygoid, but there is no
pronounced pterygoid flange like that of Heter-
odontosaurus (Norman et al., 2011). As in Thes-
celosaurus, the tapering lateral edge of the
mandibular ramus is deflected posteriorly, in
contrast to the squared-off mandibular rami of
Changchunsaurus and Hypsilophodon. Similar to
the condition in those three taxa, the dorsal sur-
face of the mandibular ramus is extensively over-
lapped by the ectopterygoid (Galton, 1974a; Jin
et al,, 2010; Boyd, 2014; fig. 4B, D). Because of
this, the mandibular ramus does not border the
postpalatine (= pterygopalatine or suborbital)
fenestra as it does in Hypsilophodon (Galton,

1974a), though Makovicky et al. (2011) suggest
that it does so in Changchunsaurus. However, its
contribution to the border appears very minimal
in Changchunsaurus (Jin et al., 2010: fig. 6B), and
is similar overall to the condition in Haya and
Thescelosaurus (Boyd, 2014).

EcToPTERYGOID: The ectopterygoid shares
extensive posterior and medial contacts with the
pterygoid, and together with the palatine, com-
pletely excludes the pterygoid from the margin
of the postpalatine (= pterygopalatine or subor-
bital) fenestra. The ectopterygoid is more exten-
sively exposed in ventral view in Haya,
Thescelosaurus (Boyd, 2014), and Hypsilophodon
(Galton, 1974a) than in Lesothosaurus (Porro et
al,, 2015). As in Lesothosaurus and Changchun-
saurus, but in contrast to Thescelosaurus, the
ectopterygoid contacts the palatine and the pala-
tal process of the pterygoid at a triple junction
(Jin et al., 2010; Boyd, 2014; Porro et al., 2015;
fig. 4B, D). The posterolateral corner forms a
thickened, tablike, slightly ventrally deflected lat-
eral process of the ectopterygoid (fig. 23). This
lateral process contacts the maxilla immediately
posterior to the toothrow (fig. 4), and though
this process also contacts the jugal (Makovicky
et al,, 2011), the precise nature of the contact is
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FIG. 24. CT reconstruction of the right palatine of IGM 100/2017 in A, lateral, B, medial, C, dorsal, D, ventral,
E, anterior, and F, posterior views. Abbreviations in appendix 1.

difficult to discern. There is a groove on the dor-
sal surface of the lateral process through which
the pterygoideus muscles may have passed
(Makovicky et al., 2011) from their likely origin
on the pterygoid and/or palatine to their inser-
tion on the mandible, as in extant sauropsids
(Holliday, 2009). Epipterygoids do not seem to
be present, as is the case for other basal neor-
nithischians (see Boyd, 2014, for reidentification
of the “epipterygoids” of Jeholosaurus; Barrett
and Han, 2009).

PALATINE: Palatines are partially exposed in
IGM 100/2017. As in most early-diverging neor-
nithischians, the palatines are anterodorsally
inclined, forming a vaulted palatal roof (Norman
et al., 2004). The palatine walls the anteromedial
portion of the orbit. It is a broad, dorsoventrally
compressed bony sheet that articulates with the
maxilla laterally along the posterior third of the
toothrow (figs. 4B, D, 24). The palatine is antero-
posteriorly longer than that of Thescelosaurus
(Boyd, 2014). Medially, it contacts the palatal
rami of the pterygoid and the posterior end of
the vomer (fig. 4B, D). The cultriform process of
the parasphenoid also contacts both palatines
along their midline contact, as in Lesothosaurus
and Thescelosaurus (Boyd, 2014; Porro et al,

2015). Due to obscuring matrix, it is not clear
whether the palatines contact each other along
their midlines. Contact with the pterygoid is less
extensive than in Lesothosaurus (Porro et al,,
2015). In contrast to Lesothosaurus and Hypsilo-
phodon (Galton, 1974a), there is no palatine-
lacrimal contact. Nor does the palatine articulate
with the jugal as in Lesothosaurus and Thescelo-
saurus (Boyd, 2014; Porro et al,, 2015). Instead,
the maxilla diverts the palatine medially along
their contact, preventing the palatine from
reaching either the lacrimal or jugal. The palatine
does nearly meet both lacrimal and jugal near
the lacrimal-jugal joint. The palatine forms the
anteromedial corner of the postpalatine (= ptery-
gopalatine or suborbital) fenestra (fig. 4B, D).
VoMER: Only portions of the vomer are exter-
nally visible in IGM 100/2017. As in Hypsiloph-
odon (Galton, 1974a) and Thescelosaurus (Boyd,
2014), the vomers form two separate compressed
sheets posteriorly that join to form a single
median rod-shaped element that tapers slightly
anteriorly (fig. 25). The posterior ends of the
vomers overlap the palatal rami of the pterygoids
dorsally, as is typical of most dinosaurs and pos-
sibly plesiomorphic for Archosauria (Sereno,
1991). In Haya, this contact occurs ventral to the
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FIG. 25. CT reconstruction of the vomer of IGM 100/2017 in A, right lateral, B, left lateral, C, dorsal, D,
ventral, E, anterior, and F, posterior views. Abbreviations in appendix 1.

position of the lacrimal. Posteriorly, the vomers
also form a ventral keel that overlaps and extends
below the anterior ends of the palatal rami of the
pterygoids (fig. 25). The vomers of Thescelosau-
rus may form a similar posterior keel (Boyd,
2014: fig. 9H). Such a keel is also present, but less
pronounced, in Tenontosaurus (the “median ven-
tral ridge” of Thomas, 2015). The posterior wings
of the vomers contact the palatines, as in Hypsi-
lophodon and Tenontosaurus (Galton, 1974a;
Thomas, 2015), but in contrast to Lesothosaurus
and Thescelosaurus (Boyd, 2014; Porro et al,
2015). Only the middle portion of the anterior
process of the vomer is concave ventrally, in con-
trast to the dorsoventrally thinner, more exten-
sively concave vomer of Tenontosaurus (Thomas,
2015). CT slices reveal that the vomer contacts
the premaxillae anteriorly.

Hyoip: As in most other ornithischians, the
single preserved pair of ceratobranchials are slen-
der, slightly curved, posteriorly tapering rods
(Morschhauser and Lamanna, 2013) (fig. 4B, D).
The anterior articular facets of each ceratobran-
chial are roughly ovoid, and it appears that an
ovoid or slightly triangular cross section is main-
tained along the length of the elements. In IGM
100/2017, the left ceratobranchial probably lies in
its life position, articulating with the posteromedial
corner of the pterygoid (fig. 4B, D). A nearly iden-
tical articulation with the pterygoid is present in

Changchunsaurus (Jin et al., 2010: fig. 6B). Their
posterior ends are directed posterolaterally and
rest near the articulars. The ceratobranchials
resemble those of Jeholosaurus, Changchunsaurus,
and Hypsilophodon (Galton, 1974a; Barrett and
Han, 2009; Jin et al,, 2010), being less strongly
bowed than in Thescelosaurus (Boyd, 2014). The
elements identified by Porro et al. (2015) as the
ceratohyals of Lesothosaurus more closely resemble
the ceratobranchials of other basal neornithischian
taxa based on their rodlike, gently curved mor-
phology. These bones are typically identified as
first ceratobranchials in other dinosaurs, based on
the highly ossified nature of these elements in
extant reptiles (Fiirbringer, 1922; Colbert, 1945;
Ostrom, 1961). Hill et al. (2015) cautioned that
they could instead represent second ceratobranchi-
als in some cases, based on their morphological
similarity to the simple, rodlike second ceratobran-
chials of ankylosaurs. The orientation of the first
ceratobranchial relative to the pterygoid in Pinaco-
saurus (Hill et al., 2015: fig. 4) is very similar to
that of the unidentified ceratobranchial relative to
the pterygoid in Haya and Changchunsaurus. On
the basis of this topological similarity, we tenta-
tively interpret the ceratobranchial elements in
Haya and Changchunsaurus as homologous to the
first ceratobranchial of Pinacosaurus. As in hadro-
saurs, there are no obvious muscle attachment sites
for the hyoid musculature (Ostrom, 1961).
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PREDENTARY: As in other early-diverging
ornithischians, the predentary is a sharply trian-
gular, dorsally concave, and slightly upturned
bone that articulates with the anterior ends of
both dentaries (figs. 3-5, 7, 9, 11). The preden-
tary of Haya is less anteroposteriorly elongate
than that of Changchunsaurus and Thescelosau-
rus (Jin et al., 2010; Boyd, 2014; Nabavizadeh
and Weishampel, 2016), and is similar in overall
shape in lateral view to that of Hypsilophodon
(Galton, 1974a). The ventral process of the pre-
dentary is nearly twice as long as the lateral pro-
cess as seen in lateral view, and its posterior end
is bifid, as in Changchusaurus, Thescelosaurus,
and Talenkauen (Novas et al., 2004; Jin et al.,
2010; Boyd, 2014), but in contrast to Lesothosau-
rus and Jeholosaurus, in which this process is not
forked (Barrett and Han, 2009; Porro et al,,
2015). The predentary processes of heterodonto-
saurids are simpler yet, in comparison with those
of Haya and other neornithischians, with their
rudimentary lateral and ventral processes (Nor-
man et al.,, 2011; Sereno, 2012; Nabavizadeh and
Weishampel, 2016). A deep lateral groove
extends the length of the predentary in lateral
view and continues onto the dentary anterior to
the toothrow. A pair of nutrient foramina is pres-
ent on the left side of the oral surface of the pre-
dentary (fig. 9B). Vascular foramina are otherwise
sparse on the predentary of IGM 100/2017,
where the surface is largely smooth. As in other
basal neornithischians, the predentary-dentary
joint (PDJ) is an example of PD] morphotype I,
a relatively simple convex-concave articulation
that likely allowed for a slight degree of axial
dentary rotation during feeding (Nabavizadeh
and Weishampel, 2016).

DENTARY AND DENTARY DENTITION: The
dentary is a long ramus that accounts for nearly
half the total length of the mandible (Makovicky
et al., 2011) (figs. 3-7, 9-11). The posterior end
bows laterally, and the anterior end bows medi-
ally, forming a gentle sigmoidal curve in ventral
view. It articulates with the predentary anteriorly,
the angular and surangular posteriorly, and the
splenial, prearticular, and coronoid medially.

There is no remnant of an external mandibular
fenestra between the dentary, surangular, and
angular, as in other basal neornithischians, but in
contrast to Lesothosaurus and Heterodontosaurus
(Sereno, 1991; Norman et al., 2011; Porro et al,,
2015). Other such openings in this region in
Hypsilophodon, Thescelosaurus, and Gasparin-
isaura appear to be contained entirely within the
surangular, and therefore likely represent suran-
gular foramina rather than remnants of external
mandibular fenestrae (for an alternative interpre-
tation see Norman et al., 2004). The hole seen
near the junction of the dentary, surangular, and
angular of the right mandible of IGM 100/2017
is a broken opening (fig. 3A). The posteriormost
portion of the dentary forms a narrow, dorsally
deflected coronoid process. The anteriormost
end tapers to a well-defined triangular process
that steps down abruptly from the oral margin
and articulates with the predentary dorsally and
ventrally (figs. 3,7, 9-11, 13]). As IGM 100/2016
lacks a predentary, it clearly exposes the concave,
slightly laterally flaring facets on the dentary
where it articulates with the predentary (fig.
10F). A prong extends medioventrally from the
ventral edge of the dentary ramus to meet the
ventral prongs of the predentary. As in Changch-
unsaurus, but in contrast to other early diverging
neornithischians, the sharp oral edge of the pre-
dentary continues as a ridge lateral to the first
two alveoli of the dentary (Jin et al., 2010;
Makovicky et al., 2011; fig. 3). The shared pres-
ence of this feature with Haya means it is no lon-
ger autapomorphic for Changchunsaurus, as Jin
et al. (2010) hypothesized. Posterior to this, the
dentary toothrow is inset from the lateral surface
of the bone and occludes with the maxillary
teeth. The anterior third of the dentary slopes
slightly ventrally (fig. 3), a condition previously
thought unique to Thescelosaurus among neor-
nithischians (Boyd, 2014). There is no lateral
groove ventral to the toothrow—this feature
remains autapomorphic for Changchunsaurus
(Jin et al., 2010). At least five to six nutrient
foramina are present on the lateral surface of the
dentary ramus ventral to the toothrow in IGM
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100/3178 (not all foramina are well preserved in
IGM 100/2017; fig. 7). Haya lacks the large fora-
men within the buccal emargination of the den-
tary seen in Changchunsaurus (Jin et al., 2010).
The larger, paired mental foramina lie anterior
and ventral to the nutrient foramina, situated
within a continuation of the lateral groove of the
predentary (fig. 3). The mental nerve (a branch
of the inferior alveolar nerve, itself a branch of
the mandibular division of the trigeminal nerve,
cn. V) likely passed through these foramina
(Gilmore, 1909; Galton, 1974a). The lingual plate
on the medial surface of the dentary is pierced
by a row of ovoid replacement or “special”
foramina (Edmund, 1957) ventral to the alveoli,
similar to those of Changchunsaurus, Hypsiloph-
odon, and many other ornithischians (Edmund,
1957; Galton, 1974a; Jin et al., 2010). In contrast
to Haya, these foramina are slitlike and more
dorsally directed in Fruitadens (Butler et al,
2012) and largely covered by the coronoid in
Lesothosaurus (Sereno, 1991). Because of their
size and close correspondence to the positions of
the teeth, the special foramina were probably
sites where the dental lamina invaded the lingual
plate and formed new replacement teeth, which
may have been supplied by blood vessels enter-
ing through each foramen (Edmund, 1957; LeB-
lanc et al.,, 2016). A different reconstruction of a
hadrosaur dentary shows branches from the
internal mandibular artery and nerve exiting,
rather than entering, the foramina (Holliday,
2009: fig. 7). The function of the special foramina
continues to be uncertain given their complex
phylogenetic distribution and individual varia-
tion among dinosaurs, and their absence in other
amniotes (LeBlanc et al., 2017). As in many
amniotes, the deep Meckelian canal runs along
the medial surface of the ventral margin of the
dentary (figs. 4B, 10, 13]). The splenial covers
this groove along much of its length.

In IGM 100/2017, the right dentary contains
16 alveoli and the left contains 15, as confirmed
by examining CT slices. This mirrors the asym-
metry in the maxillary tooth counts, where the
right maxilla has one more tooth position than
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the left maxilla. The dentary alveoli are damaged
in IGM 100/2016 and only two teeth remain in
or close to their life positions. Nevertheless, it is
apparent that this morphologically juvenile skull
possessed fewer dentary tooth positions than
the holotype, possibly only 10 to 12. IGM
100/2014 has 13-14 dentary teeth. Likewise, CT
slices reveal that IGM 100/3178 has at least 13
teeth in its left and right dentaries, an interme-
diate number that might suggest this specimen
is at an intermediate ontogenetic stage between
IGM 100/2016 and IGM 100/2017. However, the
dentaries of IGM 100/3178 and IGM 100/2017
are nearly the same length, so the difference in
tooth count is likely due instead to individual
variation or taphonomic differences. The den-
taries of both specimens are longer than those of
IGM 100/2016, suggesting that the estimated
lesser tooth count in this specimen truly reflects
its earlier ontogenetic stage. Haya possesses
more dentary teeth at maximum (16), among
known specimens, than the typical 13 to 14 for
currently known specimens of other noncerapo-
dan neornithischians (Norman et al., 2004).
Only Lesothosaurus, Agilisaurus, Hexinlusaurus,
Kulindadromeus, Parksosaurus, and Thescelosau-
rus have more dentary teeth, with 17 to 20.
Future discoveries of ontogenetically more
mature specimens may increase the maximum
tooth counts for Haya or other taxa. Caution
should be used in diagnosing taxa based on
tooth number if only immature specimens are
known. For much of the toothrows of IGM
100/2017 and IGM 100/2014, the tooth margins
are imbricate, with the distal sides of more ante-
rior teeth overlapping the mesial sides of more
posterior teeth. The teeth do not overlap in
other places along the dentaries of the same
specimens, though this could be due to post-
mortem shifting.

CT scans reveal that the five erupted teeth
have single replacement teeth below them in the
right dentary of IGM 100/2017: at the first,
fourth, seventh, ninth, and 14th alveoli (counted
from anterior to posterior) (fig. 26A). The
erupted teeth at these positions are among the
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A anterior

FIG. 26. A, Sagittal CT slice through the right dentary of IGM 100/2017, showing four replacement teeth with
their sequential anterior to posterior positions indicated. B, Maxillary and dentary teeth of IGM 100/2014 in
left lateral view. See fig. 17B for teeth from the right side of this specimen.

most heavily worn along the toothrow. Only the
replacement tooth at the ninth alveolus has par-
tially erupted, lingual to a heavily worn, erupted
tooth. The left dentary contains replacement
teeth at the third, sixth, ninth, and 12th alveoli;
those at the third and sixth positions are partially
erupted. This suggests that there is at least a
rough alternating pattern of tooth replacement

along the dentary in Haya, as in most reptiles
(Edmund, 1960). However, the extent of tooth
replacement in IGM 100/2017 alternates approx-
imately every third tooth, as opposed to every
other tooth in Parksosaurus (Galton, 1973), Hyp-
silophodon (Galton, 1974a), Tenontosaurus
(Thomas, 2015), and most other dinosaurs
(Edmund, 1960). IGM 100/2017 shows evidence



42 BULLETIN AMERICAN MUSEUM OF NATURAL HISTORY

for out-of-sync tooth-replacement waves
between the left and right dentaries. The two
anterior replacement teeth of the four present in
the left dentary are erupted, whereas only one
more posterior replacement tooth has erupted
along the right dentary.

The anteriormost three dentary teeth are sim-
ple, with smaller and narrower crowns, as in
Orodromeus (MOR 248), and in contrast to Thes-
celosaurus, in which the first two dentary teeth
are not obviously reduced and may actually be
larger than more posterior teeth (Boyd, 2014). As
in Thescelosaurus, the anteriormost two or three
dentary teeth did not occlude with the maxillary
teeth (Boyd, 2014). Posterior to these, unworn
dentary teeth possess triangular crowns with one
prominent inflated apical denticle that forms a
faint primary enamel ridge, and approximately
four to six smaller denticles to each side of the
central primary denticle (figs. 17B, 26B). Thinner
ridges that do not reach the cingulum extend
basally from the smaller denticles (Makovicky et
al,, 2011). There are typically between nine and
13 denticles in total. The denticles nearest the
apical denticle occasionally take the form of
small accessory denticles extending from the side
of the apical denticle. Haya tooth crowns are
symmetrical, unlike the asymmetrical crowns of
Lesothosaurus, Othnielosaurus, and Drinker
(Sereno, 1991; Galton, 2007), and the slightly
asymmetrical crowns of Orodromeus with their
curved primary ridges (D.E.B., personal obs,;
Scheetz, 1999). The primary ridge is better devel-
oped in Haya than Othnielosaurus, where it may
be absent (Galton, 2007). However, the primary
ridge in Haya is not as sharp and well defined as
that of Changchunsaurus, Orodromeus, and Hyp-
silophodon (D.E.B., personal obs.; Galton, 1974a
2007; Jin et al., 2010). Unlike Jeholosaurus and
Changchunsaurus, the enamel ridges are not less
developed on the dentary teeth than the maxil-
lary teeth (Barrett and Han, 2009; Jin et al,
2010), having similar morphologies on both
types of teeth in Haya. The cingulum is a broad
U-shaped shelf, below which the tooth constricts
greatly, down to the tubular root. In lingual view,
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the cingulum is thickest on the posterior side of
the tooth. Overall, the dentary tooth crowns are
very similar morphologically to those of Zephy-
rosaurus (Sues, 1980). The roots of the teeth are
dorsoventrally straight to gently curved, as in
Othnielosaurus and Thescelosaurus, but in con-
trast to the more strongly curved roots of Hypsi-
lophodon, Dryosaurus, Zalmoxes, and
Camptosaurus (Galton, 1974a, 1983, 2007;
Weishampel et al., 2003; Boyd, 2014). Unlike het-
erodontosaurids, Orodromeus, Thescelosaurus,
Tenontosaurus, and Dryosaurus (Hopson, 1980;
Galton, 1983; Weishampel, 1984; Scheetz, 1999;
Norman et al., 2011; Boyd, 2014), which often
have double labial wear facets on each dentary
tooth, Haya dentary teeth typically have single
wear facets, though the heavy wear on the teeth
of IGM 100/2017 may have obliterated the dis-
tinction between the facets. The position of the
dentary teeth relative to the maxillary teeth sug-
gests that at least some dentary teeth occluded
with up to two maxillary teeth. This is similar to
heterodontosaurids in which each maxillary
tooth sometimes overlaps two dentary teeth. In
Lesothosaurus, the occlusal pattern is more irreg-
ular (Sereno, 1991).

SURANGULAR: The surangular and its bound-
ing sutures are best exposed in IGM 100/2014
(fig. 9B). In right lateral view, it is a sigmoidal
bone that expands dorsoventrally into a broad
sheet anteriorly (Makovicky et al., 2011). This
sheet forms the dorsally directed coronoid pro-
cess. The tapered anterior end articulates with
the dentary. The surangular also articulates with
the angular ventrally, and the prearticular and
coronoid medially. Together with the dentary,
the coronoid process of the surangular makes up
the coronoid eminence. The surangular is more
dorsoventrally expanded than in Lesothosaurus
(Porro et al., 2015). Two foramina pierce the
surangular; one ventral to the coronoid process,
near the center of the broad anterior sheet (the
surangular foramen), and another just anterior
to the lateral process of the surangular (the “lat-
eral process foramen”; Boyd, 2014; fig. 9B).
These foramina may have transmitted cutaneous
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branches of the inferior alveolar nerve and
accompanying vessels, as in extant lepidosaurs
(Oelrich, 1956; Galton, 1974a; Evans, 2008). All
examined Haya specimens possess two surangu-
lar foramina, unlike a specimen of Thescelosau-
rus that has three on its right surangular
(Oelrich, 1956; Galton, 1974a; Evans, 2008). The
lateral process is a small, fingerlike projection or
boss just anterior to the glenoid articulation
with the quadrate. It is similarly low and
rounded in Orodromeus, Zephyrosaurus, Chang-
chunsaurus, Hypsilophodon, Tenontosaurus, and
Zalmoxes (Galton, 1974a; Sues, 1980; Scheetz,
1999; Weishampel et al., 2003; Jin et al., 2010;
Thomas, 2015), but is longer and more hooked
in Thescelosaurus (Boyd, 2014). The surangular
tapers posteriorly to form the lateral wall of a
retroarticular process that expands slightly dor-
soventrally distal to the glenoid. The lateral sur-
face of the retroarticular process exhibits shallow
grooves, similar to, but less pronounced than
those of Thescelosaurus (Boyd, 2014), indicating
probable attachment sites for the m. depressor
mandibulae or m. pterygoideus ventralis (Hol-
liday, 2009). As in other early-diverging neor-
nithischians, the mandibular adductor fossa
excavates the medial surface of the surangular
(Norman et al., 2004).

