ABSTRACT
AVRAHAMI, HAVIV MOSHE. The Anatomy, Phylogeny, Ontogeny, and Histology of the
SemiFossorial thescelosaurid dinos@&urFona herzoga® from The Cenomaniaage
MussentuchiMember of the Cedar Mountain Formation, Utainder the direction of Dr.
Lindsay Zanno).

Ornithischia, one of the three major dinosaur clades, is hypothesized to have originated
between the Triassic and earliest Jurassic periods, though the precise timing remains debated.
Over a span of approximately 134 million years, ornithischians evolved into a morphologically
diverse and globally distributed group, with iconic members such as ceratopsians,
pachycephalosaurs, hadrosaurs, ankylosaurs, and stegosaurs. Yet, the evolutionary foundations
of this diversity lie in the earlier, smdibdied, bipedal, and morphologically conservative
ornithischian® taxa that remain poorly characterized in terms of anatomy, growth, ecology, and
evolutionary relationships.

This dissertation presents a detailed anatomical, phylogenetic, ontogenetic, and
histological investigation dfona herzogaea new semfossorial neornithischian dinosaur from
central Utah. Represented by an exceptional assemblage of disarticulated skeletons dated to
~99.5 99.2 million years agd;onais the earliest knowthescelosaurinf'om North America,
extending the temporal range of this clade by roughly 33 million years. Comparative osteological
analyses reveal a range of intraspeaificability in both cranial and postcranial elements,
suggesting the presence of distinct morphotypes possibly representing sexual dimorphism.
Histological data indicate all sampled individuals were skeletally immature subadults, with the
oldest individuals estimated to be at least six years old at the time of death.

These findings not only refine our understanding of thescelosaurid evolution but also

suggest that high intraspecific variatibma plesiomorphic trait of amniot@sersisted among

early-diverging ornithischiansThe presence of compact coarse cancellous bone (CCCB) in the



limb bones ofFonaand other smaldbodied ornithischians may reflect adaptations for enhanced
biomechanical support, potentially linked to fossoriality, but plaasibly associated with
cursoriality, foragingor otherbehaviorsAlternatively, these observations may simply reflect
ontogenetic growth patterns without direct ties to a specific ecological funstometheless, this
work contributes to a growing body of evidence that fossoriality was more widespread in basal
ornithischians than previously recognized. The documentation of this behavior in a mid
Cretaceous taxon challenges existing models of ecological conservatism among early
neornithischians and underscores the potential for hidden behavioral diversity Hbadiadl

taxa.

Taken togethethis studyestablishe§ona herzogaas a key taxon for understanding the
early evolutionary trajectory of Thescelosaurinae and underscores the importancescéline
anatomical and histological analyses in reconstructing the paleobiology oftadedd
dinosaurs. Future work should expand sampling across both geographic and temporal ranges to
evaluate whether the observed variabilitf-onarepresents a broader evolutionary pattern
among earlydiverging ornithischians and to further test the ecological significance of CCCB as
a proxy for behavior.

Lastly, increased attention should be directed toward evaluating whether the apparent
absence of orodromines and thescelosaurin@ecarring within the same Cretaceous North
American paleoenvironments reflects genuine differences in habitat preference or ecological

partitioning, or whether this pattern simply results from current limitations in sampling.
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1 | INTRODUCTION

Thescelosaurines were a group of small to medium-sized,
plant-eating dinosaurs that inhabited North America

Peter J. Makovicky® |

Ryan T. Tucker? |

Abstract

Thescelosaurines are a group of early diverging, ornithischian dinosaurs
notable for their conservative bauplans and mosaic of primitive features.
Although abundant within the latest Cretaceous ecosystems of North America,
their record is poor to absent in earlier assemblages, leaving a large gap in our
understanding of their evolution, origins, and ecological roles. Here we report
a new small bodied thescelosaurine—Fona herzogae gen. et sp. nov.—from the
Mussentuchit Member of the Cedar Mountain Formation, Utah, USA. Fona
herzogae is represented by multiple individuals, representing one of the most
comprehensive skeletal assemblages of a small bodied, early diverging ornith-
ischian described from North America to date. Phylogenetic analysis recovers
Fona as the earliest member of Thescelosaurinae, minimally containing
Oryctodromeus, and all three species of Thescelosaurus, revealing the clade was
well-established in North America by as early as the Cenomanian, and distinct
from, yet continental cohabitants with, their sister clade, Orodrominae. To
date, orodromines and thescelosaurines have not been found together within a
single North American ecosystem, suggesting different habitat preferences or
competitive exclusion. Osteological observations reveal extensive intraspecific
variation across cranial and postcranial elements, and a number of anatomical
similarities with Oryctodromeus, suggesting a shared semi-fossorial lifestyle.

KEYWORDS

Cretaceous, Dinosaur, Fossorial, Ornithischian, Thescelosaurine

during the Late Cretaceous (Norman, Sues, et al., 2004).
Members of the clade are characterized by bipedal
locomotion, an elongated rostrum bearing a keratinous
rhamphotheca, leaf-shaped cheek teeth and semi-conical

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2024 The Author(s). The Anatomical Record published by Wiley Periodicals LLC on behalf of American Association for Anatomy.
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premaxillary teeth (Boyd, 2014), shortened forelimbs
(Senter & Mackey, 2023), ribcages overlain with ossified
plates (Boyd et al., 2011), and neurosensory systems
adapted for low-to-the ground posture and possible semi-
fossorial behavior (Button & Zanno, 2023). More broadly,
thescelosaurines preserve a primitive bauplan reminis-
cent of the earliest ornithischian lineages (Baron, 2019;
Baron et al., 2017; Sereno, 1997; Weishampel, 2004) and
are important for polarizing evolutionary transitions such
as resting or burial posture (Yang et al., 2020), dietary
transitions (Allison et al.,, 2019; Barrett et al., 2011;
Becerra et al., 2022; Salgado et al., 2017), respiratory
adaptations (Bourke et al., 2014; Radermacher et al.,
2021), burrowing behavior (Varricchio et al., 2007), body
size evolution (Norman, 2004; Norman, Sues, et al., 2004;
Norman, Witmer, & Weishampel, 2004; O'Gorman &
Hone, 2012), and biogeographic radiations (Barrett
et al., 2014). Despite their evolutionary significance and
their abundance in Maastrichtian ecosystems of North
America, thescelosaurines remain poorly understood. To
date, Thescelosaurinae is species-poor, consistently com-
posed only of three unique species of Thescelosaurus (Th.
neglectus, Th. assiniboiensis, and Th. garbanii), a collec-
tion of material referable to the genus level (Boyd
et al., 2009; Brown et al., 2011), and frequently, the genus
Parksosaurus (e.g., Sues et al., 2023).

As a clade, thescelosaurines were spatiotemporally con-
strained to the latest Cretaceous of North America, but their
close relationship to orodromines, known from the Early
Cretaceous, leaves a large knowledge gap in our under-
standing of their biogeographic origins and evolutionary
relationships. Thescelosaurines, along with Orodrominae,
form the two consistently stable and well-supported internal
subclades of Thescelosauridae; however, beyond this, the
composition of Thescelosauridae is variable, with some
studies including a collection of other small-bodied early
diverging ornithischians (hereafter SBEDOs). Although sev-
eral of these species are well-preserved in terms of anatomi-
cal completeness, ontogenetic series, and specimen quantity
(e.g., Haya and Jeholosaurus), these specimens are often
preserved in articulation, preventing comprehensive docu-
mentation of elements from multiple views and limiting the
number of phylogenetically informative characters that can
be established and verified. This deficiency contributes to
the phylogenetic instability within Thescelosauridae and
among close relatives.

Here, we describe Fona herzogae, a new species of
possibly semi-fossorial thescelosaurine dinosaur, from
the Mussentuchit Member of the Cedar Mountain For-
mation, based on one of the largest articulated and disar-
ticulated skeletal collections of a single SBEDO. This
collection allows us to document and figure elements in
previously underrepresented views. Our description of

Fona herzogae aids in understanding the evolution of
early diverging ornithischians; allows for better compari-
son of neornithischian interrelationships and investiga-
tions into fossorial behavior; and expands the growing
list of known dinosaurian taxa that compose the faunas
of the mid-Cretaceous of North America.