ANGULAR: The angular is a dorsoventrally
narrow, roughly triangular bone that contributes
to the posterolateral and ventral portions of the
mandible (fig. 3, 9). Its anterior prong slots
between the dentary laterally and splenial medi-
ally. The angular also articulates with the suran-
gular dorsally and the prearticular medially. The
posterior portion of the angular is deflected ven-
trally, articulating with the ventrally deflected
posterior portion of the surangular along most of
its length. The posteriormost end comes to a
sharp point where it articulates with the suran-
gular and prearticular ventrally (fig. 4B, D). This
sharp point is similar to that of Changchunsau-
rus, Hypsilophodon, and most other early-diverg-
ing neornthischians (Galton, 1974a; Jin et al,
2010). Due to slight disarticulation of the post-
dentary region, IGM 100/2014 reveals that the

anterior prong articulates with the dentary and
splenial along a tongue-in-groove joint (fig. 9). A
ridge or crease clearly defines the transition from
the convex ventral face to the flat lateral face, and
is especially apparent in IGM 100/2016 (fig. 10A,
C). The lateral face lacks the depression present
in Thescelosaurus (Boyd, 2014).

SPLENIAL: The splenial is a triangular, dorso-
ventrally expanded, mediolaterally compressed
sheet of bone that articulates with the angular,
dentary, and prearticular medially (figs. 4B, D, 9,
10). It covers most of the Meckelian groove. The
splenial reaches its greatest dorsoventral expan-
sion near the position of the coronoid process of
the dentary, and tapers anteriorly. The angle
between this dorsally expanded flange and the
anterior half of the splenial is greater in Haya
than in Thescelosaurus (Boyd, 2014), and both
contrast with the dorsoventrally low splenial of
Lesothosaurus (Porro et al., 2015). The splenial of
IGM 100/2016 is lower and less triangular than
that of IGM 100/2017 (though this is possibly the
result of breakage). The anterodorsal border con-
tains two or three U-shaped notches, creating a
jagged outline, as in Changchunsaurus and Thes-
celosaurus (Jin et al., 2010; Boyd, 2014; fig. 10A).
Unlike the single splenial foramen of Changch-
unsaurus (Jin et al., 2010), there are two small
foramina on the medial surface of the left sple-
nial in IGM 100/2017, and one or two foramina
on the right splenial of IGM 100/2016 (fig. 10A).
As noted by Jin et al. (2010), these foramina may
correspond to the anterior mylohyoid foramen, a
saurischian synapomorphy according to Rauhut
(2003). However, without additional evidence, it
is unclear if these foramina are homologous to
the foramina of saurischians. The internal man-
dibular fenestra has been reduced to a small
fossa between the splenial and prearticular.

PREARTICULAR: The prearticular is a strap-
like, mediolaterally compressed bone forming
the ventral margin of the mandibular adductor
fossa (fig. 4B, D). It articulates with the angular
ventrally, the dentary and splenial anteriorly,
the articular posteriorly, and the surangular lat-
erally. Its posterior end is triangular and wraps
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FIG. 27. Postcranial skeleton of Haya griva, IGM 100/2015. Abbreviations in appendix 1.

ventrally to meet the retroarticular process of
the surangular, forming a cup for the articular.
The anterior end curves anterodorsally toward
the coronoid process of the dentary. An ovoid
foramen lies just anterior to the suture for the
articular, in the posterior end of the right
prearticular of IGM 100/2017. This is possibly
homologous to a similar, more anteriorly placed
foramen in Hypsilophodon (Galton, 1974a). It is
unclear whether this is the “slit” that Galton
(1974a) considered the opening for the chorda
tympani branch of c.n. VII, as the foramen for
the chorda tympani is located within the articu-
lar in some pseudosuchians, Silesaurus, and
some saurischian dinosaurs (e.g., Gower, 1999;
Currie, 2003; Yates, 2005; Cabreira et al., 2011;
Nesbitt, 2011; Sereno et al., 2012). There is also
a foramen in the articular of a specimen of Psit-
tacosaurus mongoliensis, IGM 100/1930 (D.E.B,,
personal obs.). In birds, the chorda tympani
does not enter the articular, instead traveling
medially outside the bone (Witmer, 1990). The
lack of foramina in the articular in some ornith-
ischians suggests that the chorda tympani either
followed a similar path to that in birds, entered
a space between the articular and prearticular,
or entered the prearticular itself. There is a fora-

men between the articular and prearticular in
Triceratops and Centrosaurus (= Monoclonius),
as well as an additional foramen within the
prearticular in Centrosaurus (Brown and Schlai-
kjer, 1940). A specimen of Tenontosaurus also
appears to have a foramen in its prearticular
(Thomas, 2015: fig. 57). This, combined with
the evidence from Psittacosaurus noted above,
suggests that there is a diversity of probable
paths for the chorda tympani within
ornithischians.

ARTICULAR: The articular is a thick, roughly
pyramidal bone situated between the prearticular
medially, the surangular laterally, and the angu-
lar ventrally (figs. 3, 4B). It does not wrap ven-
trally around the prearticular, as does the
articular of Hypsilophodon (Galton, 1974a). The
dorsal surface contains the saddle shaped gle-
noid for articulation with the medial distal con-
dyle of the quadrate. The posterior face of the
articular exhibits a concavity near its dorsolateral
margin. No foramina pierce the articular (see the
Prearticular section above for discussion of the
implications this holds for the path of the chorda
tympani branch of c.n. VII). The articular is rela-
tively shorter anteroposteriorly than that of Thes-
celosaurus (Boyd, 2014).
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FIGURE 28. Articulated skull and skeleton of Haya griva, IGM 100/2019.

CoroNoID: No coronoids are clearly visible in
any of the specimens. What can be observed on
IGM 100/2017 suggests that the coronoid forms
a dorsally directed prominence that articulates
with the dentary medial to its coronoid process,
as in Hypsilophodon (Galton, 1974a).

AXIAL SKELETON

The following description is based primarily
on IGM 100/2015 (fig. 27), IGM 100/2019 (fig.
28), IGM 100/3137 (fig. 29), and IGM 100/3178
(figs. 32, 36, 39, 40, 45, 46, 48), supplemented
with other specimens where noted. The axial
skeleton of Haya griva consists of nine cervical,
15 dorsal, six sacral, and 22+ caudal vertebrae
(Makovicky et al., 2011).

CERVICAL VERTEBRAE AND CERVICAL RiBS:
Primitively, early-diverging neornithischians
possess nine cervical vertebrae (Norman et al.,
2004), the same as in Haya griva. The atlas is
comprised of the two unfused halves of the neu-
ral arch (the neurapophyses), an unfused atlan-
tal intercentrum, and a pleurocentrum fused to
the axis to become the odontoid process of the
axis. No unambiguous trace of a proatlas is pre-
served in any of the specimens, though this ele-
ment is present in Agilisaurus, Hexinlusaurus,

Orodromeus, and Hypsilophodon (Norman et al.,
2004). Each neurapophysis is hook shaped and
articulates tightly with the lateral portion of the
occipital condyle along an anteriorly facing
fossa. The neurapophyses articulate dorsally
with each other above the neural canal and with
the atlantal intercentrum ventrally along straight
sutures (fig. 31). The atlantal intercentrum of
IGM 100/2015 is currently missing because of
an unknown disturbance to the specimen that
apparently disarticulated the bone before pho-
tographs were taken for the current work.
Efforts to locate the atlantal intercentrum are
ongoing as of January 2021. We wrote the fol-
lowing description from our firsthand observa-
tions of the original element. Its morphology is
also recorded by a cast (AMNH FARB 30635)
and Makovicky et al. (2011: fig. 3A, B). The
atlantal intercentrum is concave posteriorly and
roughly crescentic in ventral view (fig. 31B). It
is somewhat wedge shaped in lateral view, with
a convex, anteroventrally sloping anterior sur-
face (fig. 31C). A shallow depression on the
anterodorsal surface is contiguous with the
anterior surfaces of the neurapophyses. It is
probably an articular facet for the occipital con-
dyle. The posterior surface of the atlantal inter-
centrum exhibits an elliptical groove into which
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FIG. 29. Postcranial skeleton of Haya griva, IGM 100/3137. Abbreviations in appendix 1.

the axial intercentrum inserted. The diapophysis
for the first cervical rib is present on the lateral
surface of the atlantal intercentrum. In IGM
100/2017 and 100/3178 (figs. 30, 32) this simple,
fairly straight rib is mediolaterally flattened
anteriorly and tapers posteriorly, extending to a
point beneath the third cervical. The odontoid
process consists of a blocky base articulating
with the axial centrum. From this emerges an
anteriorly tapering rounded process with a flat
to slightly concave dorsal surface. The odontoid
process is clearly unfused to the axis in IGM
100/2015 and may have shifted postmortem, so
that it appears to articulate posteriorly with the
axial neural spine and centrum near the suture
between those two elements. This contrasts with
IGM 100/2017 where the articulation is primar-
ily with the axial centrum. Overall, the mor-
phology and arrangement of the constituent
elements of the atlas is very similar to that of
Hypsilophodon (Galton, 1974a), except for the
lack of an obvious proatlas in Haya.

The axis complex consists of the centrum,
neural arch, and axial intercentrum. The neural
arch is not fused to the centrum in IGM
100/2015. The neural spine of the axis is more
dorsoventrally expanded and is directed slightly
more anteriorly in Haya than in Jeholosaurus and
Changchunsaurus (Butler et al., 2011; Han et al.,
2012). The dorsal border of the axial neural spine
in IGM 100/2014 and IGM 100/3178 is straight
or weakly convex in lateral view, as in Changch-
unsaurus and Hypsilophodon (Galton, 1974a;
Butler et al.,, 2011). This contrasts with the gently
concave dorsal border of IGM 100/2019, which
is similar in this respect to Heterodontosaurus
(Santa Luca, 1980; Galton, 2014), but not as
extreme as in Lesothosaurus (Baron et al., 2017).
The dorsal border of the axial neural spine of
IGM 100/2015 is gently sigmoidal in lateral view,
transitioning from slightly concave anteriorly to
convex posteriorly (fig. 31). In both IGM
100/2019 (fig. 18B) and Jeholosaurus this border
has a scalloped natural edge (Han et al.,, 2012).
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FIG. 30. Cervical vertebrae of the holotype of Haya griva, IGM 100/2017. Abbreviations in appendix 1.

The apex of the axial neural spine is more later-
ally expanded than in Heterodontosaurus (Gal-
ton, 2014). Short postzygapophyses that lack
epipophyses are present on the posterior side of
the neural spine near its base (Makovicky et al.,
2011). The axial intercentrum is semicircular in
ventral view and articulates with the centrum of
the axis anteroventrally, projecting just anterior
to the anterior border of the centrum (fig. 31). It
is smaller than the atlantal intercentrum, with
which it articulates via a tongue-and-groove
articulation. The keel on the ventral surface of
the centrum is broader and flatter than the keels
of the postaxial cervical vertebrae. The axial cen-
trum of Jeholosaurus exhibits a sharper keel (Han
et al,, 2012). The lateral depressions on the Haya
axial centrum are not as deep as those on cervi-
cals three through nine. The neurocentral suture
bisects the parapophysis. The axis of Haya pos-
sesses well-developed parapophyses and small
diapophyses (Makovicky et al., 2011). Due to the
lack of well-preserved axial ribs in life position,
it is not clear whether the axial rib of Haya was
single or double headed or whether it articulated

with the parapophysis as in Changchunsaurus
(Butler et al., 2011), or with the diapophysis as in
Jeholosaurus and Hypsilophodon (Galton, 1974a;
Han et al., 2012).

Cervical vertebrae three through nine are
approximately as long as tall, as in Jeholosaurus,
Yueosaurus, Orodromeus, Changchunsaurus, and
Thescelosaurus (Galton, 1974b; Scheetz, 1999;
Butler et al.,, 2011; Han et al., 2012; Zheng et al,,
2012), but in contrast to the anteroposteriorly
elongate cervical centra of Koreanosaurus and
elasmarians such as Talenkauen and Macrogry-
phosaurus (Novas et al., 2004; Calvo et al., 2007;
Huh et al.,, 2011). The third cervical vertebra dif-
fers from successive cervicals by a sharply con-
cave ventral border of its centrum, giving the
centrum a bent or kinked appearance in lateral
view (figs. 30, 31), similar to the condition in
Orodromeus (Scheetz, 1999). Successive cervical
vertebrae have roughly quadrangular to trapezoi-
dal centra, with slightly shorter dorsal than ven-
tral borders present on cervicals six through
nine, allowing the neck to maintain a gentle
curve near its base. Their lateral surfaces contain
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FIG. 31. A, Cervical vertebrae of IGM 100/2015 in right ventrolateral view. B, Atlantal intercentrum of cast
of IGM 100/2015 (AMNH FARB 30635) in ventral view. C, Atlantal intercentrum of cast of IGM 100/2015
(AMNH FARB 30635) in lateral view. Abbreviations in appendix 1.

broad, shallow depressions, with anterior lips
that extend further laterally than the posterior
borders of the centra. In contrast to the condi-
tion in Changchunsaurus (Butler et al., 2011), no
nutrient foramina are present on the lateral sur-
faces of the centra. Though the articulated nature
of IGM 100/2015 and IGM 100/2019 obscures
most of the articular facets of the cervical centra,

IGM 100/2017 reveals that most are probably
amphiplatyan (fig. 30). The ventral borders of the
centra are straight to slightly convex; there is no
clear pattern to these slight variations in shape
between successive vertebrae. All postaxial cervi-
cal vertebrae are ventrally keeled, with the sharp-
ness of the keel diminishing slightly posteriorly,
starting with the sixth cervical vertebra. The par-
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FIG. 32. Skull and cervical vertebrae of Haya griva, IGM 100/3178, in left lateral view. Abbreviations in
appendix 1.

apophyses extend across and are divided by the
neurocentral sutures in cervicals four through
nine of IGM 100/2015, similar to the condition
in Jeholosaurus (Han et al., 2012). The extent of
the parapophysis on the third cervical vertebra of
IGM 100/2015 is harder to discern, given partial
disarticulation of the neural arch from the cen-
trum. Parapophyses are directed anterolaterally
to laterally in cervicals three through six, becom-
ing more posterolaterally directed in cervicals
seven through nine. Where visible, all neural
arches appear unfused to their centra in IGM
100/2015 and IGM 100/2017 (figs. 30, 31); this is
not easily assessed in the other specimens due to
overlying bones or matrix. Cervical neural spines
are largely obscured or eroded in IGM 100/2015,
IGM 100/2019, and IGM 100/3178, but all were

likely shorter and more laterally compressed
than the axial neural spine. Jeholosaurus, Chang-
chunsaurus, and Haya share a third cervical with
a relatively tall neural arch and an anteriorly
expanded spine that projects just dorsal to the
postzygapophyses (Butler et al., 2011; Makovicky
et al, 2011; Han et al., 2012). The neural spine of
the ninth cervical is taller and anteroposteriorly
narrower than that of the eighth, creating a tran-
sition in neural spine height to the taller spine of
the first dorsal vertebra (figs. 31, 33). Cervical
neural canals are broad and semicircular. The
prezygapophyses of at least the third through
fifth cervicals are directed anteroventrally, as in
most other noncerapodan neornithischians.
Postzygapophyses are anteroposteriorly short
and located high on the neural arch, just ventral
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FIG. 33. Dorsal vertebrae of IGM 100/2019 in left dorsolateral view. Abbreviations in appendix 1.

to the neural spine. Both pre- and postzygapoph-
yseal articular surfaces are flat.

Postaxial cervical ribs are double headed, with
a shorter, rounded tuberculum, and a longer,
narrower capitulum, as in Changchunsaurus,
Orodromeus, and Hypsilophodon (Galton, 1974a;
Scheetz, 1999; Butler et al., 2011). In contrast, the
relative proportions of the tuberculum and capit-
ulum are more nearly equal in Hexinlusaurus
and Jeholosaurus (He and Cai, 1984; Han et al.,
2012). Keels are present on the lateral surfaces of
the capitulae of cervical ribs five, six, and seven
near their junctions with the turberculae, similar
to the ridges in Heterodontosaurus, Changchun-
saurus, and Hypsilophodon, and the iguanodon-
tians Camptosaurus and Iguanodon (Galton,
1974a; Norman, 1980; Santa Luca, 1980; Carpen-
ter and Wilson, 2008; Butler et al., 2011; Galton,
2014). In Haya, these ridges do not parallel the

long axis of the capitulum. Instead, they angle
dorsally at an angle of approximately 20° to the
long axis of the capitulum. The angle between
the capitulum and tuberculum is more acute
than in Hypsilophodon (Galton, 1974a). The dis-
tal ends of the cervical ribs are broken or
obscured in all Haya specimens, preventing
assessment of their original lengths.

DORSAL VERTEBRAE AND DoORsAL Riss: The
first dorsal vertebra is differentiated from the
last cervical by a lateral migration of the
diapophysis onto a short, rectangular transverse
process connected by thin laminae to the
prezygapophysis and centrum. These differences
are clearly visible in IGM 100/2019 (fig. 33).
Dorsal centra are completely obscured in IGM
100/2019, and only the posterior dorsal centra
are exposed in IGM 100/2015. The posterior
dorsal centra of IGM 100/2015 are approxi-
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FIG. 34. Sacral region of IGM 100/2019 in left dorsolateral view. Abbreviations in appendix 1.

mately as long anteroposteriorly as they are tall
dorsoventrally, and have only faint ventral keels
(fig. 35). More observations can be gleaned from
the dorsals of the two specimens from Zos Can-
yon, IGM 100/3661 and IGM 100/3181. The lat-
ter specimen includes vertebrae from the middle
to posterior part of the dorsal series, probably
dorsals eight through 15, based on the morphol-
ogy of the transverse processes and correspond-
ing ribs. These vertebrae are amphicoelous, with
slight ventral keels (Norell and Barta, 2016), as
in Jeholosaurus (Han et al., 2012). The posterior
dorsal centra of IGM 100/3181 are anteroposte-
riorly longer relative to their dorsoventral height
than those of IGM 100/2015. Isolated dorsals of
uncertain serial position from IGM 100/3661
(fig. 14) have flat to gently concave articular fac-
ets. The ventral borders of these centra are con-
cave in lateral view. The posterior dorsals of
IGM 100/2015 have striated rims around their
anterolateral and posterolateral borders, as in

many neornithischian taxa including Hexin-
lusaurus, Jeholosaurus, Yueosaurus, Orodromeus,
Changchunsaurus, Parksosaurus, Thescelosaurus
and Hypsilophodon (Gilmore, 1915; Galton,
1974a; He and Cai, 1984; Scheetz, 1999; Brown
et al.,, 2011; Butler et al., 2011; Han et al.,, 2012;
Zheng et al., 2012). These striated surfaces prob-
ably mark attachment sites for the hypaxial mus-
cles (Butler et al., 2011). No foramina are visible
on the right lateral surfaces of these centra, in
contrast to their presence in Jeholosaurus and
Changchunsaurus (Butler et al., 2011; Han et al.,
2012). The presence of a “lumplike” swelling on
the ventral surface of the first four dorsals, as in
Jeholosaurus and Changchunsaurus (Butler et al.,
2011; Han et al., 2012), cannot be assessed in the
observed Haya specimens due to obscuring
matrix. As noted by Makovicky et al. (2011), the
transverse processes are angled somewhat dor-
sally on the anterior dorsals, transitioning to
nearly horizontal near the midpoint of the dor-
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FIG. 35. Right pectoral girdle and forelimb of IGM 100/2015. Abbreviations in appendix 1.

sal series. The ventral surfaces of the transverse
processes of IGM 100/3181 contain a shallow
fossa, as in Changchunsaurus (Butler et al.,
2011), but in contrast to Jeholosaurus, in which
this fossa is divided into anterior and posterior
fossae by a ridge (Han et al., 2012). Parapophy-
ses are likely located on the neural arch ventral
to the diapophysis in the anterior dorsals, but
these are obscured in articulated specimens. By
at least the 10th dorsal, the parapophyses have
migrated dorsally to the anteroventral surfaces
of the transverse processes. From the 10th to the
13th dorsals, the parapophyses show a serial
reduction in size and migrate posterodorsally to

touch the diapophysis. They merge to form a
single articular facet on the 14th and 15th dor-
sals, corresponding to the single-headed ribs of
those vertebrae, a feature shared with Oro-
dromeus and Hypsilophodon (Galton, 1974a;
Scheetz, 1999). This contrasts with Changchun-
saurus, in which the transition to a single articu-
lar facet is made one serial position earlier, on
the 13th dorsal (Butler et al., 2011), with Jeholo-
saurus, in which a single facet is present on dor-
sals 12-15 (Han et al, 2012), and with
Heterodontosaurus, in which only the last dorsal
has a single facet (Santa Luca, 1980; Galton,
2014). Neural spines of anterior dorsal vertebrae
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FIG 36. Left pectoral girdle and forelimb of IGM 100/3178. Abbreviations in appendix 1.

are narrow and posterodorsally directed. Begin-
ning around the fifth dorsal, neural spines are
vertical and are anteroposteriorly expanded,
having rectangular outlines in lateral view. In
lateral view, the prezygapophyses point
anterodorsally at an angle of about 45° from
horizontal, whereas the postzygapophyses point
straight horizontally. Articular facets of the pre-

and postzygapophyses are flat. As in Jeholosau-
rus, the plane between the dorsomedially facing
prezygapophyseal facets and the ventrolaterally
facing postzygapophyseal facets is oriented at
about 45° to horizontal (Han et al., 2012). The
10th and 11th dorsals of IGM 100/2015 have
neural arches unfused to their respective centra.
The state of fusion cannot be determined for the
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FIG. 37. Manus elements of IGM 100/2015. Abbreviations in appendix 1.

articulated specimens due to obscuring matrix,
nor for IGM 100/3181 due to weathering of its
vertebrae. Two isolated dorsal neural arches of
IGM 100/3661 lack their centra, indicating these
elements were unfused. The neural canal in the
probable posterior dorsal of IGM 100/3661 is
ovoid, being slightly taller dorsoventrally.
Though the distal ends of some ribs are
obscured in the specimens examined, successive
ribs appear to increase in length posteriorly
until the fourth or fifth rib, after which they
decrease gradually in length and curvature (fig.
33). Changchunsaurus and Koreanosaurus have
a similar pattern of changes in rib lengths (But-
ler et al., 2011; Huh et al., 2011). As described
by Makovicky et al. (2011), the cross section of
ribs 1-11 changes from elliptical proximally to
mediolaterally flattened distally. The capitulum
decreases in length posteriorly, eventually merg-
ing with the tuberculum to form single-headed
14th and 15th ribs, as noted above. Dorsal ribs
12 through 14 have grooves on the proximal

portion of their posterior surfaces (figs. 33, 34).
Makovicky et al. (2011) described the posterior
surface of these ribs as having a ridge, but this is
better characterized as a single groove bounded
by two ridges. The groove on the 12th rib is
shallower than on the next two in the sequence.
No ossified sternal ribs are preserved (Makov-
icky et al., 2011). Cartilaginous sternal ribs
almost certainly were present, given that sternal
ribs are probably plesiomorphic for at least
Amniota (Parker, 1868), and that ossified sternal
ribs have been found in other early-diverging
neornithischians, including Othnielosaurus,
Thescelosaurus, Parksosaurus, and Hypsiloph-
odon (Gilmore, 1915; Parks, 1926; Galton and
Jensen, 1973; Galton, 1974a). Their lack of ossi-
fication likely reflects either immaturity or the
retention of cartilaginous sternal ribs through-
out ontogeny, in contrast to the other aforemen-
tioned neornithischians in which sternal ribs
ossify. Similarly, no ossified intercostal plates are
present, in contrast to Othnielosaurus, Parkso-
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FIG. 38. Pelvis of IGM 100/2015 in right lateral view. Abbreviations in appendix 1.

saurus, Thescelosaurus, Talenkauen, Macrogry-
phosaurus, and Hypsilophodon (Calvo et al,,
2007; Butler and Galton, 2008). The absence of
intercostal plates either may be a true phyloge-
netic difference between Haya and those taxa, or
it may simply reflect the immature nature of the
Haya specimens. Gastralia are absent, as in all
ornithischians (Claessens, 2004).