1.1 | Geological setting

Higher subduction rates during the Albian-Cenomanian
transition resulted in an intensified volcanism across the
westerly lying Cordilleran Arc triggering a rejuvenation
of shortening across the Sevier fold-and-thrust-belt
(Currie, 2002; DeCelles & Coogan, 2006; Laskowski
et al., 2013). Due to this tectonic activity in the west, the
north-south trending foredeep migrated eastward,
accommodating both unroofed thrust sediments and
voluminous amounts of volcanilithic detritus (Tucker
et al., Accepted; Currie, 2002; DeCelles & Coogan, 2006;
Laskowski et al., 2013). Remnants of this dynamic setting
are scattered across the Western Interior (WI), which
include the penecontemporaneous deposits of the Mus-
sentuchit Member of the Cedar Mountain Formation
(Utah) to the central WI, along with the Wayan Forma-
tion of Idaho and Vaughn Member of the Blackleaf For-
mation in Montana (Tucker et al., Accepted; Kirkland
et al., 2016; Krumenacker, 2019).

The Mussentuchit Member is the youngest Cedar
Mountain Formation member (99.674 + 0.439/—0.197
to  98.905 + 0.158/—0.183 Myr) and represents
a ~ 800 k window into the world of Laramidia's eastern
shores just prior to the Greenhorn cycle in the Western
Interior Seaway (WIS) (Tucker et al., 2022; Tucker
et al., 2023). Sedimentary successions of the Mussentu-
chit Member predominantly consist of smectitic
mudrocks, thin-bedded sandstones, and four laterally
extensive bedded ashes (MAZ1-MAZ4) (Tucker
et al., 2023) (Figure 1). Most recently, the Mussentuchit
Member has been interpreted to reflect a mix of orogen-
transverse (Sevier highlands) and orogen-parallel accu-
mulation of basinal sediments (Tucker et al., Accepted).
We envision a similar setting for the Wayan-Vaughn
Member; however, this has yet to be confirmed. Despite
both the Mussentuchit and Wayan-Vaughn depocenters
being located within the foredeep, the northerly lying
Wayan-Vaughn depocenter is ascribed as a more arid envi-
ronment composition (Krumenacker, 2019). In contrast,
the more southerly Mussentuchit depocenter has been
interpreted as humid (Suarez et al, 2012; Tucker
et al., 2022), possibly resulting in each Member preserving
similar, yet distinct, species compositions (Avrahami
et al., 2022; Krumenacker, 2019).
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Index map and stratigraphic section. Bayesian age-stratigraphic model for key fossil sites in the Mussentuchit Member using

a composite stratigraphic framework and depositional ages for MAZ1-4 (Tucker et al., 2023) and the modified Bchron Bayesian age-
stratigraphic model (Trayler et al., 2020). Posterior ages and uncertainties for stratigraphic positions are interpreted from the median, and
95% highest-density intervals of the model runs. Model runs were truncated above using a 95.6 Ma age for the overlying Naturita Sandstone
(Tucker et al., 2022, 2023). Figure modified from Tucker et al., 2023.



AVRAHAMI Et AL

L wiLey-

2 | MATERIALS AND METHODS

2.1 | Institutional abbreviations

AMNH: American Museum of Natural; BMNHC: Beijing
Museum of Natural History, Beijing, China; BYU: Earth
Sciences Museum, Brigham Young University, Provo,
Utah; CMN: Canadian Museum of Nature, Ottawa,
Canada; DMNS: Denver Museum of Nature & Science,
Denver, Colorado; FMNH: Field Museum of Natural
History, Chicago, Illinois; IMNH: Idaho Museum of
Natural History, Pocatello, Idaho; MPC-D: Institute of
Geology, Mongolian Academy of Sciences, Ulaan Baatar,
Mongolia; ROM: Royal Ontario Museum, Toronto,
Ontario, Canada; MCZ: Museum of Comparative Zoology,
Cambridge, Massachusetts; MOR: Museum of the Rockies,
Bozeman, Montana; NCSM: North Carolina Science
Museum, Raleigh, North Carolina; NCSU AIF: North
Carolina State University Analytical Instrumentation
Facility, Raleigh, North Carolina; NMNH: Smithsonian
National Museum of Natural History; NHMU: Natural
History Museum of Utah, Salt Lake City, Utah; NHMUK:
Natural History Museum, London, England; NMZ:
Naturhistorisches Museum der Universitit Ziirich,
Switzerland; OMNH: Sam Noble Oklahoma Museum of
Natural History, Norman, Oklahoma; SMA: Sauriermuseum
Aathal, Aathal, Switzerland; SMU: Southern Methodist Uni-
versity, Dallas, Texas; STMN: Shandong Tianyu Museum of
Nature, Pingyi, China; TMP: Royal Tyrrell Museum, Drum-
heller, Alberta; UGS: Utah Geological Survey, Salt Lake
City, Utah; YPM: Yale Peabody Museum of Natural His-
tory, New Haven, Connecticut.