SACRAL VERTEBRAE AND SACRAL RiBs: Two
of the Haya specimens studied, IGM 100/2015
and IGM 100/2019 (figs. 27, 34), have complete
sacral series that allow for a full count of the ver-
tebrae, and form the basis for most of the
description below. IGM 100/3178 has sacral ver-
tebrae, but they are almost completely obscured
by matrix (fig. 39). IGM 100/3182 preserves two
sacral vertebrae exposed in left lateral view (fig.
50). Both IGM 100/2015 and IGM 100/2019
have six sacrals (figs. 34, 38). The first and sec-

ond sacral vertebrae of IGM 100/2015 are dorso-
sacrals with short, anterolaterally directed ribs
that articulate with the ilium (fig. 38). Dorsosa-
crals are dorsal vertebrae that have fused to the
successive plesiomorphic posterior sacrals (e.g.,
Griffin et al., 2017). The addition of these verte-
brae increases the number of sacrals to six in
Haya, as is typical for noncerapodan neornithis-
chians other than Agilisaurus, Hexinlusaurus,
and possibly Thescelosaurus assiniboiensis, which
have or may have five sacrals (Norman et al.,
2004; Brown et al., 2011), and Oryctodromeus
and possibly Orodromeus, which have or may
have seven (Varricchio et al., 2007). A specimen
of Thescelosaurus sp., AMNH FARB 117 (Galton,
1974b), also has seven sacral vertebrae, as its first
two sacrals are dorsosacrals with ribs that articu-
late with the preacetabular portion of the ilium.
We disagree with Galton’s (1974b) interpretation
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FIG. 39. Pelvis of IGM 100/3178 in dorsal view. Abbreviations in appendix 1.

of the seventh preserved vertebra of this speci-
men as the posteriormost dorsal, and instead
identify it as the anteriormost sacral. We con-
sider any vertebra with ribs that articulate with
the ilium to be a sacral whether or not those ribs
are actually fused to the ilium and whether or
not their centra are fused to one another (e.g.,
Romer, 1956; Sereno, 2012). In contrast to all of
these, the holotype of Abrictosaurus preserves
only four unfused sacral vertebrae (Thulborn,
1974). However, this may be a juvenile feature of
the specimen (Norman et al., 2004). Some speci-
mens of Hypsilophodon retain the apparently ple-
siomorphic number of five sacrals, while others
incorporate a posterior dorsal into the sacrum
(Galton, 1974a). Galton (2014) described Haya
and other early-diverging neornithischians as
having developed a sacrum with six vertebrae
through the addition of a caudosacral to the ple-
siomorphic five-vertebrae sacrum exemplified by
Agilisaurus and Hexinlusaurus. However, given
that IGM 100/2015 has two identifiable dorsosa-
crals and those earlier taxa have only one, it is
likely that the six-vertebrae sacrum of Haya was
developed instead through incorporation of an
additional dorsosacral, as in heterodontosaurids
(Santa Luca, 1980; Butler et al., 2012; Galton,
2014; but see Sereno, 2012, for an alternative

interpretation of the first dorsosacral in Heter-
odontosaurus as the last nonsacral dorsal).
Therefore, Haya is more similar to heterodon-
tosaurids than to other noncerapodan neornith-
ischians in possessing six sacrals that include two
recognizable dorsosacrals with small ribs origi-
nating on their transverse processes and articu-
lating with the preacetabular blade of the ilium.
This interpretation is based on the single Haya
specimen, IGM 100/2015 (fig. 38), in which this
region is most visible. Given the intraspecific
variation in sacral number among both Thescelo-
saurus and Hypsilophdon, caution is warranted in
assuming that this sacral count and configura-
tion typifies all Haya. Likewise, little is known
about the ontogeny of the sacrum in early-
diverging neornithischians, and the condition in
Haya could reflect its skeletally immature status.
Nevertheless, the morphology of the first two
sacral ribs may be an important character for dif-
ferential diagnosis of Haya from other noncera-
podan neornithischians. We note that the
vertebra and corresponding rib considered by
Butler et al. (2011) to be the 15th dorsal of
Changchunsaurus are morphologically similar to
the first dorsosacral and rib of Haya. Combined
with the evidence of two dorsosacrals in the
seven-vertebrae sacra of a specimen of Thescelo-
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FIG. 40. Left femur of IGM 100/3178 in A, posterior, B, lateral, C, anterior, D, medial, E, proximal, and F,
distal views. Abbreviations in appendix 1.

saurus (AMNH FARB 117) and Oryctodromeus
(Varricchio et al., 2007), this suggests that the
addition of dorsals to the sacrum among thesce-
losaurids may be a more common phenomenon
than previously suspected.

Where visible, all sacral centra are fused or at
least very tightly appressed to one another.
Because not all of the sacral vertebrae are
exposed in any Haya specimen, it is difficult to
determine whether the sequence of fusion pro-
ceeded anteroposteriorly, as may have been the
case in Parksosaurus (Brown et al.,, 2011), or in
some other manner. The first dorsosacral cen-
trum lacks the sharp ventral keel and laterally
expanded articular facets of the successive sacral
centra. The second and third sacral centra of
Haya have narrow ridges on their ventral sur-
faces. The fifth and sixth sacral centra are trans-
versely narrower than the first three. The lateral
surfaces of the centra are smooth and lack nutri-
ent foramina. All visible neurocentral sutures are

closed in IGM 100/2015, whereas they may be
open in the anterior (possibly the second and
third) sacrals of IGM 100/3182 (fig. 50). There
are deep circular fossae just anterior and poste-
rior to the transverse processes on the neural
arches of the first three sacrals. The low, antero-
posteriorly expanded sacral neural spines are all
widely separated in Haya, in contrast to the par-
tially fused neural spines of Manidens, Orycto-
dromeus, and the holotype specimen of
Thescelosaurus, USNM 7757 (Galton, 1974b;
Varricchio et al., 2007; Pol et al., 2011). The third
sacral rib is fused to both the second and third
sacral centra, and also contacts the pubic pedun-
cle of the ilium medially. A medial boss on the
pubis contacts the second and third sacral cen-
tra, as in Orodromeus, Oryctodromeus, and Zeph-
yrosaurus (Varricchio et al., 2007). Makovicky et
al. (2011) also noted this articulation; however,
they incorrectly described it as occurring at the
junction of the first and second sacrals. Because
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FIG. 41. Left femur of IGM 100/1324 in A, posterior, B, medial, C, anterior, D, lateral, E, proximal, and F,
distal views. Abbreviations in appendix 1.

we consider the first dorsosacral to be part of the
sacral series, as Makovicky et al. (2011) did, the
vertebrae that articulate with the pubis are more
properly described as the second and third
sacrals. A similar articulation is present in Thes-
celosaurus (AMNH FARB 117), where the pubic
peduncle of the ilium, the pubis, and the enlarged
intersegmental third sacral rib all meet at a triple
junction (Galton, 1974b). Whether all the ele-
ments meet at a triple junction in Haya cannot
be assessed due to overlying matrix. A rib on the
sixth sacral vertebra articulates with the medial
surface of the ilium just ventral to the brevis shelf
as in Orodromeus and Thescelosaurus (Galton,
1974b; Scheetz, 1999).

CAUDAL VERTEBRAE, CAUDAL RIBS, AND
CHEVRONS: A complete caudal series is not
available from any Haya specimen yet collected.
IGM 100/3137 preserves the most extensive
portion of the tail, with 22 caudals (fig. 29). The
full count was likely more than double this,
based on near complete tails of Agilisaurus,
Parksosaurus, Thescelosaurus, and Hypsiloph-
odon that contain between 42 to 50 vertebrae
(Gilmore, 1915; Norman et al., 2004). The first
caudal vertebra is slightly dorsoventrally taller

than the last sacral vertebra. It is not fused to the
last sacral. Caudal centra become anteroposteri-
orly longer than dorsoventrally tall at approxi-
mately the sixth caudal, and this trend continues,
with the midcaudal centra about twice as long as
tall. Centra are smooth and gently concave later-
ally. The ventrolateral surface of the first caudal
of IGM 100/2019 may have minute nutrient
foramina, but these are not found in subsequent
vertebrae, as they are in Jeholosaurus (Han et al.,
2012). The anterior and posterior facets of the
centra have slightly thickened borders. All cen-
tra have concave ventral borders in lateral view.
The ventral surfaces of the centra are smooth,
lacking the ventral grooves of Orodromeus and
some Jeholosaurus (Scheetz, 1999; Han et al.,
2012). Ventral grooves are variably present or
absent in Jeholosaurus, and were considered to
be an ontogenetic feature, as a smaller specimen
lacks grooves that are present on larger speci-
mens (Han et al., 2012). Where visible, the cau-
dal centra of IGM 100/3137 are amphicoelous.
All caudal neurocentral sutures are fused in
IGM 100/2015. This is difficult to assess for IGM
100/2019 and IGM 100/3137, because this
region is largely obscured by matrix or eroded
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FIG. 42. Right femur of IGM 100/2015 in A, anterior, B, lateral, C, posterior, D, medial, E, proximal, and F,
distal views. Abbreviations in appendix 1.

in these specimens. Nevertheless, some caudals
in both do appear to have fused neurocentral
sutures. The proximal caudal vertebrae have tall,
laterally compressed, posterodorsally inclined
neural spines (figs. 34, 38). Neural spines are
present beyond at least the 15th caudal vertebra.
The 20th caudal of IGM 100/3137 appears to
have neural spines that are less anteroposteriorly
expanded than those of a similar serial position
in Thescelosaurus (Gilmore, 1915), and are more
similar to the shape inferred for caudals of
approximately this position in Hypsilophodon
(Galton, 1974a). In lateral view, the prezyg-
apophyses are less steeply inclined relative to the
horizontal than those of the dorsal vertebrae are.
The articular facets of the pre- and postzyg-
apophyses meet at a steep angle, becoming
nearly vertical after the third caudal. This angle
is steeper than on the corresponding anterior
nine caudals of Albertadromeus, in which the
anterior zygapophyses meet along a 45° angle
(Brown et al., 2013). The prezygapophyses of the
distalmost preserved caudals of IGM 100/3137
are elongated relative to those of the anterior
caudals (fig. 29).

The short, anterodorsally inclined transverse
processes articulate with caudal ribs on the first
19 caudals of IGM 100/2015 (Makovicky et al.,
2011). The first two of these ribs are relatively
straight dorsoventrally. Subsequent ribs are gen-
tly arced dorsoventrally, until at least the eighth
caudal and possibly beyond. Caudal rib length
increases until the third rib, and then decreases
beyond this (Makovicky et al., 2011). The first
caudal rib is swept posteriorly as in Hypsiloph-
odon and some specimens of Orodromeus (Gal-
ton, 1974a; Scheetz, 1999), but with a distal
portion that curves anteriorly, so that the rib
appears somewhat sigmoidal in dorsal view.
Caudal ribs two through five curve somewhat
anteriorly when viewed dorsally, whereas subse-
quent ribs are more transversely oriented. Neural
canals of the anterior caudals are dorsoventrally
elongate and teardrop shaped.

The first chevron is borne between the first
and second caudal centra, as in most noncera-
podan neornithischians, other than a speci-
men of Jeholosaurus that lacks chevrons on its
first two caudals (Han et al., 2012). All chev-
rons articulate along facets housed on a pre-
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FIG. 43. Right femur of IGM 100/2020 in A, anterior, B, lateral, C, posterior, D, medial, and E, distal views.
Abbreviations in appendix 1.

ceding and a succeeding vertebra (figs. 34, 38).
These facets meet at a nearly 90° angle in lat-
eral view, forming an inverted V shape for
reception of the proximal end of the chevron.
The third chevron is the longest, and the rest
decrease in length very gradually. The first
three chevrons are more posteriorly inclined
than the rest, and the first two of these have
the most pointed distal ends of the preserved
chevrons. The distal ends gradually increase in
anteroposterior width, becoming more paddle
shaped around the 12th chevron. The haemal
canals are dorsoventrally elongate, occupying
nearly a third of the proximodistal length of
the anterior chevrons, and almost half of the
length of the posterior chevrons (after approx-
imately the 10th chevron).

OssIFIED TENDONS: Ossified tendons are
present from the seventh dorsal to sixth sacral
vertebrae in IGM 100/2015 and IGM 100/2019
(figs. 34, 35), and across all preserved dorsals
of IGM 100/3181 (Norell and Barta, 2016).
Ossified tendons are absent from the tails of
all Haya specimens, as in Heterodontosaurus,
Agilisaurus, Jeholosaurus, Albertadromeus, and
Orodromeus (Peng, 1992; Scheetz, 1999; Han
et al., 2012; Brown et al., 2013; Galton, 2014).

This contrasts with Tianyulong, Hexinlusau-
rus, Oryctodromeus, Parksosaurus, Thescelo-
saurus, and Hypsilophodon, in which ossified
tendons are present on at least some caudal
vertebrae (Gilmore, 1915; Parks, 1926; Galton,
1974a; He and Cai, 1984; Varricchio et al,,
2007; Zheng et al., 2009). The tendons are
round to mediolaterally flattened in cross sec-
tion, and overlap to form a latticework across
the neural spines. The medialmost tendons of
this lattice slope posterodorsally; lateral to
these, the middle set slopes posteroventrally,
and the lateralmost set slopes posterodorsally,
as in iguanodontoids (Organ, 2006). These
ossified tendons, from medial to lateral, are
likely the tendons of M. spinalis and two lay-
ers of M. semispinalis (one superficial),
inferred on the basis of comparison with
extant avian tendons (Organ, 2006; Holmes
and Organ, 2007). Some tendons of the later-
almost set extend across up to six vertebrae.
Those of the middle set extend across two or
three vertebrae. Some tendons of the lateral-
most set bifurcate posteriorly. In contrast to
Albertadromeus (Brown et al., 2013), there
may be no strictly parasagittally oriented ten-
dons in Haya.
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FIG. 44. Right femur of IGM 100/2013 in A, posterior, B, anterior, C, medial, D, lateral, E, proximal, and F,
distal views. Abbreviations in appendix 1.

APPENDICULAR SKELETON

ScapuLa: As in other noncerapodan neor-
nithischians, the scapula is approximately equal
in length to the humerus, and is medially con-
cave throughout its length (when viewed anteri-
orly) to wrap around the ribcage (Norman et al,,
2004; Makovicky et al., 2011; figs. 35, 36). It lacks
the slight lateral bend toward the distal end seen
in Hexinlusaurus and Hypsilophodon (Galton,
1974a; He and Cai, 1984). The scapula thins
mediolaterally near its distal end. Orienting the
scapula vertically, the anterior margin is straight,
while the posterior border is concave posteriorly.
The proximal end of the scapula flares anteropos-
teriorly to contact the coraocoid. The anterior
and posterior margins of the scapula have fine
striations and rough patches, possibly indicating
attachment sites for the trapezius and levator
scapulae anteriorly, and the scapulohumeralis
caudalis and teres major posteriorly (Fearon and
Varricchio, 2016), though these features are not
as well defined as in Oryctodromeus. The distal

end of the scapula is asymmetrical in lateral
view, with a wider posteriorly directed flange
extending from the posterior surface. This flange
is not as pronounced as that of Orodromeus,
Oryctodromeus, and Thescelosaurus (Gilmore,
1915; Scheetz, 1999; Varricchio et al., 2007), and
the scapular shaft of Haya is proportionally lon-
ger and anteroposteriorly narrower overall than
in these taxa. However, the scapula of Haya is
greatly expanded compared to the narrow, strap-
like scapulae of Eocursor and Heterodontosaurus
(Santa Luca, 1980; Butler, 2010). The distal end
of the scapula is also less squared off than those
of Changchunsaurus and Koreanosaurus (Butler
et al, 2011; Huh et al,, 2011). The scapula of
Haya is very similar in overall shape to that of
Hexinlusaurus (He and Cai, 1984), except that
Haya has a slightly more anteriorly expanded
acromion. The lateral surface of the scapula is
smooth, lacking the prominent scapular spine
that extends from the acromion process in Oryc-
todromeus (Varricchio et al., 2007). Though the
overall shape of the scapula is very similar to that
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FIG. 45. Left tibia and fibula of IGM 100/3178 in A, anterior, B, medial, C, posterior, D, lateral, E, proximal,
and F, distal views. Abbreviations in appendix 1.

of Parksosaurus (ROM 804), there is no trace of
the ossified suprascapular element of that taxon
(Parks, 1926). The distal border of the scapula is
roughened and irregular, but whether this is
because the scapula bore a cartilaginous exten-
sion, as hypothesized for other taxa (Norman et
al., 2004), or because of insect or other tapho-
nomic damage remains uncertain. Proximally,
the deltoid fossa is a depression extending across
the lateral surface of the proximal plate (sensu
Han et al., 2012), onto the acromion process and
supraglenoidal buttress (sensu Butler, 2010).
Between these two processes is a rounded, later-
ally projecting tubercle articulating with a
matching boss on the coracoid. Haya lacks the
smaller supraglenoidal buttress and distinct
supraglenoid fossa of Yueosaurus (Zheng et al.,
2012). The glenoid fossa faces posteriorly and
slightly laterally.

CoracoIp: The coracoid is a platelike bone
that thins outward from the glenoid along its
anterior and posterior margins (fig. 35). The two
coracoids are unfused and meet along the ven-
tral midline. The scapula may be partially fused

to the coracoid in IGM 100/2015, as in Koreano-
saurus and Oryctodromeus (Varricchio et al.,
2007; Huh et al., 2011; Makovicky et al., 2011),
though a suture between the bones remains vis-
ible. This differs from most other early-diverging
neornithischians, where these elements are
unfused (Han et al., 2012). However, whether or
not fusion of the scapula and coracoid may have
occurred later ontogenetically in these taxa
remains unknown (Huh et al., 2011). A small,
round coracoid foramen is present just ventral
to the scapulocoracoid suture. The coracoid con-
tributes to half the articular facet of the glenoid.
The posterior border of the coracoid ventral to
the glenoid fossa is strongly concave, as in many
other early-diverging neornithischians (Gilm-
ore, 1915; Galton and Jensen, 1973; Galton,
1974a; Scheetz, 1999; Varricchio et al., 2007;
Huh et al., 2011). This embayment is absent or
poorly developed in Lesothosaurus, Heterodon-
tosaurus, and Hexinlusaurus, but is present in
Manidens and “Yandusaurus” hongheensis (Santa
Luca, 1980; He and Cai, 1984; Pol et al., 2011;
Baron et al., 2017). Haya lacks the coracoid
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FIG 46. Right distal tibia, fibula and astragalus of IGM 100/3178 in A, posterior and B, anterior views. Abbre-

viations in appendix 1.

tubercle on the posteroventral corner of the
coracoid seen in other taxa (Santa Luca, 1980;
Norman et al.,, 2004; Makovicky et al., 2011).
This tubercle is possibly the origin of the cora-
cobrachialis muscle in these taxa (Santa Luca,
1980), though the hypothesized region of origin

for this muscle is smooth in Haya and Orycto-
dromeus (Fearon and Varricchio, 2016). As
noted by Makovicky et al. (2011), much of the
ventral border of the coracoid is damaged in
IGM 100/2015, resulting in what are possibly
traces of insect feeding.
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STERNUM: IGM 100/2015 has two flat, reni-
form sternal plates articulated along their ante-
rior margins (fig. 35). The sternum is slightly
thicker anteriorly near its articulation with the
coracoid. The sternum has a strongly concave
lateral border and strongly convex medial bor-
der. These borders are more strongly curved than
the sternal margins of Othnielosaurus and Oro-
dromeus (Galton and Jensen, 1973; Scheetz,
1999), and are fairly similar in overall shape to
those of Changchunsaurus, Parksosaurus, and
Dryosaurus (Gilmore, 1925; Parks, 1926; Galton,
1981; Butler et al., 2011). The posterior border of
the sternum of Hypsilophodon is not as rounded
as that of Haya (Galton, 1974a; Makovicky et al.,
2011). Haya lacks the bumps on the ventral and
medial surfaces of the sternum present in Hypsi-
lophodon (Galton, 1974a). There also is no fenes-
tra in the sternum, in contrast to a possible
fenestra present in Heterodontosaurus (Sereno,
2012). As described above, no sternal ribs have
been found in any Haya specimen, nor are there
any clear indications on the sternum of their
points of articulation (Makovicky et al., 2011).

HumEerus: IGM 100/2015 (fig. 35) preserves
the most information about the humerus and
forms the basis for this description. In this speci-
men, the humerus is articulated with the glenoid
fossa, with its distal end pointing posteriorly. The
overall humeral shape of Haya differs little from
those of other early-diverging neornithischians,
which further differ little from one another, with
only few exceptions. This observation is sup-
ported by both traditional and geometric mor-
phometric analyses of humeral shape that
included Haya (Fearon and Varricchio, 2015).
The humeral head is rotated 90° relative to the
distal end of the humerus, as in other early-
diverging ornithischians and ornithopods (Nor-
man et al., 2004), but in contrast to Lesothosaurus
(Baron et al., 2017). The head is mediolaterally
broad and proximally rounded. The lateral tuber-
osity is poorly defined. This differs from Kore-
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anosaurus, in which the lateral tuberosity is
prominent and well separated from the humeral
head (Huh et al., 2011). The extent of the medial
tuberosity in Haya cannot be fully determined
because it lies in contact with the matrix, but it
was probably small and poorly separated from
the humeral head, again in contrast to the well-
defined medial tuberosity of Koreanosaurus
(Huh et al., 2011). The anterior face ventral to
the head and medial to the deltopectoral crest is
flat, whereas it forms a shallowly concave bicipi-
tal sulcus in other taxa, including Jeholosaurus,
Koreanosaurus, Changchunsaurus, and Hypsilo-
phodon (Galton, 1974a; Butler et al,, 2011; Huh
et al, 2011; Han et al., 2012). A proximodistally
broad deltopectoral crest extends along the prox-
imal half of the humerus. It is not as expanded
as that of Oryctodromeus, Koreanosaurus, and
Orodromeus (Scheetz, 1999; Huh et al., 2011;
Fearon and Varricchio, 2015), but is more
expanded than those of Othnielosaurus, Thescelo-
saurus, and Dryosaurus (Galton and Jensen,
1973; Galton, 1974b, 1981). The deltopectoral
crest reaches its apex about one third of the way
distally along the total length of the humerus.
The border of the crest is slightly concave in lat-
eral view, in contrast to the convex border of
Heterodontosaurus (Galton, 2014). The deltopec-
toral crest bends anterolaterally from the humeral
shaft, and merges gradually with it distally, unlike
the sharp transition between crest and shaft seen
in Heterodontosaurus (Santa Luca, 1980). The lat-
eral surface of the deltopectoral crest contains a
shallow trough housing muscle scars that may
mark the insertion sites of the deltoideus clavicu-
laris and deltoideus scapularis muscles (Fearon
and Varricchio, 2016). Distal to the deltopectoral
crest, the shaft is elliptical in cross section and
relatively gracile like those of Jeholosaurus,
Changchunsaurus, Orodromeus, and Hypsiloph-
odon (Galton, 1974a; Scheetz, 1999; Butler et al.,
2011; Han et al., 2012). In contrast, the humeral
shafts of Oryctodromeus and Koreanosaurus are

FIG. 47. Right tibia, fibula, tarsus, and pes of IGM 100/2013 in A, medial, B, anterior/flexor, C, posterior, and

D, lateral views. Abbreviations in appendix 1.
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more robust relative to their length (Huh et al,,
2011; Fearon and Varricchio, 2015). The ulnar
and radial condyles are separated by a shallow
anterior intercondylar groove. The ulnar and
radial condyles appear subequal in size, though
Makovicky et al. (2011) considered the ulnar
condyle to be slightly larger, as in many other
taxa (e.g., Galton, 1974a; Scheetz, 1999). This dif-
fers from the condition in Koreanosaurus, in
which the ulnar condyle is much broader trans-
versely (Huh et al., 2011); and from Lesothosau-
rus, in which the radial condyle is noticeably
larger than the ulnar condyle (Baron et al., 2017).
The ulnar condyle projects farther anteriorly
(Makovicky et al., 2011). As noted by Makovicky
et al. (2011), matrix obscures the posterior side
of the condyles, preventing confirmation of the
presence or absence of an olecranon fossa.
Makovicky et al. (2011) also describe two holes
in the anterior face of the proximal end as pos-
sible damage from scavenging insects. The sur-
faces of the head and condyles are rough,
indicating probable cartilage attachment sites.
ULNa: A well-preserved ulna from a large
individual (IGM 100/3661, fig. 14) is very similar
in shape in lateral view to the ulna of Orodromeus
(Scheetz, 1999). As in other early-diverging
neornithischians except for Heterodontosaurus,
the olecranon process extends a short distance
beyond the saddle-shaped joint surface for the
humerus (Norman et al., 2004). There is a low
coronoid process on the medial surface of the
proximal end. The posterior border of the ulna
of IGM 100/3661 is “keeled” as in Orodromeus
and Koreanosaurus (Scheetz, 1999; Huh et al.,
2011), but in contrast to other Haya specimens,
in which the proximal end is more gently curved
and less expanded in lateral view. The lateral sur-
face of the ulna of IGM 100/3661 is grooved lon-
gitudinally, but those of other specimens are not.
In IGM 100/3181 (Norell and Barta, 2016), a
ridge that wraps around the ulna from the lateral
surface proximally to the dorsal surface distally

<

gives the appearance that the ulna is twisted. The
cross section changes from triangular near the
proximal articular surface to elliptical along
much of its length. The distal end of the ulna of
IGM 100/3661 is dorsoventrally expanded. No
other specimen preserves a complete ulnar distal
end. The shaft of the ulna is mostly straight
between the expanded ends, giving it a less
bowed appearance overall than that of Hypsilo-
phodon (Galton, 1974a). The ulna of Haya is pro-
portionally more elongate, with relatively
narrower expansions of its proximal and distal
ends, than that of a large specimen of Thescelo-
saurus (AMNH FARB 5034). Haya lacks the
broad depression that covers the lateral surface
of the distal third of the ulna of Thescelosaurus
(Gilmore, 1915).

Rapi1us: The radius is mediolaterally com-
pressed along its length, but the distal half is
mediolaterally thicker than the proximal half.
The distal half twists slightly laterally. A longitu-
dinal ridge runs the length of the shaft dorsally.
The proximal end is more dorsoventrally
expanded than the elliptical distal end of IGM
100/2015 (fig. 35). The proximal end contains a
shallow sulcus where it articulates with the
humerus, as in other early-diverging neornithis-
chians (Norman et al., 2004; Makovicky et al,,
2011). The proximal end is very shallowly con-
cave where it articulates with the ulna. The prox-
imal expansion is not as dramatic as that of a
specimen of Thescelosaurus (AMNH FARB
5034). The distal end of the radius is rugose in
IGM 100/2015, and its posterior corner forms a
slightly raised tubercle. Because of their differing
positions, this feature may not be homologous to
the more proximally located radial tubercle of
Heterodontosaurus (Santa Luca, 1980). The
radius of Haya is proportionately more elongate
than that of one large Thescelosaurus (AMNH
FARB 5034), and is more similar to the slender
radius of the smaller holotype of Thescelosaurus,
USNM 7757 (Gilmore, 1915), possibly indicating

FIG. 48. Right pes of IGM 100/3178 in A, proximal, B, dorsal, C, lateral, D, ventral, and E, medial views.

Abbreviations in appendix 1.
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FIG. 49. Gastroliths underlying the left tibia and fibula of IGM 100/2015. Abbreviations in appendix 1.
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FIG. 50. Ribs, sacral vertebrae, left hind limb, and associated gastroliths of IGM 100/3182. Abbreviations in
appendix 1.

that the radius becomes more robust with
increasing size (Galton, 1974b). The radius of
IGM 100/2015 is similar in overall shape to that
of Hypsilophodon (Galton, 1974a). The radius of
Haya lacks defined carpal articular facets.
CarraLs: Only IGM 100/3181 preserves any
carpals, and these were dislodged from their life
positions. One of these is pyramidal with two
distinct concave articular facets (Norell and
Barta, 2016: fig. 6A, top). We tentatively identify

this element as the intermedium, based on its
morphological similarity to the intermedia of
Thescelosaurus (AMNH FARB 5034) and Hypsi-
lophodon (Gilmore, 1915; Galton, 1974a). The
intermedia of both taxa, like the element in
Haya, are diamond shaped in dorsal view. The
two articular facets of the possible Haya interme-
dium probably received the radius and ulna. The
other carpal element of IGM 100/3181 is cuboid,
with at least two concave articular facets on a
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side opposite a concave surface with two distinct
foramina (Norell and Barta, 2016: fig. 6A, bot-
tom). The fact that it is about the same size as the
intermedium suggests that it is either the radiale
or ulnare. The ulnare of Heterodontosaurus pos-
sibly contains two foramina as in the carpal of
Haya (Santa Luca, 1980), but the morphologies
of the two elements are otherwise dissimilar,
making it hard to determine whether or not the
foramina are in homologous locations. The
square shape of the Haya carpal agrees more
closely with the shape of the ulnare of Tenonto-
saurus in proximal and distal views, rather than
the more triangular radiale of Tenontosaurus
(Forster, 1990). No view of the bone precisely
matches the dorsal views of the Orodromeus
(Scheetz, 1999) or Thescelosaurus (Gilmore,
1915) radiale or ulnare, however. Therefore,
though we are confident that this bone is likely
the radiale or ulnare, we caution that the lack of
topological data for this bone and the current
dearth of well-preserved early-diverging neor-
nithsichan carpi hinders comparisons that could
allow for a more definitive identification.
METACARPALS: Metacarpals are presently
known from only two specimens: IGM 100/2015
has metacarpals I through IV (fig. 37), and IGM
100/3181 preserves metacarpals I and II (Norell
and Barta, 2016: fig. 6B, C). The following
description orients the hand so that the palmar
surface is considered ventral, and the antipalmar
surface dorsal, with digit I medial. The proximal
end of metacarpal I is roughly triangular, with
the point directed medially. The lateral condyles
of metacarpals I and II are longer than the
medial condyle, forcing phalanx I-1 into a medi-
ally directed orientation as in many other dino-
saurs (e.g., Barta et al., 2018). The condyles of
these elements are more rounded in IGM
100/2015 than in IGM 100/3181. The distal ends
of metacarpals I and II are also twisted medially
relative to the proximal end. The distal articular
surfaces of metacarpals I and II are ginglymoid
and offset from the shaft by a pronounced dorsal
lip. The shaft of metacarpal II is more constricted
relative to the proximal and distal ends than that
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of metacarpal I. The collateral ligament pits on
the first and second metacarpals are deep and
elliptical, with those of the lateral sides larger
than those of the medial sides. As in Hexinlusau-
rus, Orodromeus, Thescelosaurus, and Hypsiloph-
odon (Gilmore, 1915; Galton, 1974a; He and Cai,
1984; Scheetz, 1999), metacarpals II and III are
the longest, being subequal in length (Makovicky
et al,, 2011). These taxa may differ from Lesotho-
saurus, in which metacarpal III was recon-
structed as noticeably longer than II (Baron et
al., 2017), though measurements and a recon-
struction provided by Sereno (1991) suggest they
are nearly equal in length. Metacarpal II has a
deep depression for the insertion of extensor
digitorum longus on the dorsal surface of its
proximal end, much as in many other early-
diverging dinosaurs (Barta et al., 2018). This
depression is shallower in metacarpal I. None of
the metacarpals have deep distal extensor depres-
sions like those of Heterodontosaurus (Santa
Luca, 1980). Metacarpal III is mediolaterally nar-
rower overall than metacarpal II. Metacarpal IV
is the shortest of the preserved metacarpals in
Haya (Makovicky et al., 2011), though metacar-
pal V, if present, would have likely been shorter,
as evidenced by the other aforementioned taxa
for which metacarpals are preserved. No evi-
dence yet exists for a fifth metacarpal in Haya,
however. Metacarpal IV is not as distally
expanded as the other metacarpals. The shape of
its distal articular surface in IGM 100/2015 is
partially obscured by matrix.

ManNuaL PHALANGES: The phalangeal for-
mula for Haya, based on all available material is
2?-32-42-2-2. No complete phalangeal sequence
has been preserved for any digit of either IGM
100/2015 (fig. 37) or IGM 100/3181 (Norell and
Barta, 2016: fig. 6B-E). IGM 100/3137 (fig. 29)
and IGM 100/3672 also have a few disarticulated
phalanges. The proximalmost phalanges of digits
I and IT are about the same length, with that of
digit ITI markedly shorter. An isolated phalanx of
IGM 100/3181 (Norell and Barta 2016: fig. 6D),
likely from digit III, is wider across its proximal
end than it is long. All phalanges have gingly-
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moid articulations (Makovicky et al., 2011) and
deep circular collateral ligament pits. The proxi-
mal articular facets of the phalanges are triangu-
lar, with a raised dorsal and flat ventral surface.
The ungual phalanges are pointed and gently
curved, similar to those of Hypsilophodon (Gal-
ton, 1974a). Their medial and lateral edges are
sharp and slightly expanded beyond the width of
the articular surface. IGM 100/3181 preserves
three unguals, two subequal in size, and one
smaller one (Norell and Barta, 2016: fig. 6E).
These are probably from digits I-III, but we can-
not be sure which ungual belongs to which digit
at this time.

ILrum: The dorsal border of the ilium is
strongly convex in lateral view along the preac-
etabular process, but straightens at approximately
the level of the acetabulum, continuing as the
more gently convex dorsal border of the postac-
etabular process (figs. 34, 38, 39). This is similar
to the shape of the dorsal iliac border of Lesotho-
saurus, Hexinlusaurus, Othnielosaurus, Jeholo-
saurus, and Orodromeus (Galton and Jensen,
1973; He and Cai, 1984; Scheetz, 1999; Han et al.,
2012; Baron et al., 2017). In contrast, the dorsal
border of the ilium is sigmoidal to posteriorly
concave in Thescelosaurus (AMNH FARB 117)
and Oryctodromeus, and convex across its whole
length in the indeterminate orodromine TMP
2008.045.002 and some Hypsilophodon speci-
mens (Brown et al., 2013; see their figure 8 for
comparisons among many of these taxa). Most of
these differences in outline are caused by the
degree of either dorsal or ventral deflection of
the postacetabular process. The ilium of Haya is
laterally concave, due to lateral bending of the
pre- and postacetabular processes (Makovicky et
al., 2011). In lateral view, the anterior end of the
preacetabular process is more hooked in IGM
100/2019 (fig. 34) than in IGM 100/2015 (fig.
38). It is also more hooked than that of most
thescelosaurid taxa (Brown et al., 2013). The
overall curvature of the preacetabular process is
also individually variable in Orodromeus
(Scheetz, 1999), suggesting that variation in this
region in Haya is not unusual. In contrast to the

description of Makovicky et al. (2011), we note
that the preacetabular blade twists slightly, so
that part of its lateral face and ventral edge are
visible in dorsal view (see Galton, 1974a: fig.
50A, for an example of this). This matches the
usual morphology of most early-diverging neor-
nithischians (Norman et al., 2004). The posterior
edge of the postacetabular process is squared oft
in lateral view on the right ilium of IGM
100/2019 (fig. 34), the only ilium that is relatively
undamaged in this region. This differs from the
squared-off, but dorsoventrally expanded poste-
rior margins of Oryctodromeus and Thescelosau-
rus, and the more tapered posterior border of
TMP 2008.045.002 (Brown et al., 2013). The bre-
vis fossa of Haya is mediolaterally broad and
gently concave. It slopes medioventrally, with its
medial edge just barely visible in lateral view (fig.
38). The brevis fossa is more visible in lateral
view in Thescelosaurus (AMNH FARB 117; Gal-
ton, 1974b). The pubic peduncle is anteroposte-
riorly compressed and pointed in lateral view
(fig. 38). It is directed strongly anteriorly as in
Lesothosaurus, Jeholosaurus, Hypsilophodon and
most thescelosaurids (Galton, 1974a; Han et al.,
2012; Brown et al., 2013; Baron et al., 2017). In
Haya, the pubic peduncle meets the preacetabu-
lar blade at an approximately 40° angle, slightly
greater than the 30° angle of Jeholosaurus (Han
et al., 2012). The ischiac peduncle is mediolater-
ally expanded compared with the pubic pedun-
cle. As in other neornithischians, a massive,
laterally expanded antitrochanter is developed
on the ischiac peduncle, which differs from the
narrow, ventrally concave antitrochanter of Het-
erdontosaurus (Santa Luca, 1980; Galton, 2014).
The acetabulum is fully open, in contrast to the
partially closed acetabula of Eocursor, Lesotho-
saurus, Agilisaurus, and Hexinlusaurus (He and
Cai, 1984; Peng, 1992; Barrett et al., 2005; Butler,
2010; Baron et al., 2017). There is no distinct lat-
erally expanded supraacetabular rim in Haya, in
contrast to the weakly developed rims of Jeholo-
saurus, TMP 2008.045.002, Orodromeus, and
Thescelosaurus (AMNH FARB 117) (Scheetz,
1999; Han et al., 2012; Brown et al., 2013), and
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the more prominent supraacetabular flanges of
Eocursor, Lesothosaurus, Heterodontosaurus,
Agilisaurus, and Scutellosaurus (Santa Luca,
1980; Peng, 1992; Barrett et al.,, 2005; Butler,
2010; Baron et al., 2017). The medial surface of
the ilium is largely obscured by matrix in all
studied specimens. The lateral surfaces of the ilia
are smooth in IGM 100/2015 and IGM 100/2019,
with no obvious muscle scarring.

Pusis: The pubis consists of an anterolaterally
directed prepubic process, a cuboidal main body,
and a long posteriorly projected postpubic rod
(figs. 34, 38). The prepubic process is relatively
long, extending past the anterior border of the
ilium and reaching the position of the 14th (in
IGM 100/2019) or 15th (in IGM 100/2015) dor-
sal vertebra, anteriorly. It is somewhat mediolat-
erally compressed, with a shallow ventral groove
as in other neornithischians (Norman et al.,
2004; Makovicky et al., 2011). The end of the
process is squared off, lacking the slight dorso-
ventral expansion seen in Thescelosaurus
(AMNH FARB 117). Its lateral surface is covered
in longitudinal striations, possibly marking the
origins of M. ambiens (Romer, 1927; Maidment
and Barrett, 2011). The main body of the pubis
is cuboidal, faces anteromedially, and articulates
with the pubic peduncle of the ilium (Makovicky
et al,, 2011). A robust process extends medially
from the main body of the pubis to articulate
with the junction between the second and third
sacral vertebrae, as in Orodromeus, Zephyrosau-
rus, and Oryctodromeus (Scheetz, 1999; Varric-
chio et al., 2007; Makovicky et al., 2011). Just
posterior to this is the obturator notch, which
remains open, as in some Lesothosaurus, some
Orodromeus, some Thescelosaurus, some Hypsilo-
phodon, and possibly Jeholosaurus (Gilmore,
1915; Galton, 1974a, 1974b; Scheetz, 1999;
Brown et al,, 2011; Han et al., 2012; Baron et al.,
2017); but in contrast to Eocursor, Heterodonto-
saurus, Hexinlusaurus, Oryctodromeus, some
Lesothosaurus, some Orodromeus, some Thesce-
losaurus, and some Hypsilophodon, where it is a
closed foramen (Galton, 1974a, 1974b; Santa
Luca, 1980; He and Cai, 1984; Scheetz, 1999;
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Varricchio et al., 2007; Butler, 2010; Baron et al.,
2017). Clearly, the open or closed status of the
obturator notch/foramen is highly variable in
ornithischians. This is possibly due to variable
ossification of cartilage that may have completed
the perimeter of this foramen (Romer, 1927).
However, only an open notch is currently known
for Haya. The postpubic processes are thinner
and longer than the prepubic process. They
extend parallel to and beyond the distal end of
the ischium to meet along the ventral midline
below the position of the second caudal vertebra.
The lateral surface of the distal three quarters of
the postpubic process bears a shallow groove
(Makovicky et al., 2011). This contrasts with
Jeholosaurus where a groove is present only on
the proximal quarter of the ventral surface (Han
et al,, 2012). The postpubic process is elliptical in
cross section.

IscHrumM: The proximal ischium is divided
into an iliac and a pubic peduncle. In IGM
100/2015 (fig. 38), these were damaged by insects
or other scavengers (Makovicky et al., 2011).
IGM 100/2019 provides additional information
about their morphology. The iliac peduncle is
anteroposteriorly broad, transversely compressed
and probably squared off. It is slightly disarticu-
lated, and therefore its original orientation rela-
tive to the ilium cannot be determined. The
pubic peduncle is dorsoventrally expanded and
is also transversely compressed and probably
squared off, articulating with the pubis just distal
to the probable position of the obturator notch
in IGM 100/2015 (fig. 38). The pubic peduncle is
longer than the iliac peduncle in IGM 100/2015,
as in Jeholosaurus (Han et al., 2012). The two
peduncles meet at an angle of approximately
140° in lateral view. The broad, U-shaped con-
cavity between them forms the ventral border of
the acetabulum. The morphology of these
peduncles differs little from other neornithischi-
ans (Norman et al., 2004). The remainder of the
ischium constricts posteriorly to form a flattened
shaft. This shaft twists approximately one third of
the way along its length distal from the platelike
proximal end, so that its medial surface faces



2021 BARTA AND NORELL: OSTEOLOGY OF HAYA GRIVA 73

dorsally (Makovicky et al., 2011). This twist is
not as apparent in Orodromeus (Scheetz, 1999;
D.E.B,, personal obs. of MOR 294). Haya lacks
the groove in this region that is variably present
in Jeholosaurus and present in Eocursor (Butler,
2010; Han et al,, 2012). Near the point at which
the shaft twists, a tablike obturator process is
present, as in the case for most early-diverging
neornithischians and many ornithopods (Nor-
man, 2004; Norman et al., 2004), but not Eocur-
sor or Heterodontosaurus (Santa Luca, 1980;
Butler, 2010). This process is placed slightly more
distally in Haya than in Jeholosaurus (Han et al,,
2012), but slightly more proximally than in Park-
sosaurus and Hypsilophodon (Parks, 1926; Gal-
ton, 1974a). The obturator process of IGM
100/2015 is obscured by matrix along its articu-
lation with the pubis; therefore, the morphology
of the complete process remains unknown. Haya
lacks the lateral groove just distal to the obtura-
tor process seen in Orodromeus (D.E.B., personal
obs. of MOR 294). The shaft of the ischium is
longer and straighter than that of Parksosaurus
(Parks, 1926). The portion of the ischium distal
to the obturator process progressively flattens
dorsoventrally. A sharp ridge is present on its
lateral surface, beginning at the point at which
the shaft of the ischium twists (fig. 38) (Makov-
icky et al., 2011). This ridge possibly marks the
origin for m. puboischiofemoralis externus
(Maidment and Barrett, 2011). The distal extent
of the ischia relative to the postpubic shaft of the
pubis cannot be determined in IGM 100/2015
due to damage. All visible surfaces of the ischia
are smooth, without obvious muscle scars.
FEMUR: As described by Makovicky et al.
(2011), the studied sample of Haya contains a
growth series of femora. Two isolated femora,
the 64 mm long (estimated) IGM 100/2020
(fig. 43) and the 162 mm long IGM 100/1324
(fig. 41), bracket the size range of currently
known specimens. All of the other femora are
intermediate in length between these, exempli-
fied by the 129 mm long femur of IGM
100/2015 (fig. 42) and the 125 mm long femur
of IGM 100/2013 (fig. 44). The histology of

some of these femora is discussed in a subse-
quent section of this paper.