2.2 | Morphometrics

In order to compare the shape of the scapulae of Fona
with other early-diverging ornithischians, we updated the
morphometric dataset from Fearon and Varricchio (2015)
by adding in Fona, along with several other early diverg-
ing ornithischians measured from published figures or
3D scans (Data S1). After log-transforming the data, a
principal component analysis was performed in PAST
version 4.0.4 (Hammer et al., 2001) and the figure was
created using Adobe Illustrator CC 2015.

2.3 | Phylogenetic analyses

2.3.1 | Matrices

To reconstruct interrelationships among early diverging
ornithischians and identify the evolutionary relationships

of Fona, we performed a series of phylogenetic analyses
utilizing a new matrix derived from the compilation of
datasets from several recent studies. Zanno, Gates, et al.
(2023) is the most recent version of the Boyd (2015)
matrix (77 taxa and 255 characters) and was selected as
the seed matrix onto which all others were merged
because its taxon list contains the highest number of thes-
celosaurids. To this updated Boyd (2015) matrix, we incor-
porated characters from three other matrices (Dieudonné
et al., 2021; Han et al., 2018; Poole, 2015) and subsequent
derivatives of these datasets (e.g., Cruzado-Caballero
et al., 2019; Poole, 2023; Rozadilla et al., 2019), to provide
resolution of early diverging ornithischian interrelation-
ships. Some similar characters between matrices were
incompatible for merging, due to slight variations in word-
ing or discrepancies between state binning sizes/ranges. In
these cases, we retained the character that best reflected
variation across SBEDOs. Additionally, characters that
suffer from the logical fallacies identified by Simoes
et al. (2017) to such a degree that evaluation or reproduc-
ibility was hindered were removed. Lastly, invariant char-
acters were also removed (see details below), resulting in a
matrix composed of 411 characters.

The character codings for all SBEDOs were revalu-
ated either from literature, published 3D scans, or in per-
son when possible. If a character coded for an outgroup
(non-SBEDO) taxon conflicted between merged matrices
and could not be verified independently, the code was
either converted to unknown or, converted to the state
represented in the majority of merged matrices. These
specific changes can be found as comments with detailed
justifications appended to individual spreadsheet cells in
the supplemental file (Data S2).

Lastly, we added the following taxa to the matrix:
Changmiania was added from Yang et al. (2020), Diluvicur-
sor from Herne et al. (2018), Minimocursor was added and
recoded from Manitkoon, Deesri, Khalloufi, et al. (2023),
and several taxa were added or updated directly from
the literature, including Sanxiasaurus (Li et al., 2019),
Leaellynasaura (Rich et al., 2010; Sharp et al., 2017), and
Yueosaurus (Zheng et al, 2012). Sanjuansaurus was
removed due to low skeletal completeness and patristic
distance from the ingroup.

2.3.2 | Bayesian analyses

We ran a series of time-calibrated and non-time-calibrated
Bayesian analyses. Bayesian methods can outperform
parsimony in terms of improved accuracy and precision
towards the true topology under certain conditions
(Puttick et al., 2019). They are particularly optimal
when handling matrices composed of 50-200 taxa
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(Vernygora et al., 2020), 100-500 characters (Wiens &
Morrill, 2011), high amounts of missing data, and high
levels of homoplasy (Puttick et al., 2019), and they may
provide more reliable quantification of the confidence of
estimated relationships in the form of the posterior
probability at the nodes. Although certain recent studies
suggest that these benefits might be limited to simulated
datasets (Goloboff et al., 2019) or suggest that Bayesian
inference could exhibit lower precision compared to
Maximum Parsimony (Schrago et al., 2018), a definitive
consensus is yet to be established. Other recent investi-
gations highlight that Bayesian methods consistently
yield a topology from morphological data that aligns
more closely with the molecular topology and under-
score the enhanced performance of Bayesian methods
when applied to real morphological data (e.g., Barbosa
et al., 2024; Dalmasso et al., 2022).