The femoral head is offset from the neck by a
distinct constriction. The head is approximately
perpendicular to the shaft, and the neck angles
dorsomedially away from the shaft at an approxi-
mately 135° angle, similar to the angle in Kore-
anosaurus and Orodromeus (Scheetz, 1999; Huh
etal., 2011). A wide rectangular groove for inser-
tion of m. iliotrochantericus (Maidment and
Barrett, 2011) runs dorsolaterally along the pos-
terior and medial faces of the head, as in Jeholo-
saurus, Orodromeus, Changchunsaurus,
Koreanosaurus, and Hypsilophodon (Galton,
1974a; Scheetz, 1999; Butler et al., 2011; Huh et
al.,, 2011; Han et al., 2012). A broad U-shaped
valley separates the head from the greater tro-
chanter proximally. A shallow circular depres-
sion occupies the lateral surface of the greater
trochanter in IGM 100/1324 (fig. 41D), but this
surface is flat in IGM 100/2013 (fig. 44D), IGM
100/2015 (fig. 42B), and IGM 100/2019 (fig. 34).
The lateral surface of the greater trochanter is
more extensively depressed in Changchunsaurus
(Butler et al., 2011). In IGM 100/2013, there is a
narrow, proximodistally oriented ridge on the
posterior portion of the greater trochanter in lat-
eral view that mirrors the lesser trochanter for a
short distance (fig. 44D). This ridge is also pres-
ent in Jeholosaurus (Han et al., 2012: fig. 10A, I).
The lesser (or anterior) trochanter, while clearly
distinct from the greater trochanter, is tightly
appressed to its anterior surface, as in Heterodon-
tosaurus, Fruitadens, and most neornithischians
(Norman et al., 2004; Butler et al., 2012; Sereno,
2012; Galton, 2014). In contrast, the lesser tro-
chanter is separated from the greater trochanter
by a wide cleft in Lesothosaurus, Eocursor,
Laquintasaura, Abrictosaurus, Agilisaurus, and
Hexinlusaurus (He and Cai, 1984; Peng, 1992;
Butler, 2010; Sereno, 2012; Barrett et al., 2014;
Baron et al.,, 2017). The lesser trochanter is gen-
erally more anteroposteriorly expanded in these
latter taxa than in Haya and others in which the
lesser and greater trochanters are more tightly
appressed. The proximal end of the lesser tro-



74 BULLETIN AMERICAN MUSEUM OF NATURAL HISTORY

chanter terminates distal to that of the greater
trochanter, whereas in Changchunsaurus it
extends proximally past the greater trochanter
(Butler et al., 2011). The femur shaft bows ante-
riorly. Unlike in Orodromeus, which shows
increased femoral curvature with increasing size
(Scheetz, 1999), the smallest Haya femur (IGM
100/2020) is curved to a similar degree as the
larger femora. However, we note that no Haya
femora as small as those of the smallest Oro-
dromeus have yet been discovered. The femoral
midshafts of IGM 100/2020, IGM 100/2015, and
IGM 100/1324 are roughly circular in cross sec-
tion, except toward the lateral side in the latter
two specimens, on which the ridge of the linea
intermuscularis caudalis (Maidment and Barrett,
2011) is developed (see subsequent discussion of
the histology of these specimens). The linea
intermuscularis cranialis is clearly visible on the
anterior shafts of IGM 100/2013 and IGM
100/3672 (figs. 15, 44B). The fourth trochanter is
located entirely on the proximal half of the femur
as in Jeholosaurus, Orodromeus, and Hypsiloph-
odon (Galton, 1974a; Scheetz, 1999; Han et al.,
2012), whereas it arises more distally in Thesce-
losaurus (Gilmore, 1915). In Haya, the fourth
trochanter is pendant and twists laterally about
one third of the way from where it meets the
shaft. The fourth trochanter twists more strongly
than in Thescelosaurus (Gilmore, 1915), and is
relatively thicker distally than in Koreanosaurus
(Huh et al., 2011). The medial surface of its distal
end contains a deep trough bounded by sharp
ridges anteroventrally and posterodorsally.
Another sharp ridge runs the length of the lateral
surface of the fourth trochanter. The distal end of
the fourth trochanter of IGM 100/2013 (fig. 44)
is more transversely expanded than in IGM
100/2015 (fig. 42). The fourth trochanter of IGM
100/2013 is more ventrally hooked than that of
IGM 100/2015 and Jeholosaurus (Han et al.,
2012). Scheetz (1999) also noted some intraspe-
cific variation in fourth trochanter shape in Oro-
dromeus. As in other ornithischians with a
pendant fourth trochanter (Maidment and Bar-
rett, 2011), caudofemoralis brevis likely inserted
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on the lateral side of the trochanter, and caudo-
femoralis longus inserted along the deep trough
on the medial side. There is no obvious foramen
lateral to the fourth trochanter in posterior view
like in Jeholosaurus and Thescelosaurus (Gilmore,
1915; Han et al.,, 2012). There is a very shallow
depression in this region on IGM 100/2013, but
it is difficult to determine whether this is tapho-
nomic in nature or is the trace of a foramen. An
elliptical, roughened depression on the medial
shaft just anterior to the fourth trochanter marks
the insertion of m. caudofemoralis longus, as in
many ornithischians. The lateral condyle projects
slightly further distally than the medial condyle.
There is no anterior intercondylar sulcus, and the
posterior intercondylar sulcus is deep, as is prob-
ably plesiomorphic for neornithischians (Nor-
man et al., 2004). The medial condyle is larger
than the lateral condyle in posterior view. The
inflated medial condyle partially encloses the
posterior intercondylar sulcus (figs. 42C, 43C,
44A), as in some elasmarians and iguanodon-
tians (Salgado et al., 1997; Bell et al,, 2019). A
sulcus runs mediolaterally across the distal sur-
face of the lateral condyle.

TiB1A: The proximal end of the tibia is antero-
posteriorly expanded and crescent shaped in
proximal view, as the cnemial crest and inner
condyle form a medially bowing arc with their
apices pointing laterally toward the fibula (fig.
45). The fibular condyle is separated from these
by deep sulci (the anterior sulcus is the incisura
tibialis) and points laterally to articulate with the
fibula. The fibular condyle is smaller in Haya
than in Jeholosaurus (Han et al., 2012). As in
Orodromeus, Changchunsaurus, Koreanosaurus,
and Hypsilophodon (Galton, 1974a; Scheetz,
1999; Huh et al,, 2011), but not Hexinlusaurus,
“Yandusaurus” hongheensis, Jeholosaurus, Anabi-
setia, and Gasparinisaura (He and Cai, 1984;
Coria and Salgado, 1996; Salgado et al., 1997;
Coria et al., 2007; Han et al., 2012), there is a
small anterolaterally directed accessory condyle
separated posteriorly from the fibular condyle by
a broad, shallow sulcus. A poorly developed
accessory condyle is present in Lesothosaurus
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and Eocursor (Thulborn, 1972; Butler, 2010). The
accessory condyle is broader and more rounded
in Changchunsaurus and Orodromeus than in
Haya (Scheetz, 1999; Butler et al., 2011). In IGM
100/2013, the medial surface of the cnemial crest
contains a deep fossa with a raised anterior rim
and a striated floor (fig. 47A, B). This fossa is not
as well defined in IGM 100/2015. The expanded
proximal end tapers gradually to the shaft, which
is roughly circular at its midpoint, but distal to
that point it expands mediolaterally. The shaft is
largely straight and smooth. In IGM 100/2013,
the posteromedial surface of the shaft has a low
mound of unknown identity just distal to its
midpoint and adjacent to the fibular eminence
(fig. 47A, C). The fibular eminence, sensu Han et
al. (2012), is a low, laterally convex ridge on the
distal half of the lateral side of the tibia (figs.
46A, B, 47C), similar in shape to that of Jeholo-
saurus and Albertadromeus (Han et al., 2012;
Brown et al., 2013). Proximal to the fibular emi-
nence, the tibia shaft is deflected away from the
fibula; distally, the fibula and tibia are tightly
appressed. The mediolateral expansion of the
distal shaft forms the medial and lateral malleoli.
The lateral malleolus projects further distally
than the medial malleolus (Makovicky et al.,
2011). The medial malleolus is more anteropos-
teriorly expanded than the lateral malleolus.
There is a deep depression between the malleoli
anteriorly, and a shallow depression between
them posteriorly. As noted by Makovicky et al.
(2011), Haya lacks the ridge between the two
malleoli posteriorly that is present in Gasparin-
isaura and Diluvicursor (Coria and Salgado,
1996; Herne et al., 2018).

FiBuLa: The fibula is not fused to the tibia, as
in almost all neornithischians, but in contrast to
Heterodontosaurus and Albertadromeus, in which
these two elements are fused distally (Santa Luca,
1980; Brown et al. 2013). The proximal end of
the fibula is anteroposteriorly expanded. The
bone tapers distally and is narrow for much of its
length, but it expands anteroposteriorly again
just proximal to its articulation with the calca-
neum. The fibula shafts of Koreanosaurus and

Thescelosaurus appear to be proportionally
thicker for much of their length than in Haya
(Galton, 1974b; Huh et al., 2011). The medial
surface of the proximal fibula of IGM 100/2013
is concave and has a deep fossa, possibly for
articulation with the fibular condyle of the tibia.
Approximately one third of the way down the
shaft, at its most laterally swollen point, the fib-
ula has a rugose patch for muscle attachment
(fig. 47C, D). In anterior view, the proximal half
of the fibula bows laterally, whereas the distal
half is more tightly appressed to the fibula. A
thin, medially directed flange from the fibula
overlaps the tibia near its midpoint. This flange
is slightly shorter proximodistally and more rect-
angular in Orodromeus (Scheetz, 1999) and
absent in Jeholosaurus (Han et al., 2012). The
distal end of the fibula is rounded in proximal
view. In lateral view, a triangular projection from
the fibula inserts between the tibia and
calcaneum.

TarsaLs: The astragalus and calcaneum are
tightly appressed in all Haya specimens (figs. 46,
47). Their distal articular surfaces merge
smoothly (Makovicky et al., 2011). They may or
may not be partially fused, as only short traces of
a suture between the two elements remain. All
available Haya astragali and calcanea are articu-
lated with the tibia and fibula, preventing
description of their proximal surfaces. They are
not fused to the tibia or fibula, in contrast to Het-
erodontosaurus, in which the tibia, fibula, astrag-
alus, and calcaneum are all fused to one another
(Santa Luca, 1980). The astragalus is crescentic in
medial view, forming a smoothly rounded artic-
ular surface. Anteriorly, the astragalus gives rise
to a proximodistally short, fingerlike ascending
process. The ascending process is longest and
most transversely expanded in IGM 100/2015. In
IGM 100/2013 and IGM 100/3178 (figs. 46, 47),
it is more spikelike, as in Hypsilophodon (Galton,
1974a). Orodromeus differs from Haya in having
a forked ascending process (Scheetz, 1999). In
Haya, two depressions lie to either side of the
base of the ascending process, and a transverse
groove cuts across the astragalus distal to them
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(Makovicky et al., 2011). In distal view, the
astragalus narrows gradually in anteroposterior
width to its articulation with the calcaneum. The
calcaneum is ovoid in lateral view, with a large
pit occupying the center of its lateral surface.
Small portions of both the calcaneum and
astragalus are visible in posterior view.

Two distal tarsals are present, as in most
neornithischians (Norman et al.,, 2004). They
consist of a discoid medial tarsal and a blocky
lateral tarsal (fig. 47B). The medial element may
comprise fused distal tarsals two and three, given
its articulation with the second and third meta-
tarsals. The cuboidal lateral distal tarsal articu-
lates solely with the fourth metatarsal.
Alternatively, some of the plesiomorphic four
distal tarsals may have been lost from these posi-
tions during neornithischian evolution, with
adjacent tarsals shifting to take their places.
Many authors (e.g., Han et al., 2012; Santa Luca,
1980) interpret the medialmost distal carpal as
distal carpal 1, despite its articulation with meta-
tarsal II. This is plausible, but it is also possible
that distal tarsal 1 was lost or fused onto distal
tarsal 2 when the proximal articular surface of
metatarsal I became reduced in size. Therefore,
in taxa with three distal tarsals (e.g., Heterodon-
tosaurus) these may be distal carpals 1, 2, and 3,
or they may be distal carpals 2, 3, and 4. Like-
wise, in taxa with two distal tarsals (e.g., Haya),
they may be distal tarsals 1+2 and 3 or 2+3 and
4. We consider both equally likely, and in the
absence of further evidence, see no a priori rea-
son to identify the distal tarsals as 1, 2, and 3.
Given this uncertainty as to their identities, we
refer to the elements in Haya simply as the
medial and lateral distal tarsals. In light of this,
the distal tarsals of Orodromeus and Jeholosaurus
do not seem to be as unusual as described by
Han et al. (2012), as the morphologies of the
medial and lateral distal tarsals are very similar
to those of Haya (IMG 100/2013, fig. 47B). The
lateral distal tarsal of Haya is similar to the lat-
eralmost distal tarsal of Heterodontosaurus,
which is cuboidal with a possible foramen on its
posterior (plantar) surface (Santa Luca, 1980).
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METATARSALS: IGM 100/2013 and IGM
100/3178 have complete, articulated metatarsals
and phalanges (figs. 47, 48). The overall propor-
tions and morphology of the metatarsals are very
similar to other early-diverging neornithischians
(Norman et al., 2004). One exception is Thescel-
sosaurus, in which the metatarsals are shorter
relative to the phalanges than in taxa such as
Haya and Hypsilophodon (Gilmore, 1915; Galton,
1974b). In Haya, metatarsal I is splintlike, with a
mediolaterally compressed proximal shaft that
expands anteroposteriorly and transversely
toward its distal end. Metatarsal I articulates with
the ankle at the same proximal level as metatar-
sal II. Metatarsal I has a simple, rounded distal
articular surface. Metatarsals II and IV are sub-
equal in length, with ginglymoid distal articular
surfaces and collateral ligament pits. Metatarsal
II is parallel and tightly appressed to metatarsal
III for most of its length, whereas metatarsal IV
bends laterally away from III. Metatarsal III is
the longest metatarsal and has the most rounded
and well-separated distal condyles. Its distal half
bends slightly laterally. Metatarsal III also has the
deepest collateral ligament pits of all the metatar-
sals of IGM 100/3178. The posterior surface of
metatarsal I bears a longitudinal ridge, whereas
that of metatarsal III is flat (Makovicky et al,
2011). The ventral surface of metatarsal IV has a
diagonal ridge that runs from the medial surface
proximally to the lateral surface distally, merging
with the ventral edge of the lateral condyle, as in
Jeholosaurus, Changchunsaurus, and Hypsiloph-
odon (Galton, 1974a; Butler et al., 2011; Han et
al., 2012). Metatarsal V is an anteroposteriorly
flat, rectangular element that lacks clearly defined
articular surfaces. It is more transversely
expanded than the rodlike fifth metatarsal of
Hypsilophodon (Galton, 1974a). The distal ends
of the metatarsals are convex dorsally and lack
any extensor pits.

PEDAL PHALANGES: The pedal phalangeal for-
mula of Haya is 2-3-4-5-0, as in nearly all early-
diverging neornithischians (Norman et al., 2004)
(figs. 47, 48). As is typical for these taxa, the first
phalanges on all the digits are the longest. Each
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phalanx is smooth dorsally and ventrally. All pha-
langes except I-1, II-1, and IV-1 have a dorsal lip
that articulates with the extensor groove of the
preceding phalanx. There is a short dorsal lip on
phalanx III-1 in one specimen of Haya, IGM
100/3178 (fig. 48B, C), but not in another, larger
specimen, IGM 100/2013 (fig. 47). The presence
of a short dorsal lip on phalanx III-1 is also vari-
able in Jeholosaurus, but in that taxon the larger
specimen (IVPP V15939) has the lip, while the
smaller one (IVPP V12529) lacks it (Han et al,,
2012: fig. 12A, B, E, F). Therefore, in contrast to
the observation by Makovicky et al. (2011) and
the condition in Hypsilophodon (Galton, 1974a),
Haya does not always lack dorsal lips on all proxi-
mal phalanges. All nonungual phalanges are gin-
glymoid and bear deep collateral ligament pits.
Phalanx I-1 is relatively long, as in Changchunsau-
rus, whereas it is proportionately shorter in Jeholo-
saurus (Butler et al., 2011; Han et al,, 2012). The
terminal phalanx of each digit is a clawlike curved
ungual. The digit I ungual is the narrowest,
whereas the others are more transversely
expanded. The ungual on digit I is also propor-
tionately narrower than that of Jeholosaurus (Han
etal, 2012). The ungual on digit III is the longest,
as in Jeholosaurus but in contrast to Changchun-
saurus, in which the digit II claw is the longest
(Butler et al., 2011; Han et al., 2012). The overall
pedal phalangeal morphologies and proportions
of Othnielosaurus (YPM 57181: a cast of BYU
163) and Hypsilophodon are also very similar to
those of Haya (Galton and Jensen, 1973; Galton,
1974a). In contrast, the pedal phalanges of Thesce-
losaurus (Gilmore, 1915) are more transversely
expanded and the unguals are less curved and
pointed than those of Haya, creating an overall
impression of greater robustness.

GASTROLITHS

Gastroliths are associated with IGM 100/2015,
IGM 100/3661, IGM 100/3672, and IGM
100/3182 (figs. 14, 15, 27, 49, 50). In the latter
two specimens, they are preserved near the
abdominal cavity, probably only slightly dis-

lodged from their life position inside the animal.
They underlie the tibia and fibula in IGM
100/2015 (figs. 27, 49). The lithology of the gas-
troliths is varied within all specimens, but is
probably primarily quartz and chert (Makovicky
et al, 2011). The pebbles are smooth, tightly
grouped, and have rounded edges. The overall
volume of gastroliths is roughly consistent
among the specimens and was estimated at 92.7
mL by Makovicky et al. (2011) for IGM 100/2015.
The gastroliths associated with IGM 100/2015
range from approximately 5-13 mm in maxi-
mum diameter, and from 6-15 mm in maximum
diameter for those with IGM 100/3182. The
upper values are presumably a rough minimum
value for the fully distended diameter of the
esophagus. As previously noted by Makovicky et
al. (2011), clasts of this size are generally absent
from the matrix surrounding the Haya speci-
mens. Similar clasts are abundant on the surfaces
of Javkhlant Formation exposures at the Khugen-
etslavkant locality. However, these clasts are
absent in pits dug into the outcrop, suggesting
that they may be primarily derived from weath-
ering of abundant Haya griva skeletons at the
locality over many years (M.A.N., personal obs.).

HISTOLOGY

The histology of early-diverging neornithis-
chians and iguanodonts has become increasingly
well studied in recent years (Chinsamy, 1995;
Chinsamy et al., 1998; Horner et al., 2009; Wood-
ward et al., 2011, 2018; Cerda and Chinsamy,
2012; Hiibner, 2012; Werning, 2012; Barrett et
al., 2014), but many key smaller-bodied “hypsi-
lophodontid” taxa remain unsampled. As in
other dinosaur groups (Erickson, 2005), this
grade exhibits a general trend for slower growth
rates in small-bodied taxa than in large-bodied
taxa, and few skeletally mature individuals are
known (Horner et al., 2009). North American
and Australian taxa primarily form the basis for
these studies, with only one recent description of
the histology of an Asian basal neornithischian
published while this paper underwent final revi-
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FIG. 51. Transverse thin sections of Haya griva femora. A, IGM 100/2020 , B, IGM 100/2015, and A, IGM
100/1324 under plane polarized light.
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sion (Han et al., 2020). As for other fossil verte-
brates, the ontogenetic stage of specimens may
impact their phylogenetic placement (e.g., Kam-
merer, 2011; Tsuihiji et al., 2011; Campione et al.,
2013). In order to determine the absolute ages of
the Haya griva specimens to describe their
growth patterns, compare them with other dino-
saurs, and place their sizes and morphologies in
an ontogenetic context, we sampled four Haya
griva femora from the Javkhlant Formation at
the Khugenetslavkant locality for histological
analysis. These specimens span the entire known
size range of Haya specimens, from the smallest,
IGM 100/2020, to a midsize specimen, IGM
100/2015, to the largest, IGM 100/1324.

Prior to sampling the specimens, IGM
100/2020, IGM 100/2015, and IGM 100/1324
were scanned using a Space Spider surface scan-
ner (Artec, Luxemborg) and 3D printed to pre-
serve a record of their complete morphology. A
cast was made of the fourth intermediate-sized
specimen, IGM 100/3672. Stereolithography
(STL) files of the specimens are available as part
of the supplementary information of this paper
(https://doi.org/10.5531/sd.sp.47). After this, a
5-8 mm thick midshaft segment just distal to the
fourth trochanter was removed from each femur.
The segments were embedded in Epo-tek 301-2
epoxy and transversely sectioned into 1.5 mm
thick wafers with a Buehler Isomet 1000 preci-
sion saw. The wafers were mounted with Epo-tek
301-2 epoxy on prefrosted standard (27 x 46
mm) glass petrographic slides, and ground until
transparent. The slides were immersed in min-
eral oil before viewing with a Leitz Laborlux 11
Pol S petrographic microscope. In order to pho-
tograph the entire cross sections of the femora,
we used a Zeiss Axio Imager 72 Automated
Microscope Imaging System, which consists of a
petrographic microscope with an automated,
mobile stage for image stitching. The description
primarily uses standard histological terms from
Francillon-Vieillot et al. (1990). Femur circum-
ferences were measured with software (Image],
NIH, Bethesda, Maryland) from photomicro-
graphs of IGM 100/2020, IGM 100/2015, IGM

100/1324, and from a photograph of a thin sec-
tion of IGM 100/3672. Body mass was estimated
for the four specimens by entering the thin-sec-
tion femoral circumference measurements into
the corrected quadrupedal mass estimation
equation for bipeds implemented in the R soft-
ware package MASSTIMATE (Campione, 2013;
Campione et al., 2014). We also estimated body
masses using the developmental mass extrapola-
tion (DME) method of Erickson and Tumanova
(2000), given that it may be more suitable for
intraspecific mass estimation. The masses
obtained from both methods were nearly the
same, except in the case of IGM 100/3672, which
has a narrower circumference than would be
predicted for its length using DME. Therefore,
we use the MASSTIMATE values for all subse-
quent discussion.