Analyses using Bayesian inference were parameter-
ized in the program BEAUti 2.7.6 and run using the
associated software Beast 2.7.6 (Bouckaert et al., 2019).
Nexus files were formatted in Mesquite to be compati-
ble with BEAUi, requiring all invariant characters to
be removed. Additionally, Beast can only handle
either/or polymorphic states coded as with slash “/”
not simultaneous polymorphisms coded with a “&”.
Therefore, all “&” were converted to a slash. Next, in
BEAUti, the dataset was converted into .xml files that
are readable by Beast (Data S3). For Beast to incorpo-
rate discrete morphological data, a series of supported
packages were installed to BEAUti from its built-in
package manager. These include BEASTLabs 2.0.2, cla-
deage (CA) 2.1.0, Morphological Models (MM) 1.2.1,
Model_Selection 1.6.2, Nested Sampling (NS) 1.2.1,
Optimized Relaxed Clock (ORC) 1.1.2, and sampled
ancestor (SA) 2.1.1.

Six partitions were automatically created based on
character state quantity, and each partition was flagged
to allow the tree likelihood to use ambiguities as
equally likely values for the tips. All partitions use the
Lewis MK substitution model with a gamma category
count of four to allow for rate heterogeneity. The clock
model was set to the optimized relaxed clock. The Yule
model was used for the Non-time-calibrated analyses,
whereas the Fossilized Birth-Death model was used in
the time-calibrated analysis. Marasuchus was used as
the outgroup.

All analyses were run with an MCMC chain length of
~100 million, storing every 5000 trees. Convergence was
evaluated using Tracer 1.7.1 (Rambaut et al., 2018). The
maximum clade credibility tree (MCC) was created using
the associated program TreeAnnotator 2.6.3 with default
settings. Tree data was formatted and visualized using
FigTree 1.4.4 and Adobe Illustrator.
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2.3.3 | Parsimony analyses

The parsimony analysis was run in TNT version 1.6
(Goloboff & Morales, 2023). An invariant character was
added to the first column to maintain numerical consis-
tency between TNT and Mesquite. After the matrix was
imported, “Max. trees” was set to 99,999 and RAM
was set to 500 Mb. Marasuchus was set as the outgroup
taxon and characters 23, 35, 41, 128, 160, 172, 176, 239,
252, 257, 264, and 265, were set to ordered/additive. A
traditional search was performed with the TBR algo-
rithm, setting using 1000 replicates and saving 1000 trees
per replication, leaving all other settings as default. The
final tree score was 1823. Lastly, a strict consensus tree
and a 50% majority rule tree were calculated using the
default settings from all trees. The topology of these ana-
lyses is presented in (Data S4).

2.4 | Osteological figures

The majority of figures presented in this study are based on
associated disarticulated materials from multiple specimens
from the Mini Troll locality (Figures 2, 3, and 4). This is
because skull elements from the Mini Troll locality are gen-
erally better preserved, and underwent preparation, ana-
lyses, and documentation prior to the discovery and
preparation of NCSM 33548. All osteology figures were pro-
duced in orthographic view using the open-source software
Blender. Three-dimensional models were created using the
iPhone application Metascan (Avrahami, Lindsey, &
Herzog, 2023), as well as an Artec Space Spider Industrial
3D scanner. The majority of osteological figures are pre-
sented as 3D models rather than photographs. This was
done because the surface texture of most bones is uniformly
black and shiny, making it difficult to highlight subtle
features with minimal relief using traditional photographic
techniques. Lighting techniques in Blender do not suffer
from these limitations, and all forms of perspective distor-
tion and focal length blur are eliminated.

3 | SYSTEMATIC PALEONTOLOGY
DINOSAURIA Owen (1842).
ORNITHISCHIA Seeley (1887).
NEORNITHISCHIA Cooper,
et al., 2008).
ORNITHOPODA  Marsh,
et al., 2008).
THESCELOSAURIDAE (Sternberg, 1937).
THESCELOSAURINAE (Sternberg, 1940).
THESCELOSAURINAE indet.

1985 (sensu Butler

1881 (sensu Butler
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Postcranial skeletal reconstruction. Postcranial 3D reconstruction of select disarticulated elements from the Mini Troll

locality. The exact number of cervical, dorsal, and caudal vertebrae and ribs are unknown, illustrated by the white dotted lines. Portions of

the manus are also incomplete.