IGM 100/2020 is an isolated right femur with
an estimated length of 63.9 mm (figs. 43, 51A,
52A). This value was estimated by measuring the
distance between the proximalmost extent of the
fourth trochanter and the distalmost point of the
medial condyle on the complete femora of IGM
100/2015 and IGM 100/1324. We then divided
this length by the complete femur length of those
specimens to obtain an average ratio of 1.4. We
then multiplied this ratio by the preserved fourth
trochanter to medial condyle distance of IGM
100/2020 to obtain the estimated complete length
for this specimen, assuming isometry in these
femur proportions through ontogeny. This is a
reasonable assumption given that the ratios in
both IGM 100/2015 and IGM 100/1324 are
nearly 1.4, and given that the femur has been
shown to grow isometrically in the related taxa
Tenontosaurus and Dryosaurus (Kilbourne and
Makovicky, 2010). An estimated femur length of
63.9 mm also falls within the confidence interval
of the linear scaling model for ornithopod femur
length developed by Kitchener et al. (2019),
given that the anteroposterior diameter of IGM
100/2020 is 7 mm.

IGM 100/2020, the smallest available femur,
is subcircular in midshaft cross section, with a
slight elongation toward the lateral side. It con-
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sists of primarily woven-fibered bone (figs. 51A,
52A). Parallel-fibered bone predominates in
some places, especially in the outer half of the
cortex on the medial side. A similar transition
from woven-fibered to parallel-fibered bone is
seen in a similar-sized Australian Cretaceous
ornithopod femur of comparable length (Wood-
ward et al., 2018: fig. 3b). Similar transitions
from less to more organized bone tissue have
been likened to the “hatching lines” or “natal
lines” present in extant vertebrates (e.g., Casta-
net, 1986; Castanet et al., 2004; Curtin et al,
2012), and are interpreted to mark a slowdown
in growth immediately following birth or hatch-
ing (Rogers et al., 2016; Woodward et al., 2018).
There are many large longitudinal vascular
canals. Osteonal lamellar bone is not well devel-
oped inside these canals, and many of them are
open at the periosteal surface. The vasculariza-
tion changes to radial near the lateral side of the
bone and reticular near the posterior side. Tra-
beculae are present on the inner circumference
of the femur on the medial side, but not on the
lateral side. These differences possibly reflect
lateral migration of the medullary cavity as the
bone grew. There is no inner circumferential
layer of lamellar bone. Osteocyte density varies,
especially on the medial side, where it is higher
toward the medullary cavity and patchy in the
remainder of the cortex. No growth marks are
preserved. Overall, the histology is very similar
to that of perinatal Australian ornithopod, Oro-
dromeus, Tenontosaurus, and Dryosaurus fem-
ora and tibiae (Horner et al., 2009; Werning,
2012; Woodward et al., 2018), as well as a very
young Romanian Late Cretaceous ornithopod
tibia (Brusatte et al., 2013). The large size and
high density of the vascular canals, lack of
extensive osteonal lamellar bone in the vascular
canals, lack of erosion from the inner circum-
ference, lack of growth marks, the bone-fiber
types and their organization, and the possible
presence of a hatching line all suggest that IGM
100/2020 was a relatively rapidly growing peri-
natal, possibly hatchling, individual at its time
of death.

IGM 100/2015 is the right femur from an artic-
ulated postcranial skeleton (figs. 27, 42, 51B, 52B).
It measures 128.9 mm long. Its midshaft cross sec-
tion is elliptical, except underneath the linea inter-
muscularis caudalis (Maidment and Barrett, 2011)
laterally, where the sides of the femur come
together at a sharper point. Bone is missing along
the inside of the whole medullary cavity circum-
ference, though less extensively from the lateral
side. This erosion is likely in part a taphonomic
modification. The bone is primarily woven fibered
near the inner cortex and parallel fibered sur-
rounding the growth marks in the outer 1/3 of the
cortex (some woven bone is interspersed between
these bands) (fig. 52B). The section contains pri-
marily longitudinal vascular canals, with some
anastomoses stretching across two to five canals.
There is some lamellar bone encircling the canals
to form primary osteons. Osteocyte density is
high and more regular than that of IGM 100/2020.
One line of arrested growth (LAG) and two annuli
are present, with the annuli occurring outside the
LAG toward the external surface. The outermost
annulus grades into a LAG along the posterior
side of the femur, resulting in two clear LAGs vis-
ible along this portion of the section. The growth
marks cannot be traced completely around the
circumference, because of cracks and possible ero-
sion of portions of the cortex near the periosteal
surface. The inner annulus can be traced only a
short distance, and so may not represent a true
annual growth mark. Nevertheless, given the cur-
rent information, we are reasonably confident that
at least the innermost and outermost growth
marks would have encircled the femur before
taphonomic modification. Therefore IGM
100/2015 likely died, at minimum, in its third year
of life. No secondary osteons are present. The
presence of growth marks, relatively smaller vas-
cular canals, moderate primary osteonal develop-
ment, and resorption along the medullary cavity
suggest a relatively advanced ontogenetic age
compared to IGM 100/2020, and the overall his-
tology is comparable to hypothesized juvenile or
subadult femora of Australian “hypsilophodon-
tids,” Orodromeus, and Tenontosaurus (Horner et
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al., 2009; Werning, 2012; Woodward et al., 2018).
Additionally, the histological features of this femur
correspond closely to Hiibner’s (2012) Stage 3 or
Late Juvenile Stage Dysalotosaurus femora.

IGM 100/3672 is a femur from a partial post-
cranial skeleton (fig. 15). It measures 157 mm
long. The midshaft cross section is crushed, but
is broadly similar in shape to those of IGM
100/2015 and IGM 100/1324. Much of the bone
microstructure and vascular pattern is obscured
by possible postmortem fungal alteration, but
the less altered patches show parallel- to woven-
fibered bone typical of IGM 100/2015 and IGM
100/1324 (fig. 52C). Four annuli consisting of
narrow bands of parallel-fibered bone are visible
through portions of the cortex (fig. 52C). At least
one annulus may contain a LAG.

IGM 100/1324 is an isolated left femur that is
162 mm long (figs. 41, 51C, 52D). Its midshaft
cross section is similar in outline to that of IGM
100/2015, with the ridge of the linea intermuscu-
laris caudalis on its lateral side. The outermost
vascular canals in the area beneath the ridge are
radial, and this area corresponds to the “postero-
lateral plug” described by Hiibner (2012) as a site
where muscle forces disrupt the organization of
the surrounding bone. The medullary cavity is
largely eroded. The bone is primarily parallel
fibered with some woven-fibered bone inter-
spersed, particularly between the bands of paral-
lel-fibered bone that surround the growth marks
(fig. 52D), as in IGM 100/2015. Proceeding out-
ward from the medullary cavity, the vasculature
transitions from longitudinal with some anasto-
moses to extensively reticular. Many vascular
canals are open at the external surface. Some
primary osteons exhibit more extensive infilling
with lamellar bone than either IGM 100/2020 or
IGM 100/2015. Osteocyte density is high and
regularly distributed. Four annuli that grade into
LAGs along the lateral side of the femur are pres-
ent. As in IGM 100/2015, they can be traced for
about three quarters of the femoral circumfer-
ence due to erosion of some areas. Three of the
growth marks are closely spaced in the inner half
of the cortex, whereas the fourth is more widely

NO. 445

separated from these and lies toward the outer
cortex. Based on the number of growth marks,
moderately high level of osteonal development,
and organization of bone tissue types, IGM
100/1324 likely belonged to a subadult individ-
ual, probably of an older ontogenetic age than
IGM 100/2015.

None of the sampled Haya specimens exhibit
an external fundamental system (EFS), a series of
closely spaced LAGs near the periosteal surface
(figs. 51, 52). Growth mark spacing shows no
sign of decreasing toward the outer surface in
any specimen. No decrease in vascularity is
apparent toward the outer cortex, and indeed the
vascularity becomes extensively reticular near
the periosteal surface in IGM 100/1324 (fig.
52D), suggesting a high growth rate was main-
tained (Castanet et al., 1996, 2000). Based on
these observations, all sampled Haya specimens
appear to have been actively growing at their
times of death.

Because the transverse section of IGM
100/2015 fits completely within the medullary
cavity of IGM 100/1324 (fig. 51), it is possible
to estimate the number of growth marks lost to
medullary cavity expansion in the larger femur
by adding the number of growth marks from
the smaller. IGM 100/3672 overlaps both IGM
100/2015 and IGM 100/1324, with possibly one
growth mark from IGM 100/2015 equivalent to
the innermost growth mark of IGM 100/3672.
This retrocalculation method suggests that IGM
100/3672 may have lived to five years of age,
and IGM 100/1324 to at least six years of age. It
is not possible to easily determine how many
growth marks, if any were lost to erosion in
IGM 100/2015. Therefore the two growth marks
of IGM 100/2015, the estimated five growth
marks of IGM 100/3672, and the estimated six
growth marks of IGM 100/1324 are considered
minimum numbers. We acknowledge one limi-
tation of this section stacking technique is that
it assumes no intraspecific variation in size at a
given age (Erickson, 2014). Given that we can-
not measure the complete circumferences of all
LAGs, we cannot use the graphical retrocalcula-
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FIG. 53. Graph of age (as determined by number of growth marks) vs. femur length in Haya griva.

tion methods of Bybee et al. (2006) or Cooper
et al. (2008), though these may produce a more
accurate estimate of the number of missing
growth marks. Likewise, because growth-line
spacing varies greatly within each specimen,
and the spacing between LAGs is not always
constant within a given growth line interval, it
is also difficult to extrapolate the number of
LAGs from the thickness of preserved LAG
intervals (e.g., Horner and Padian, 2004). Addi-
tionally, the close spacing of the first two growth
marks in IGM 100/2015 cannot be assumed to
typify early growth. Therefore, section stacking,
despite its limitations, is the best option for ret-
rocalculating growth marks in these specimens
at this time.

Plotting femur length against growth mark
count reveals an increasing trend with age (fig.
53). With only four data points, we cannot fit a
curve to these data, though it is clear based on
growth mark spacing that none of the Haya
specimens had yet reached the growth plateau
that indicates skeletal senescence. Plotting femur

circumference and estimated body masses
against age reveals a similar pattern (figs. 54, 55).
Finally, given that the largest sampled femur was
actively growing at the time of death, our histo-
logical analysis implies that none of the Haya
specimens discovered so far are likely to be skel-
etally mature (i.e., possess an EFS). The vast
majority of specimens recovered are of animals
similar in size and possibly age to IGM 100/2015,
a possible late juvenile specimen. Our analysis
also reveals that the longevity, final body size and
morphology at skeletal maturity of Haya all
remain unknown, as is the case for many other
dinosaurs (e.g., Erickson, 2005, 2014; Horner et
al., 2009). While the analyzed Haya specimens
are probably not all from a single population, the
fact that nearly all known specimens are skele-
tally immature individuals is consistent with the
high juvenile mortality and right-skewed age dis-
tributions of other ornithischians (Andrzejewski
et al., 2019; Erickson et al., 2009; Woodward et
al,, 2015). This may be typical for nonavian dino-
saurs in general (Erickson et al., 2009).
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PHYLOGENY

In order to assess the monophyly of specimens
assigned to Haya griva and their phylogenetic
position(s), taking into account the impact of the
new anatomical information gleaned in the course
of this study, and also account for the impact of
ontogenetically variable characters and other
polymorphism on the phylogeny, we performed
three analyses. All analyses made use of the data
matrix of Madzia et al. (2018), which utilizes the
same 255 characters as Boyd (2015), with an
expanded taxon matrix of 75 taxa. Our scoring of
Haya differed in several respects from Madzia et
al. (2018). The Nexus files in the supplementary
information (https://doi.org/10.5531/sd.sp.47)
contain all character scorings that were changed
from the original analysis. All characters were
treated as equally weighted and unordered. Mara-
suchus was used as the outgroup, in accordance
with previous analyses of this data matrix. All
analyses were performed in TNT v. 1.5 (Goloboft
et al., 2008; Goloboff and Catalano, 2016).

Anarysis 1: This analysis included nine key
Haya specimens, chosen for their completeness,
and to include those with both cranial and post-
cranial material. This is important to assess
whether or not those specimens consisting solely
of either a skull or postcrania are part of the
same clade. We ran the analysis for 10,000 ran-
dom addition sequences, using the tree-bisection
reconnection algorithm (TBR) for branch swap-
ping. Ten trees were held for each replication.
After this, a subsequent round of branch swap-
ping was performed using the bbreak command
in TNT (Goloboff et al., 2008). Bootstrapping
(with 10,000 replicates) and Bremer support
analyses were utilized to assess branch support.

We recovered 100,000 trees of 927 steps (CI:
0.335, RI: 0.646), hitting the limit of tree storage
we defined. Nevertheless, we likely sampled tree
space adequately because the strict consensus
resulting from this analysis is identical to one
produced by an analysis in which 1,000,000 trees
of 927 steps were saved. Therefore we followed
the same search protocols (10,000 replications,
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holding 10 trees for each) for all analyses. In
agreement with Madzia et al. (2018), the prun-
nelsen command in TNT revealed that the reso-
lution of the strict consensus tree could be
improved by pruning two taxa a posteriori, Leal-
lynasaura and Morrosaurus, as the positions of
these taxa were highly labile, creating a lack of
resolution in the strict consensus tree.

Much of Neornithischia is unresolved on the
strict consensus tree. However, Thescelosauridae
is resolved, and includes all Haya specimens. The
Haya specimens do not form a clade to the
exclusion of all other thescelosaurid taxa. The
pruned analysis shows increased resolution near
the base of Neornithischia, but all of Thescelo-
sauridae, including all of the Haya specimens,
remains unresolved (fig. 56). Clades less inclu-
sive than Ornithischia have very low Bremer
support and bootstrap values, typically 1 and less
than 50, respectively. Pruning Leallynasaura and
Morrosaurus does not appreciably improve these
support values.

ANarysis 2: This analysis was run with the
same parameters as Analysis 1 above, with the
exception that all Haya specimens were combined
into a single composite operational taxonomic
unit (OTU), with characters that varied between
individual specimens coded as polymorphic.

We recovered 100,000 trees of 916 steps (CI:
0.340, RI: 0.635), hitting the limit of tree storage
we defined. After examining the strict consensus
tree, Leallynasaura and Morrosaurus were then
pruned a posteriori, as in Analysis 1.

On the strict consensus tree, the composite
Haya was recovered in a polytomy with Thesce-
losaurinae and Orodrominae. Following pruning
of Leallynasaura and Morrosaurus, the topology
is more resolved near the base of Neornithischia,
as in Analysis 1, and Haya still forms a polytomy
with Thescelosaurinae and Orodrominae (fig.
57). As for Analysis 1, clades less inclusive than
Ornithischia have very low Bremer support and
bootstrap values, typically 1 and less than 50,
respectively. Pruning Leallynasaura and Morro-
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Archaeoceratops
Liaoceratops

Yinlong

Stenopelix
Micropachycephalosaurus
Wannanosaurus
Hypsilophodon

1 [——————Atlascopcosaurus
Talenkauen
Macrogryphosaurus
Qantassaurus
Anabisetia
Gasparinisaura
Gideonmantellia
Trinisaura
Burianosaurus
Zalmoxes robustus
Zalmoxes shgiperorum
Rhabdodon
Mochlodon suessi
Mochlodon vorosi
Muttaburrasaurus
_: Oryctodromeus
1 Koreanosaurus
Zephyrosaurus
Orodromeus
1 Albertadromeus
Kaiparowits orodromine
_: Tenontosaurus dossi
65/2 Tenontosaurus tilletti
[~ Eousdryosaurus
Elrhazosaurus
Dysalotosaurus
1 [ Dryosaurus
Callovosaurus
Valdosaurus

Camptosaurus
75/2 Iguanodon

90/2 QOuranosaurus
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saurus does not appreciably improve these sup-
port values.

ANarysis 3: This analysis was run with the
same parameters as Analysis 1 above, with the
exception that only IGM 100/2016, a Haya skull
with juvenile morphology, was included. We
recovered 100,000 trees of 897 steps (CI: 0.344,
RI: 0.640), hitting the limit of tree storage we
defined. After examining the strict consensus
tree, Leallynasaura and Morrosaurus were then
pruned a posteriori, as in analyses 1 and 2.

Nearly all of Neornithischia collapses within
a large polytomy on the strict consensus result-
ing from this analysis. Following pruning of
Leallynasaura and Morrosaurus, the topology is
slightly more resolved, though much of Neor-
nithischia remains a polytomy. The position of
Haya within Neornithischia is similarly unre-
solved (fig. 58). As for analyses 1 and 2, clades
less inclusive than Ornithischia have very low
Bremer support and bootstrap values, typically 1
and less than 50, respectively. Pruning Leallyna-
saura and Morrosaurus does not appreciably
improve these support values.

AUTAPOMORPHIES OF Haya griva: In addition
to the features listed in the differential diagnosis
in the Systematic Paleontology section, we pro-
vide a list of features recovered as “unambiguous
autapomorphies” for the composite Haya griva
OTU in Analysis 2, using the apo[ command in
TNT. Clearly these are not true unambiguous
autapomorphies, because we parenthetically note
instances in which some features are present in
other analyzed taxa. This list is perhaps best
thought of as a combination of character states
that may add to the differential diagnosis of
Haya griva provided in the Systematic Paleontol-
ogy section of this work.

The combination of character states diagnos-
ing Haya griva that emerged from the analysis
is: (1) smooth anterodorsal surface of the pre-
maxilla (char. 12: state 0), (2) quadratojugal
anteroposteriorly short and dorsoventrally tall
(43: 1) (also in Manidens and Rhabdodonto-
morpha), (3) ventral extent of the jugal wing of
the quadrate positioned above the distal end of
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the quadrate (49: 1) (also in Oryctodromeus),
(4) maxillary fenestra present (92: 1) (also in
Hypsilophodon and Kulindadromeus), (5) lin-
gual surface of maxillary teeth flat (122: 2), (6)
10 or more ridges present on dentary teeth
(138: 1) (also in Thescelosaurus and Atlascopco-
saurus), (7) epipophyses on anterior cervical
vertebra three present (145:0) (also in Lesotho-
saurus, Heterodontosaurus, Anabisetia, Talen-
kauen, and Macrogryphosaurus [Santa Luca,
1980; Sereno, 1991; Novas et al., 2004; Calvo et
al., 2007; Rozadilla et al., 2019; 2020]), (8)
length of sternal process of coracoid greater
than 70% the width of the sternal process (162:
1) (also in Koreanosaurus), (9) shaft of the
humerus straight (167: 0) (also in the Yueosau-
rus + Jeholosaurus clade and Dryomorpha), (10)
medial femoral condyle inflated and at least
partially covering the intercondylar groove
(224: 1) (also in some elasmarians and iguan-
odontians [Salgado et al., 1997; Bell et al,
2019]), (11) posterior intercondylar groove
extends greater than 1/4 the length of the femur
(225: 1) (also in Silesauridae), (12) cnemial
crest of tibia straight (230: 0).

The broader taxonomic distribution of char-
acter states recovered as autapomorphies of Haya
griva in our analysis suggests that further reeval-
uation of character construction and scoring in
the data matrix of Madzia et al. (2018) is needed
for multiple taxa, but this is beyond the scope of
the current study.

DISCUSSION

ONTOGENETIC AND OTHER
INTRASPECIFIC VARIATION

Our histological analysis reveals that all exam-
ined Haya specimens fall within the size range of
those with skeletally immature femora. What can
be concluded about the ontogenetic status of
specimens that do not preserve long bones for
histological analysis? What morphological
changes are evident in the Haya partial growth
series? IGM 100/2016 (fig. 10) clearly exhibits



90 BULLETIN AMERICAN MUSEUM OF NATURAL HISTORY

typical juvenile amniote characters (e.g., com-
paratively larger eyes and shorter rostrum and
dentary) compared to the other Haya skulls, and
we can initially hypothesize that it is of a rela-
tively younger ontogenetic stage. The rostrum
and dentary of IGM 100/2016 are indeed pro-
portionally shorter than those of the holotype
(IGM 100/2017) and IGM 100/2019. However,
the three specimens have nearly the same basi-
cranial widths and orbit heights (especially if the
crushed orbit of IGM 100/2017 is taken into
account) (fig. 3, table 1). Three hypotheses may
explain this apparent discrepancy:

(1) IGM 100/2016 is at the same ontogenetic
stage as the other two specimens and there is
intraspecific variation in rostrum length at this
stage;

(2) IGM 100/2016 is a younger juvenile that
achieved “mature” basicranial dimensions simi-
lar to those of the other two relatively more
mature specimens before its rostrum elongated;

(3) IGM 100/2016 is either a juvenile or pae-
domorphic adult of a different taxon.

Hypothesis 3 is highly unlikely given that
IGM 100/2016 lacks any autapomorphies other
than those that plausibly relate to proportional
changes through ontogeny. Likewise, there is no
support for this idea from our specimen-level
cladistic analysis, as IGM 100/2016 is recovered
in a polytomy with all other Haya and thescelo-
saurids. Testing hypothesis 1 would require a
larger sample size of Haya skulls with juvenile
morphology, something that is not currently
available. The rate of change in facial proportions
and the amount of size variance within a given
ontogenetic stage therefore remain unknown at
this time. We must consider both hypotheses 1
and 2 plausible, though indicators of relative
ontogenetic stage other than rostrum length
described below lend support to hypothesis 2.