3.1 | Referred materials

Over a decade of fieldwork in the Mussentuchit Member
has produced a rich record of thescelosaurine specimens
including isolated and concentrated remains. Here we
adopt an apomorphy-based framework for referrals. Spec-
imens not preserving any autapomorphic features of
Fona herzogae are referred to Thescelosaurinae indet.
only if they preserve traits we recognize herein as diag-
nostic for this taxon. To date, these include thescelo-
saurine materials housed at the NCSM from the Last
Chance Theropod (NCPALEOUT21) and Magic Man
(UT-21-07-23-Z1) localities. The thescelosaurine mate-
rials from Last Chance Theropod (NCSM 33547, 36187,
36137, 36192, and 36281) are among the smallest recov-
ered and may represent a single individual. Elements
from Magic Man (NCSM 36190, 36191, and 36272) repre-
sent the largest thescelosaurine partial individual recovered
to date, but this specimen has not yet been completely exca-
vated. Additional specimens likely to represent thescelo-
saurines, but lacking currently recognized diagnostic
features are mentioned in the remarks.

3.2 | Occurrence

Indeterminate thescelosaurine materials have been
recovered from throughout the (lower and upper) Mus-
sentuchit Member, upper Cedar Mountain Formation,

Utah, USA. Magic Man [UT-21-07-23-Z1] (lower Mus-
sentuchit between MAZ1 and Last Chance Sandstone
99.466 + 0.046/—0.053 Ma) is the stratigraphically
lowest locality preserving a partial skeleton. Last
Chance Theropod (NCPALEOUT21) (99.449 + 0.048/
—0.051) is stratigraphically bound between MAZ1 and
MAZ2 and located directly above the Last Chance
Sandstone (Tucker et al., Accepted), the boundary
between the upper and lower Mussentuchit Member
(Figure 1 and Data S5).

3.3 | Remarks

Individuals from Last Chance Theropod and Magic
Man are referred to Thescelosaurinae based on several
features of the scapulae. NCSM 36272 from the Magic
Man locality possesses a sharp scapular spine across
the lateral surface of the acromion process and a small
medial tubercle at the base of the scapular neck—a
feature present in Oryctodromeus, Thescelosaurus
neglectus (USNM V 7760), yet absent in Othnielosaurus
(SMA 0010), and Orodromeus (MOR 623 and 294), and
similar but distinct from the more elongated structures
in Iani smithi (Zanno, Gates, et al., 2023). A first pedal
phalanx from the individual preserved at Last Chance
Theropod (NCSM 36281) possesses a shallow depres-
sion on the ventral surface that is offset medially near
the proximal articular facet, as in Oryctodromeus
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FIGURE 3 Reconstructed skull. Cranial reconstruction derived from elements recovered from the Mini Troll, Karmic, and Manolo
localities in (a) lateral, (b) medial, (c) ventral, (d) rostral, (e) dorsal, and (f) caudal views. Dashed lines represent the missing predentary. All
non-midline elements are duplicated and mirrored elements in lateral view are denoted with an asterisk here. *premaxilla (FMNH PR 4581),
maxilla (NCSM 36143), nasal (NCSM 36144), *jugal (NCSM 33548), quadratojugal (NCSM 36160), *postorbital (NCSM 36149), quadrate
(NCSM 36159), squamosal (NCSM 36164), parietal (NCSM 36148), *frontal (NCSM 36136), prefrontal (NCSM 36151), *lacrimal (NCSM
36172), *supraorbital (NCSM 36147), *pterygoid (NCSM 36158), *palatine (NCSM 33548), ectopterygoid (NCSM 36132), *dentary (NCSM
36131), coronoid (NCSM 33548), surangular (NCSM 36166), angular (NCSM 36126), splenial (NCSM 36162), articular (NCSM 33548).
Elements of the braincase are shown only in A and specimen numbers are provided in the Figure 8 caption.