Assessments of ontogenetic stage from mor-
phology should not be made on just one or two
characters alone (Hiibner and Rauhut, 2010).
Fortunately, there are other ontogenetic differ-
ences between IGM 100/2016 and the other
Haya skulls that can help to determine its relative
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maturity. The posterior skull region of IGM
100/2016 is dorsoventrally shorter than those of
other specimens. The parietal and occipital
region face posteroventrally in IGM 100/2016
(fig. 10), as in immature Dryosaurus and Dysalo-
tosaurus (Carpenter, 1994; Hiibner and Rauhut,
2010). They face directly posteriorly in more
mature Dryosaurus and Dysalotosaurus and the
other Haya specimens. Other similarities
between juvenile Dyslaotosaurus and IGM
100/2016 are poorly defined supraoccipital and
sagittal crests (Hibner and Rauhut, 2010). As in
juvenile Dysalotosaurus, the exoccipital and opis-
thotic are not fused in IGM 100/2016, and there
is probably a visible suture between the exoccipi-
tal and basioccipital in both taxa (Hiibner and
Rauhut, 2010), in contrast to Orodromeus, where
they are fused even in small juveniles (Scheetz,
1999). Braincase variation in Orodromeus is not
as straightforward, however. In that taxon, small
specimens are observed to have closed opis-
thotic-basioccipital sutures, whereas they are
unfused in larger specimens (Scheetz, 1999).
Therefore, the absence of opisthotic-basioccipital
fusion in IGM 100/2016 cannot be taken as evi-
dence for skeletally immature status a priori.
Jeholosaurus develops rugosities on its premaxilla
and jugal during ontogeny (Barrett and Han,
2009). All Haya specimens lack any such rugos-
ity, and this optimizes as an autapomorphy for
Haya in our analysis. However, without Haya
skulls of a more advanced ontogenetic stage, it is
impossible to know whether Haya lacked rugos-
ity throughout its life or whether it would have
developed later in ontogeny. Likewise, the jugal
and lacrimal do not contact each other in juve-
niles of Jeholosaurus and Dysalotosaurus, or any
Haya, but they do contact in more mature Jeholo-
saurus and Dysalotosaurus (Barrett and Han,
2009; Hiibner and Rauhut, 2010). Therefore, we
cannot be certain whether this is a shared juve-
nile feature among Haya, Jeholosaurus, and Dys-
alotosaurus, or a true phylogenetic character
difference between them. The orbital margin of
the postorbital is slightly more rugose in IGM
100/2016 than in other Haya, which may simply
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TABLE 1
Measurements of selected Haya griva specimens (in mm).
il " IGM IGM IGM IGM IGM IGM IGM IGM IGM IGM
100/2013 100/2014 100/2015 100/2016 100/2017 100/2019 100/3137 100/3178 100/3181 100/3182
Skull length! 80.3 83.8 86.5
Mandible 89.5 55.02() 809 759() 85.5
length
Dentary length 42.7 50.7
Maxillary 329 337
toothrow length
Quadrate, d.or— 405 366
soventral height
Orbit, antero- 238 359 352 34.0 36.0
posterior length
Orbit, dorso-
. 28.1 21.2 28.8 28.4 35.3
ventral height
Basicranial
38.9 34.1 (i 36.4
width? ®
Cervical series 150.7 145.4 138.6 (i)
Dorsal series 213.2 276.9
Sacral series 113.2 130.5
Caudal series 294 (i) 63.2 (i) 337 (i)
Scapula 90.9 90.0 80.6
Coracoid 52.5
Sternum 51.9
Humerus 86.5 87.4
Ulna 1.1 (i) 42 (i)
Radius 67.0
mcl 11.5
mcll 14.7
mclIl 13.2
mclV 9.6 (i)
Lium, antero- 141.3 150.4 1133
posterior length
Tiue, dorso- 39.0 437 316
ventral height’
Pubis 205.4
Ischium 134.1 76.0 124.5 (i)
Femur 129.0 128.9 147.9 (i) 13(i7)‘;“ 1354 1415
Tibia 183.9 155.3 147.3 121 (i) 159.8
Fibula 166.9
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TABLE 1 continued
El ¢ IGM IGM IGM IGM IGM IGM IGM IGM IGM IGM
emen
100/2013  100/2014 100/2015 100/2016 100/2017 100/2019 100/3137 100/3178 100/3181 100/3182
Astragalus,
mediolateral 38.3 25.3
width
mtl 50.6 432 26.9
mtlI 80.2 62.5 52.6
mtIIl 89.9 61.3 66.5 (i)
mtlV 79.5 52.0
mtV 23.0 ®
pedal phalanx I-1 27.9 222 18.4
pedal phalanx I-2 23.2 15.0 15.8
pedal phalanx II-1 28.8 21.6 20.1
pedal phalanx I1-2 20.2 14.7 15.4
pedal phalanx I1-3 29.3 21.3 20.3
pedal phalanx
26.1 b
III-1 201
pedal phalanx
18.1 .
III-2 14.7
dal ph:
pedal phalanx 1173 13.9 12.7
II1-3
dal ph:
pedal phalanx 318 188 23.0
111-4
pedal phalanx
16.5 13.
V-1 33
dal phal;
peda’ phatanx 15.5 114
Iv-2
pedal phalanx
11.1 5
V-3 98
pedal phalanx
10.0 .
Iv-4 8.8
dal phal;
pedal phalanx i 14.1
V-5

! From tip of premaxilla to posterior border of quadrate.
2 Across paraoccipital processes.

3 From ischial peduncle to dorsal border.

4 Estimated from both right and left femora.

be an individually variable trait and not reflective
of ontogeny.

The dentary is straight in IGM 100/2016,
whereas it bows medially in IGM 100/2017. IGM
100/2016 has the fewest dentary alveoli with
10-12, IGM 100/2014 and IGM 100/3178 have

13-14, and IGM 100/2017 has the most with
15-16. This increase in the number of teeth
through ontogeny is typical of ornithischians and
many squamates, whereas the change in tooth
number is more variable in crocodylians and
theropods (Brown et al., 2015). No change in the
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shape of the dentary teeth is evident between
IGM 100/2016 and the other Haya specimens,
contrasting with Dysalotosaurus, in which the
dentary teeth widen through ontogeny, and Oro-
dromeus, in which they become narrower.
Makovicky et al. (2011) stated that the frontals
become anteroposteriorly longer and mediolater-
ally narrower through ontogeny, opposite to the
shortening/widening of the frontals with age in
Dysalotosaurus (Hiibner and Rauhut, 2010).
However, our measurements of the frontals show
that there is no major difference in frontal
length:width ratio between IGM 100/2016 and
IGM 100/2017. Caudal neurocentral sutures are
mostly fused in Haya, whereas those of the dor-
sal and cervical series are not. This posterior to
anterior sequence of neurocentral suture fusion
agrees with the data for early diverging ornithis-
chians summarized by Irmis (2007). The same
pattern was also described in Jeholosaurus (Han
et al, 2012).

Together, the features above suggest that IGM
100/2016 is a juvenile skull that attained a basi-
cranial width nearly equal to comparatively more
mature Haya specimens before its craniofacial
proportions and sutures attained a more mature
condition. This potentially indicates size varia-
tion among Haya at a given ontogenetic stage,
though more Haya skulls with juvenile propor-
tions are needed to test the degree to which size
and relative age correlate. Broad-scale propor-
tional changes of the cranium and the pattern of
neurocentral suture fusion are shared between
Haya and other early-diverging neornithischian
taxa for which growth series are known, but
Haya differs in some specific features of its
ontogeny, such as a lack of apparent change in
dentary tooth morphology. Thus, although the
ontogeny of Haya appears relatively conservative,
some differences in ontogenetic trajectory may
prove to be phylogenetically distinctive.

PHYLOGENETIC POSITION OF Haya

Haya appears as a thescelosaurid or the
closest sister taxon to Thescelosauridae in all

derivatives of the Boyd (2015) matrix (figs.
56-58). Haya was originally recovered as a
thescelosaurine by Boyd (2015), then as an
orodromine by Madzia et al. (2018). Our anal-
ysis cannot distinguish between these two
alternatives, or one in which Haya is outside
either clade as the sister taxon to Thescelosau-
ridae as defined by Madzia et al. (2018). As in
previous work stemming from the Boyd (2015)
analysis, Haya is not part of an exclusively
Asian clade of early-diverging neornithischi-
ans in our analysis, instead belonging to or the
nearest relative of the Thescelosauridae, which,
apart from Haya and Koreanosaurus, has a
North American distribution.

The results of the specimen level analaysis
(fig. 56) are consistent with all the specimens
belonging to a single taxon, though the speci-
mens do not group together in a clade to the
exclusion of all other ornithischians. This is
likely due to slight individual and ontogenetic
variations. None of the Haya specimens were
recovered as an exclusive sister OTU to a differ-
ent taxon or as members of a phylogenetically
distant clade, either of which might be expected
if multiple taxa were present in our sample.

The phylogenetic position of Haya does not
seem to be sensitive to the effects of ontogeny.
IGM 100/2016 is placed near the other speci-
mens in the specimen-level analysis (fig. 56),
and its position relative to other neornithischi-
ans is very poorly resolved when it is the only
Haya included (fig. 58). This may be because
IGM 100/2016 lacks postcrania and therefore
is missing data that could help place it more
precisely. Nevertheless, there is no evidence to
suggest that immature cranial morphology
would cause it to appear in an earlier-diverg-
ing position.

Haya is recovered as an ornithopod in Han
et al’s (2018) analysis, which also finds Thes-
celosauridae to be paraphyletic. The position
of Haya is not well resolved in that analysis, as
it is part of a large polytomy on the strict con-
sensus tree, and its placement is not supported
by bootstrap values >50% or Bremer values >1
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on the reduced consensus tree (Han et al.,
2018). We will seek to integrate our new mor-
phological information on Haya into the Han
et al. (2018) matrix in the future.

Due to the low levels of clade support in our
analysis and previous iterations of the Boyd
(2015) matrix, as well as conflicting hypotheses
of neornithischian relationships compared to
the analysis of Han et al. (2018), future work
should build on detailed descriptions of key
taxa, such as that presented here for Haya, to
identify novel characters to help resolve the
interrelationships of ornithischians. Future
workers should strive to further integrate the
character sets of Boyd (2015) and Han et al.
(2018) as well. We are confident that this work
lays the groundwork for further study of Haya
griva and its relatives that may lead to a clearer
picture of ornithischian phylogeny.

SUMMARY

Haya griva is the only early-diverging
neornithischian taxon from Mongolia, and is
known from many excellently preserved spec-
imens that provide a wealth of information
about its skeletal anatomy, growth, and phylo-
genetic relationships. It now is one of the most
completely known of the “hypsilophodontid”
dinosaurs. Furthermore, based on the current
temporal distribution of finds, it serves as an
important biostratigraphic marker for cor-
relating older strata in the eastern Gobi with
younger strata in the western Gobi to provide
a more complete terrestrial Cretaceous strati-
graphic section in central Asia. Age deter-
mination of Haya specimens spanning the
currently known size range clarifies that, as is
perhaps true for most small dinosaurs, most
individuals rarely lived to reach skeletal matu-
rity. We hope that this description, with novel
anatomical information from observations and
CT scanning, will enhance an increasing body
of knowledge about primitive ornithischian
taxa that will provide further clarity about
their fluctuating interrelationships.
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APPENDIX 1

ANATOMICAL ABBREVIATIONS

fourth trochanter

articulation for ectopterygoid (on palatine)

axial intercentrum

articulation for maxilla (on palatine)

angular

antorbital fenestra
ascending process of astragalus
articular

astragalus

anterior supraorbital
atlas

atlantal intercentrum
axis

brevis fossa
basioccipital

boss for articulation with proatlas
basipterygoid process
basisphenoid
cervical vertebra
caudal vertebra
calcaneum
ceratobranchial
cnemial crest
chevron

coracoid

cultriform process
cervical rib

dorsal vertebra
dentary

exoccipital
ectopterygoid
frontal

femur

fibula

gastroliths

greater trochanter
groove

humerus

pif
plr
pm
po
pop
pp
ppf
prp
pspo
pt
pu

ilium

ischial peduncle
ischium

jugal

lacrimal

lateral condyle

left ilium

lateral process of ectopterygoid
lesser trochanter
lateral tarsal
metacarpal

medial condyle
mandibular ramus of pterygoid
metatarsal

medial tarsal

maxilla

macxillary fenestra
nasal

nutrient foramina
odontoid process
ossified tendons
phalanx

parietal

prearticular
predentary

prefrontal

pituitary fossa
palatine ramus of pterygoid
premaxilla
postorbital
paraoccipital process
pubic peduncle
postpalatine fenestra
prepubic process
posterior supraorbital
pterygoid

pubis

quadrate
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APPENDIX 1 continued APPENDIX 2
gi quadratojugal CHARACTER LIST FROM MADZIA ET AL. (2018) FOR
PHYLOGENETIC ANALYSES
qjf quadratojugal foramen
qw quadrate wing of pterygoid Nexus files for the three phylogenetic analyses and STL
di files of surface scanned specimens are available in
@ racius the online supplement (https://doi.org/10.5531/
ril right ilium sd.sp.47).
s sacral vertebra
1. Preorbital skull length less than or equal to 50% total
sa surangular
skull length (0), greater than 50% (1).
s¢ scapula 2. Predentary bone absent (0), present (1).
sk skull 3. Rostral bone absent (0), present (1).
o supraoccipital 4. Oral margin of the premaxilla smooth (0), denticu-
s splenial late (1).
P P 5. Lateral surface of the oral margins of the premaxillae
5q squamosal flat (0), everted (1).
st sternum 6. Ventral margin of the premaxillalevel with the maxil-
sta stapes lary toothrow (0), ventrally deflected (1).
) - 7. Anteriormost premaxillary tooth positioned at the
ti tibia . . . .
anterior margin of the premaxilla (0), inset at least
ul ulna the width of one tooth crown (1).
vk ventral keel (on vomer) 8. Diastema between premaxilla and macxilla absent (0),

present (1).

9. Diastema between premaxilla and maxilla flat (0),
arched (1).

10. Anterior premaxillary foramen absent (0), present
(1).

11. Premaxillary border of internal nares present (0),
absent (1).

12. Anterodorsal surface of the premaxilla smooth (0),
highly rugose (1).

13. Premacxillary posterolateral process does not exclude
maxilla from nasal margin (0), does exclude maxilla
from nasal margin (1).

14. Concavity within the posterior end of the premax-
illa, near lateral margin, for receipt of the anterolat-
eral boss of the maxilla absent (0), present (1).

15. Overlap of the dorsal process of the premaxilla onto
the rostral process of the nasal absent (0), present
(1).

16. Contact between premaxilla and lacrimal absent
(0), present (1).

17. Premaxillary sulcus on the anterior process of the
maxilla absent (0), present (1).

18. “Special foramina” medial to dentary and maxillary
toothrows absent (0), present (1).

19. Buccal emargination on the maxilla absent (0),
present (1).

20. Buccal emargination of maxilla consists of a gradual
and shallow beveling of the ventrolateral surface of
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the maxilla (0), consists of a prominent ridge on the
lateral surface of the maxilla (1).

21. Notch in maxilla for the lacrimal absent (0), present
(D).

22. Fossa situated low along the boundary between the
premaxilla and the maxilla absent (0), present (1).

23. Supraorbital absent (0), one supraorbital present
(1), two or more supraorbitals present (2).

24. Supraorbital free and projects into orbit from con-
tact with lacrimal and prefrontal (0), supraorbital
incorporated into the orbital margin (1).

25. Supraorbital(s) extend across at least 71% of the
maximum anteroposterior length of the orbit (0),
70% or less (1).

26. Greatest posterior expanse of the jugal greater than
25% height of skull (0), less than 25% (1).

27. Anterior process of the jugal straight (0), curved (1).

28. Anterior process of jugal situated dorsal to the max-
illa (0), anterior process of jugal inserts into the
maxilla (1).

29. Jugal barely contacts lacrimal (0), jugal touches lac-
rimal with more contact (1), butt joint between
jugal and lacrimal (2).

30. Jugal contributes to the antorbital fenestra (0), does
not reach antorbital fenestra (1).

31. Contact between jugal and postorbital faces anteri-
orly (0), contact faces partially laterally (1), postor-
bital inserts into a socket in the jugal (2).

32. Jugal dorsoventrally deeper than mediolaterally
broad (0), broader than deep (1).

33. Jugal forms part of the posterior margin the infra-
temporal fenestra (0), only forms the ventral margin
(D).

34. The anteroventral corner of the infratemporal fenes-
tra, formed by the jugal, consists of an oblique or
right angle (0), anteroventral corner of the infratem-
poral fenestra consists of an acute angle (1).

35. Contact between the jugal and quadratojugal con-
sists of a butt or high-angle scarf joint (0), the jugal
overlaps the lateral surface of the quadratojugal pos-
terodorsally and the medial surface posteroventrally
(1).

36. Jugal does not contact quadrate (0), jugal does con-
tact quadrate (1).

37. Jugal or quadratojugal contacts the quadrate near or
slightly above the distal end (0), contacts positioned
well above the distal end (1).

38. No boss or ornamentation present on lateral surface
of the jugal (0), lateral surface of jugal ornamented,
but no boss present (1), presence of a low boss on
the lateral surface of the jugal (2), presence of a tall,
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posteriorly projecting boss on the lateral surface of
the jugal (3).

39. Maxillary process on the medial side of the jugal is
medially projected and modestly arched (0), maxil-
lary process on the medial side of the jugal is
straight and grooved (1), maxillary process on the
medial side of the jugal is anteromedially projected
and arched (2).

40. Ectopterygoid facet on the medial surface of the
jugal consists of an abbreviated, deep groove (0),
ectopterygoid facet consists of a rounded scar (1).

41. Quadratojugal foramen absent (0), present (1).

42. Dorsal process of the quadratojugal contacts the
descending process of the squamosal (0), dorsal
process of the quadratojugal does not contact the
descending process of the squamosal (1).

43. Quadratojugal anteroposteriorly long and dorso-
ventrally short (0), quadratojugal anteroposteriorly
short and dorsoventrally tall (1).

44. Quadratojugal contacts the quadrate along greater
than 50% the total length of the quadrate (0), qua-
dratojugal contacts the quadrate along less than 50%
the total length of quadrate (1).

45. Proximal head of the quadrate recurved posteriorly
(0), proximal head of quadrate straight (1).

46. Ventral portion of the quadrate shaft oriented verti-
cally or anteroventrally angled (0), ventral portion
of the quadrate shaft posteroventrally angled (1).

47. Body of the quadrate leans posteriorly (0), body of
quadrate oriented vertically (1), body of quadrate
leans anteriorly (2).

48. Jugal wing of the quadrate moderately developed
(0), jugal wing of the quadrate shortened (1).

49. Ventral extent of the jugal wing of the quadrate
positioned at or near the distal end of the quadrate
(0), ventral extent of the jugal wing of the quadrate
positioned above the distal end of the quadrate (1).

50. Pit in lateral side of quadrate at the base of the jugal
wing present (0), absent (1).

51. Quadrate notch (tiny foramen between jugal wing of
quadrate and quadratojugal) absent (0), present (1).

52. Distal condyles of the quadrate dorsomedially
sloped or horizontally oriented (0), distal condyles
of the quadrate dorsolaterally sloped (1).

53. The pterygoid wing of the quadrate arises at the
dorsal head of the quadrate (0), pterygoid wing of
the quadrate arises below the dorsal head of the
quadrate (1).

54. Pterygoid wing of quadrate consists of a large,
anteromedially extending fan of bone (0), pterygoid
wing of the quadrate small (1).
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55. Groove on the base of the posterior side of the
pterygoid wing of the quadrate absent (0), present
(1).

56. Length of ventral process of the squamosal less than
30% the total length of the quadrate (0), length of
the ventral process of the squamosal greater than
30% the total length of the quadrate (1).

57. Paroccipital process oriented horizontally and
slightly widened distally (0), distal end of paroc-
cipital process “pendant shaped” (1).

58. Parietosquamosal shelf absent (0), present (1).

59. Orbital edge of postorbital forms a smooth, con-
tinuous arc (0), orbital edge of postorbital possesses
an anteriorly directed inflation into orbit (1).

60. Orbital margin of postorbital smooth (0), orbital
margin striated and rugose (1).

61. Postorbital nonrobust (0), postorbital robust (1).

62. Synovial socket for the head of the laterosphenoid
positioned along the frontal-postorbital contact (0),
synovial socket for the head of the laterosphenoid
positioned only in the postorbital (1), synovial
socket for the head of the laterosphenoid positioned
only in the frontal (2), no synovial joint for the lat-
erosphenoid present (3).

63. Greater than 25% of the frontal length participates
in the orbital margin (0), less than 25% of the fron-
tal length participates in the orbital margin.

64. Frontals extend over the entire orbit (0), frontals
positioned only over the posterior half of orbit (1).

65. Frontals arched over orbit (0), frontals dorsally flat-
tened (1).

66. Combined width of frontals greater than the total
length of the frontals (0), combined width of the
frontals less than the total length of the frontals (1).

67. Total length of frontals between 120% and 60% the
total length of the nasals (0), total length of frontal
less than 60% the total length of the nasals (1).

68. Length of the oral margin of the predentary less
than the length of the oral margin of the premaxilla
(0), length of the oral margin of the predentary
equal to or greater than the length of the oral mar-
gin of the premaxilla (1).

69. Anterior tip of predentary pointed (0), anterior tip
rounded (1).

70. Oral margin of the predentary smooth (0), oral
margin denticulate (1).

71. Ventral process of the predentary present (0), ven-
tral process of the predentary very reduced or
absent (1).

72. One ventral process of the predentary (0), two ven-
tral processes of the predentary (1).

73. Dentary symphysis V-shaped (0), dentary symphy-
sis spout shaped (1).

74. Anteriormost tip of dentary positioned within the
dorsal 1/3 of the dentary (0), anteriormost tip posi-
tioned near midheight of the dentary (1), anterior-
most tip positioned within the lower 1/3 of the
dentary (2), anteriormost tip curves ventrally below
ventral margin of the dentary (3), anteriormost tip
anterodorsally curved and positioned higher than
the base of the dentary toothrow (4).

75. Dorsal and ventral margins of the dentary converge
rostrally (0), dorsal and ventral margins of the den-
tary parallel (1).

76. Medial surface of the dentary straight (0), medial
surface of the dentary medially arched (1).

77. Dentary depth just anterior to the rising coronoid
process 20% or less the total length of the dentary
(0), dentary depth 21% or more the total length of
the dentary (1).

78. Dentary toothrow straight in lateral view (0), den-
tary toothrow sinuous in lateral view (1).

79. Coronoid process absent or weakly developed (0),
coronoid process present (1).

80. Dentary does not contribute to the coronoid pro-
cess (0), dentary does contribute to the coronoid
process (1).

81. The posterior end of toothrow ends anterior to coro-
noid process (0), the posterior end of tooth the row is
shrouded by the coronoid process in lateral view (1).

82. Coronoid process inconspicuous (0), coronoid pro-
cess subtriangular (1), coronoid process subrectan-
gular (2), coronoid process dorsally elongated with
a lobe-shaped distal expansion (3).

83. The length of the mandible posterior to the coronoid
process is 36% or greater the total length of mandible
(0), the postcoronoid length of the mandible is
between 25 and 35% the total length of the mandible
(1), the postcoronoid length of the mandible is less
than 25% the total length of the mandible (2).

84. Dorsal margin of the surangular convex or diagonal
(0), dorsal margin of the surangular concave (1).

85. Surangular foramen absent (0), present (1).

86. Ridge or process on lateral surface of surangular,
anterior to the jaw suture absent (0), a strong,
anteroposteriorly extending ridge present (1), a dor-
sally directed, fingerlike process present (2).

87. Distal condyles of the quadrate subequal (0), medial
distal condyle larger (1), lateral distal condyle larger (2).

88. Maximum length of external nares less than 15%
basal skull length (0), maximum length of external
nares greater than 15% basal skull length (1).
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89. External nares positioned close to the buccal mar-
gin and below the level of the orbit (0), external
nares positioned higher than the maxilla (1).

90. Antorbital fenestra present (0), absent (1).

91. Antorbital fossa rounds smoothly onto maxilla
along some part of its margin (0), antorbital fossa
sharply defined or extended as a secondary lateral
wall enclosing the fossa (1).

92. Maxillary fenestra absent (0), present (1).

93. Antorbital fossa triangular (0), antorbital fossa ovate
or circular (1).

94. External opening of the antorbital fossa present and
greater than 10% basal skull length (0), external
opening of the antorbital fossa present and less than
10% basal skull length (1), external opening of the
antorbital fossa absent (2).

95. Lower margin of the orbit circular (0), lower margin
of the orbit subrectangular (1).

96. Ventral edge of the infratemporal fenestra extends
to or below the ventral margin of the orbit (0), ven-
tral edge of the infratemporal fenestra positioned
well above the ventral margin of the orbit (1).

97. External mandibular fenestra present (0), absent
(1).

98. Angle between the base and long axis of the brain-
case greater than 35° (0), angle less than 35° (1).
99. Median ridge on floor of the braincase absent (0),

present (1).

100. Basioccipital and exoccipital contribute to the
occipital condyle (0), exoccipital excluded from
occipital condyle (1).

101. Nuchal crest on the supraoccipital absent (0), pres-
ent (1).

102. Supraoccipital contributes to greater than 5% of
the margin of the foramen magnum (0), supraoc-
cipital contributes to less than 5% of the margin of
the foramen magnum (1), supraoccipital excluded
from the margin of the foramen magnum (2).

103. Posttemporal foramen positioned at the boundary
between the parietals and the paroccipital process
(0), posttemporal foramen positioned entirely
within the opisthotic (1), posttemporal foramen
positioned entirely within the squamosal (2).

104. Posttemporal foramen consists of an enclosed
foramen (0), posttemporal foramen consists of a
dorsally open groove (1).

105. Ventral keel on basioccipital absent (0), present
(1).

106. Floor of basioccipital flat (0), arched (1).

107. Basioccipital tubera lower than basisphenoid (0),
basioccipital tubera level with basisphenoid (1).
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108. Foramen magnum occupies over 30% of the dorsal
margin of the occipital condyle (0), foramen mag-
num occupies between 30% and 20% of the dorsal
margin of the occipital condyle (1), foramen mag-
num occupies less than 20% of the dorsal margin of
the occipital condyle (2).

109. Length of basisphenoid (from base of the paras-
phenoid process to the posterior edge of the basi-
sphenoid) less than the length of basioccipital (0),
basisphenoid and basioccipital subequal in length
(1), length of basisphenoid greater than the length
of the basioccipital (2).

110. Foramen for cranial nerve V notches anteroventral
edge of prootic (0), foramen for cranial nerve V
completely enclosed within the prootic (1).

111. Premacxillary teeth present (0), absent (1).

112. Six teeth present in each premaxilla (0), between
four and five teeth present in each premaxilla (1),
one or less teeth present in each premaxilla (2).

113. Enlarged anterior canine tooth in dentary absent
(0), present (1).

114. Ridges absent on dentary teeth, only simple den-
ticles present (0), at least some denticles confluent
with ridges that extend to base of crown on dentary
teeth (1).

115. Apex of the maxillary teeth centrally placed (0),
apex of maxillary teeth placed posterior of center
(1).

116. Premacxillary teeth recurved, transversely flattened,
constricted at the base (0), premaxillary teeth
straight, subcylindrical, and unconstructed at the
base. (1).

117. Space present between the roots and crowns of
adjacent maxillary teeth (0), lack of space between
crowns of adjacent maxillary teeth up through the
occlusional margin (1), lack of space between roots
and crowns of adjacent maxillary teeth (2), no space
between crowns within each tooth position within
the maxilla (3).

118. Apical ridge on the dentary teeth placed centrally
or anterior of center (0), apical ridge of the dentary
teeth placed posterior of center (1).

119. Maxillary tooth roots straight in anterior or poste-
rior view (0), maxillary tooth roots curved in ante-
rior or posterior view (1).

120. Distinct neck present below the crown of the max-
illary teeth (0), maxillary crown tapers to root (1).

121. Maxillary teeth independently occlude (0), maxil-
lary teeth share a continuous occlusional surface (1).

122. Lingual surface of maxillary teeth concave (0), lin-
gual surface convex (1), lingual surface flat (2).
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123. Distribution of enamel on maxillary and dentary
teeth roughly equal on both sides (0), enamel pri-
marily restricted to one side on maxillary and den-
tary teeth (1).

124. Ridges present on both sides of dentary crowns
(0), ridges limited to one side of dentary crowns (1).

125. Maxillary crowns low and spadelike, rectangular,
or triangular (0), maxillary crowns high and dia-
mond shaped (1), maxillary crowns laterally flat-
tened and posteriorly recurved (2), maxillary
crowns conical (3).

126. Twelve or fewer teeth present in each maxilla (0),
between 13 and 19 teeth present in each maxilla (1),
20 or more teeth present in each maxilla (2).

127. Maxillary teeth possess a smooth face with simple
denticles (0), maxillary teeth possess ridges conflu-
ent with denticles that extend to base of crown (1).

128. All ridges on maxillary teeth equally prominent
(0), one ridge on maxillary teeth more prominent
than the rest (1).

129. Cingulum on maxillary teeth present (0), cingu-
lum on macxillary teeth absent (1).

130. Cingulum on dentary teeth absent (0), cingulum
on dentary teeth present (1).

131. Maxillary teeth positioned near the lateral margin
(0), maxillary teeth inset medially (1).

132. Maxillary crown height less than 50% length (0),
maxillary crown height between 50% and 90% crown
length (1), maxillary crown height subequal to the
crown length (2), maxillary crown height between
110% and 150% crown length (3), maxillary crown
height greater than 150% crown length (4).

133. Dentary crowns less than 50% higher than mesio-
distally wide (0), dentary crowns greater than 50%
higher than mesiodistally wide (1).

134. Denticles extend beyond apical third of maxillary
and dentary tooth crowns (0), denticles restricted to
apical third of maxillary and dentary tooth crowns
(D).

135. Dentary tooth roots straight in anterior or poste-
rior view (0), dentary tooth roots curved in anterior
or posterior view (1).

136. Dentary crowns rectangular, triangular, or leaf
shaped (0), dentary teeth lozenge shaped (1), den-
tary teeth laterally flattened, posteriorly recurved
(2), dentary teeth conical (3).

137. Thirteen or fewer dentary teeth present (0),
between 14 and 17 dentary teeth present (1), 18 or
more dentary teeth present (2).

138. Fewer than 10 ridges present on dentary teeth (0),
10 or more ridges present on dentary teeth (1).

139. All ridges on the dentary teeth equally prominent
(0), one ridge more prominent than the rest on the
dentary teeth (1).

140. Anterior two dentary teeth similar in morphology
to more posterior dentary teeth (0), anterior two
dentary teeth lack denticles, first tooth strongly
reduced (1).

141. Fewer than 10 cervical vertebrae (0), 10 or more
cervical vertebrae (1).

142. Cervical vertebrae plateocoelous or amphicoelous
(0), opisthocoelous (1).

143. Ventral surface of the cervical vertebrae rounded
(0), presence of a broad, flattened keel on the ventral
surface of the cervical vertebrae (1), presence of a
sharp ventral keel on the ventral surface of the cer-
vical vertebrae (2).

144. Anterior cervical centra less than 1.5x longer than
tall (0), length of anterior cervical centra equal or
greater than 1.5x longer than tall (1).

145. Epipophyses on anterior cervical three present (0),
absent (1).

146. Dorsal neural spines arise anteriorly or are cen-
tered over centrum (0), dorsal neural spines poste-
riorly positioned on centrum (1).

147. Fourteen or fewer dorsal vertebrae present (0), 15
dorsal vertebrae present (1), 16 dorsal vertebrae
present (2), 17 or more dorsal vertebrae present (3).

148. Sacrum composed of three or fewer fused verte-
bral centra (0), sacrum composed of between four
and five fused vertebral centra (1), sacrum com-
posed of six fused vertebral centra (2), sacrum com-
posed of seven or more fused vertebra centra (3).

149. Sacral neural spines less than 2x the height of the
sacral centra (0), sacral neural spines 2-2.5x the
height of the sacral centra (1), sacral neural spines
greater than 2.5x the height of the sacral centra (2).

150. Sacral neural spines lean posteriorly (0), sacral
neural spines lean anteriorly (1).

151. Height of neural spine on proximal caudal verte-
brae less than 1.5x taller than the height of the cen-
trum (0), height of neural spine greater than 1.5x
taller than the height of the centrum (1).

152. Caudal neural spines positioned entirely over their
respective caudal centra (0), caudal neural spines
extend beyond their own centrum (1).

153. Caudal ribs positioned entirely on caudal centra
(0), caudal ribs positioned along neurocentral suture
(1), caudal ribs positioned on neural arch (2).

154. First caudal vertebra bears the longest caudal rib
(0), longest caudal rib positioned posterior to first
caudal vertebra (1).



108 BULLETIN AMERICAN MUSEUM OF NATURAL HISTORY

155. Axial epiphyses present at least vestigially (0), axial
epiphyses absent (1).

156. Transition from tuberculum and capitulum of
dorsal ribs from vertical to near horizontal
occurs between dorsal vertebrae 2 and 4 (0),
transition occurs between dorsal vertebrae 5 and
6 (1), transition occurs between dorsal vertebrae
6 and 8 (2).

157. Partial ossification of the sternal segments of the
cranial dorsal ribs absent (0), present (1).

158. Scapular spine on the anterodorsal corner of the
scapula low or broad (0), scapular spinesharp and
pronounced (1).

159. Minimum thickness of scapular neck less than
20% maximum length of the scapula (0), minimum
width of neck greater than 20% maximum length of
the scapula (1).

160. Width of coracoid less than 60% the length of the
coracoid (0), width of coracoids between 61% and
100% the length of the coracoid (1), width of the
coracoid greater than the length of the coracoid (2).

161. Coracoid foramen enclosed within the coracoids
(0), coracoid foramen open along coracoid-scapula
articular contact surface (1).

162. Length of sternal process of the coracoids (mea-
sured from the tip of the sternal process of the cor-
acoid to the base of the coracoid notch less than
70% the width of the sternal process measured at
the level of the base of the coracoids notch) (0),
length of sternal process greater than 70% the width
of the sternal process (1).

163. Ovoid fossa positioned anteroventral to the gle-
noid fossa on the coracoid absent (0), present (1).

164. Sternal plates crescent shaped (0), sternal plates
hatchet shaped (1), sternal plates expanded along
the anterior and posterior ends and constricted in
the middle (2).

165. Humerus longer than or subequal to scapula (0),
scapula longer than humerus (1).

166. Total forelimb length [measured from the head of
the humerus to tip of the manus] longer than 40%
the total length of the hind limb [measured from the
head of the femur to tip of the pes] (0), total fore-
limb length equal to or less than 40% the total
length of the hind limb (1).

167. Shaft of the humerus straight (0), shaft of the
humerus exhibits at least a modest caudal flexure at
the level of the deltopectoral crest (1).

168. Deltopectoral crest rounded in lateral view (0),
deltopectoral crest angular in lateral view (1), delto-
pectoral crest inconspicuous (2).
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169. Olecranon process low (0), olecranon process
moderately developed (1), olecranon process well
developed (2).

170. Cross-sectional shape of the ulna at midshafttrian-
gular or oval (0), cross-sectional shape of the ulna
at midshaft cylindrical (1).

171. Shaft of the ulna straight (0), shaft of the ulna
bowed (1).

172. Minimal radial width less than 10% the length of
the radius (0), minimal radial width greater than
10% the length of the radius (1).

173. Carpus unfused (0), carpus fused (1).

174. Metacarpal I greater than 50% the length of meta-
carpal ii (0), metacarpal I less than 50% the length
of metacarpal ii (1).

175. Manual digit I oriented less than 25° from digit iii
(0), manual digit I oriented between 25° and 60°
from digit iii (1), manual digit I oriented at an angle
greater than 60° from digit iii (2).

176. Ungual of manual digit I clawlike (0), ungual sub-
conical (1), ungual absent (2).

177. First phalanx of manual digits ii-iv less than
twice the size of second phalanx (0), first pha-
lanx greater than 2x the size of second phalanx
(1).

178. Unguals on manual digits ii and iii longer than
wide (0), unguals on manual digits ii and iii wider
than long (1).

179. Four phalanges present in manual digit iii (0),
three phalanges present in manual digit iii (1).

180. Three phalanges present in manual digit IV (0),
two phalanges present in manual digit IV (1), one
phalanx present in manual digit iv (2).

181. Two phalanges present in manual digit V (0), one
phalanx present in manual digit V (1), phalanges
absent in manual digit V (2).

182. Acetabulum on ilium normal to high (0), acetabu-
lum on ilium short to long (1).

183. Ventral acetabular flange on the ilium present (0),
absent (1).

184. Supraacetabular rim on the ilium weakly devel-
oped or absent (0), supraacetabular rim on the ilium
strongly developed (1).

185. Dorsal margin of the ilium straight to slightly con-
vex in lateral view (0), dorsal margin of the ilium
sinuous in lateral view (1).

186. External surface of the preacetabular process of the
ilium laterally facing and roughly in the same plane
as the body of the ilium (0), external surface of the
preacetabular process of the ilium twisted about its
long axis (1).
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187. Anterior tip of the preacetabular process of the
ilium situated posterior to the anterior tip of the
pubic peduncle of the ilium (0), anterior tip of the
preacetabular process of the ilium situated anterior to
the anterior tip of the pubic peduncle of the ilium (1).

188. Length of the postacetabular process of the ilium
between 40% and 21% the total length of the ilium
(0), postacetabular process of the ilium less than
20% the total length of the ilium (1), postacetabular
process of the ilium greater than 40% the total
length of the ilium (2).

189. Brevis shelf on the ilium oriented vertically (0),
brevis shelf on the ilium extends medially in a
roughly horizontal plane (1).

190. Ischiac peduncle of the ilium is not supported by
a sacral rib (0), ischiac peduncle of the ilium sup-
ported by a sacral rib (1).

191. Lateral swelling of the ischiac peduncle of the
ilium absent (0), present (1).

192. Pubic peduncle of the ilium more robust than the
ischial peduncle and expands in lateral view (0),
pubic peduncle of the ilium tapers distally and is
smaller than the ischial peduncle (1).

193. Pubis not secondarily supported (0), pubis sup-
ported only by sacral rib (1), pubis supported
directly by at least one sacral centrum (2).

194. Pubis anteroventrally facing (0), pubis vertically
oriented (1), pubis posteroventrally rotated (2).
195. Anterior process of the pubispresent and straight
(0), anterior process of the pubis present and dor-
sally curved (1), anterior process of the pubis absent

(2).

196. Angle between prepubic process and pubic shaft
greater than 150° (0), angle less than 100° (1).

197. Prepubic process of the pubis short and peg shaped
(0), prepubic process of the pubis mediolaterally
flattened (1), prepubic process of the pubis rod
shaped (2), prepubic process of the pubis dorsoven-
trally flattened (3).

198. Length of the prepubic process of the pubis (mea-
sured from the obturator notch) less than 20% the
total length of the ilium (0), prepubic process of the
pubis greater than 20% the total length of the ilium
(1).

199. Iliac and pubic peduncles of the ischium continu-
ous, but separated by a fossa (0), iliac and pubic
peduncles distinct and separated by a concave sur-
face (1).

200. Pubic peduncle of ischium larger than iliac pedun-
cle (0), peduncles subequal or iliac peduncle larger
than pubic peduncle (1).

201. Dorsal margin of ischial shaft straight at midlength
in lateral view (0), caudodorsally convex at mid-
length in lateral view (1), caudodorsally concave at
midlength in lateral view (2).

202. Groove on the dorsal edge of the ischium absent
(0), present (1).

203. Tab-shaped obturator process absent (0), present
(1).

204. Obturator process placed within the proximal 40%
of the ischium (0), obturator process placed within
the distal 60% (1).

205. Ischial shaft flat and bladelike (0), ischial shaft
ovoid to subcylindrical (1).

206. Ischial symphysis present along at least 50% of the
ischial shaft (0), ischial symphysis only present dis-
tally (1).

207. Enlarged “foot” on the distal end of the ischial
shaft absent (0), present (1).

208. Minimum diameter of the femur less than 15% of
total femur length (0), minimum diameter of the
femur greater than 15% of total femur length (1).

209. Femoral shaft straight in anterior view (0), femoral
shaft distinctly bowedin anterior view (1).

210. Angle between the neck of the femoral head and
the femoral shaftless than or equal to 100° (0), angle
greater than 100° (1).

211. Necklike constriction under the head of the femur
absent (0), present (1).

212. Trench between the greater trochanter and the
head of the femur absent (0), present (1).

213. Lateral surface of the greater trochanter of femur
convex (0), lateral surface of the greater trochanter
flattened (1).

214. Intertrochanteric notch between the lesser and
greater trochanters on the femur present (0), absent
(1).

215. Dorsal margin of the lesser trochanter of the femur
lower than or equal to the height of the greater tro-
chanter (0), dorsal margin of lesser trochanter
higher than the height of the greater trochanter (1).

216. Lesser trochanter of femur positioned anterior and
medial to greater trochanter (0), lesser trochanter
positioned anterior and somewhat lateral to greater
trochanter (1).

217. Lesser trochanter of femur consists of a prominent
crest (0), lesser trochanter similar in width to the
greater trochanter and separated from it by a wide
cleft (1), lesser trochanter narrow and closely
appressed to the greater trochanter (2).

218. Dorsal margin of the lesser trochanter substan-
tially lower than the head of the femur (0), dorsal
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margin of the lesser trochanter approximately the
same height as the head of the femur (1).

219. Fourth trochanter of the femur moundlike (0),
fourth trochanter a sharp ridge (1), fourth trochan-
ter pendant shaped (2), fourth trochanter subtrian-
gular (3), fourth trochanter vestigial, consisting of a
rugosity or scar (4).

220. Insertion scar of m. caudifemoralis longus on
femur extends from fourth trochanter onto medial
surface of femoral shaft (0), insertion scar of m.
caudifemoralis longus widely separated from fourth
trochanter and restricted to the medial surface of
the femoral shaft (1).

221. Fourth trochanter entirely on the proximal half of
the femur (0), fourth trochanter placed at or below
midshaft of the femur (1).

222. Anterior intercondylar groove on the distal femur
absent (0), present (1).

223. Anterior intercondylar groove of the femur broad,
shallow, and V-shaped with the edges of the groove
meeting at an angle of greater than 90° (0), anterior
intercondylar groove tight, deep, and V-shaped with
edges of the groove meeting at less than a 90° angle
(1), anterior intercondylar groove deep, narrow,
U-shaped, and partially enclosed by a slight expan-
sion of the medial condyle (2), anterior intercondy-
lar groove U-shaped and partially enclosed by
expansions of both distal condyles (3), anterior
intercondylar groove consists of a canal fully
enclosed by fusion of lateral and medial condyles
(4).

224. Posterior intercondylar groove on the femurfully
open (0), medial condyle inflated and at least par-
tially covering the intercondylar groove (1).

225. Posterior intercondylar groove extends less than
1/4 the length of the femur (0), posterior intercon-
dylar groove extends greater than 1/4 the length of
the femur (1).

226. Femur shorter than or equal to tibia in length (0),
femur longer than tibia (1).

227. Tibia triangular in transverse section (0), tibia
rounded in transverse section (1).

228. Lateral proximal condyles on the tibia equal in size
(0), fibular condyle smaller (1), only one lateral
proximal condyle present (2), fibular condyle larger
(3).

229. Lateral extension of the tibial posterior flange does
not reach fibula (0), lateral extension of the tibial
posterior flange extends posterior to the medial
margin of the fibula (1), lateral extension of the
tibial posterior flange extends posterior to entire
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distal end of the fibula and calcaneum (2), lateral
extension of the tibial posterior flange absent (3).

230. Cnemial crest of tibiastraight (0), cnemial crest
arcs anterolaterally (1).

231. Cnemial crest of tibia rounded (0), cnemial crest
sharply defined (1).

232. Lateral distal condyle on the femur subequal to the
medial distal condyle (0), lateral distal condyle
80%-60% the size of the medial distal condyle (1),
lateral distal condyle 59%-50% the size of the
medial distal condyle (2), lateral distal condyle
49%-40% the size of the medial distal condyle (3),
lateral distal condyle 39%-30% the size of the
medial distal condyle (4), lateral distal condyle
29%-20% the size of the medial distal condyle (5).

233. Fibular shaft elliptical or rounded in transverse
section at midlength (0), fibular shaft D-shaped in
transverse section throughout its length (1).

234. Ascending process of astragalus short (0), ascend-
ing process triangular and toothlike (1), ascending
process spikelike (2), ascending process relatively
large (3).

235. Posterior side of astragalus low (0), high (1).

236. Height of anterior side of astragalus high (0),
extends moderately high (1), height of anterior side
low (2).

237. Articular surface for fibula on the astragalus covers
more than 30% of the proximal surface (0), articular
surface covers less than 30% of proximal surface of
astragalus (1).

238. Angle between the articular facets for the tibia and
fibula on the calcaneum greater than 120° (0), angle
less than 120° (1).

239. Three or more distal tarsals present (0), two or
fewer distal tarsals present (1).

240. Medial distal tarsal blocky, thin, and rectangular in
proximal view (0), medial distal tarsal round in
proximal view (1).

241. Medial distal tarsal does not cover any part of the
proximal surface of metatarsal II (0), medial distal
tarsal covers at least a portion of the proximal sur-
face of metatarsal II (1).

242. Lateral distal tarsal square shaped (0), kidney
shaped (1).

243. Metatarsal I present (0), absent (1).

244. Metatarsal V present (0), absent (1).

245. Metatarsal V less than 25% the length of metatar-
sal IIT (0), between 25% and 50% (1), greater than
50% (2).

246. Diameter of the midshafts of metatarsals I and V
subequal to or greater than metatarsals II-IV (0),
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diameter of the midshafts of metatarsals I and V less
than metatarsals II-IV (1).

247. Four functional digits in the pes (0), three func-
tional digits in the pes (1).

248. Phalanges in pedal digit I present (0), absent (1).

249. Unguals on pedal digits II-IV longer than wide
(0), approximately as wide as or wider than long (1).

250. Ossified hypaxial tendons along the tail absent (0),
present (1).

251. Epaxial ossified tendons absent (0), present (1).

252. Epaxial tendons longitudinally arranged into a
single layer (0), arranged in a double-layered lattice
(D).

253. Postcranial osteoderms absent (0), present (1).

254. Dermal sculpturing of the skull and/or mandible
absent (0), present (1).

255. Premaxillae unfused (0), fused (1).
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