(MOR 1642). A partially articulated tail of a large indi- morphology but possesses no currently recognized
vidual collected by the FMNH in 2012 (FMNH PR  diagnostic features of Fona or Thescelosaurinae.
5102) likely pertains to Fona given its general Fona n. gen.
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FIGURE 4 Distribution of in situ bones from the Mini Troll locality. Quarry map of jacket MM15-MT-37 showing the distribution and
relative locations of skeletal elements belonging to the two best-represented individuals from the Mini Troll locality. Hex color codes and
bone silhouettes correspond to those in Figure 1. Gray bones are those that remain unidentified or underprepared. Numbers on elements
represent a preparation ID. Numbers outlined in red and denoted with a | were underlying those outlined in white. Cranial elements are
black and not to scale. The scale of the map and bones is not exact, as the map was reconstructed using multiple photographs from different
angles at different times during the preparation process. Not all bones mapped. NCSM specimen numbers corresponding to field numbers

can be found in Data S7.

3.4 | Etymology

Fona (/FoatNAH/) from the Austronesian language
Fino® CHamoru. The ancestral maga'haga of the
CHamoru people is Fo'na whose name can be translated
as ‘the origin’. With her brother Pontan, whose name
can be translated as ‘a ripe coconut’, they became the
first paramount female and male chiefs (the ancestral
maga'lahi of the CHamoru people), ancestrally venerated
according to CHamoru tradition (Borja-Quichocho-
Calvo, 2021; Cruz, 2022). According to oral history and
legend, when Pontan's spirit began to perish and die,
Fo'na discovers her powers and uses them to craft parts
of Pontan's body into the pieces of the universe. His eyes
were turned into the sun and moon, his eyebrows
became the rainbows, his back the earth, his chest the
sky, his blood the ocean, and from his stomach and penis
the mountains and the sacred Creation Point stone pillar

were born (Duhaylonsod & Cepeda, 2022). Fo'na had
such sorrow from the loss of her brother that her tears
flowed down his body to form the currents of the sea,
and in reverence to her brother's dream, she decided to
bring life to the universe, throwing herself into the earth
where her body turned to stone. From her fossilized body
sprang forth the first people at Fuha Rock, imbued with
her good spirit (Cepeda, 2021; Cunningham, 1992;
Perez, 2019; Perez, 2021). This ancestral story of the
CHamoru people mirrors the life and death of the thesce-
losaurine dinosaurs at the Mini Troll locality, as there
were at least two subadult individuals that may have
been male and female, or perhaps siblings. Additionally,
their bodies fell into the earth where they too fossilized.
This naming, rooted in the story of Pontan'’s sacrifice and
Fo'na's love for her brother, highlights the CHamoru
values of inafa'mdolek (to make good for all), geftio
(the need for compassion, selflessness, and familial bonds)
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(Duhaylonsod & Cepeda, 2022), the importance of the
equality shared between women and men (Naholowa'a,
2018), and ongoing efforts to decolonize paleontology
(Monarrez et al., 2021).

3.5 | Diagnosis
As for the type species.
Fona herzogae sp. nov.

3.6 | Etymology

The specific epithet honors Lisa Herzog (discoverer of the
Mini Troll locality) for her unparalleled dedication to
the paleontology program at the NCSM and the collection,
care, and conservation of fossil specimens worldwide.

3.7 | Holotype
NCSM 33548, a single partially articulated, nearly com-
plete skeleton.

3.8 | Referred materials

Two subequally sized individuals, along with sparse juve-
nile material (including a third, slightly smaller, right meta-
tarsal II and a juvenile femur) (NCSM 33545, 36125-36136,
36138-36186, 36188, 36189, 36193-36271, 36274-36280,
36282-36287) from the Mini Troll locality (NCPALEO16).
FMNH PR 4581 comprises most of a skeleton missing a
number of cranial elements, the entire pelvic girdle, and
metatarsals.

3.9 | Occurrence

NCSM 33548 was recovered from the Karmic Orodro-
mine locality (UT-16-07-22-Z1), lower Mussentuchit
Member, upper Cedar Mountain Formation, Emery
County, Utah, USA (Figure 1). Stratigraphic occurrence
is between MAZI1 and Last Chance Sandstone (99.466
+ 0.046/—0.053 Ma; Tucker et al., 2023) making it the
only locality definitively preserving F. herzogae from
the lower Mussentuchit unit to date. Mini Troll
(NCPALEOUT16) is the geologically youngest locality,
emplaced below MAZ3, with an age of 99.231 + 0.090/
—0.052 Ma. FMNH PR 4581 was preserved at the Manolo
site  (UT130831), (99.411 + 0.056/—0.061 Ma) above
MAZ2 in the upper Mussentuchit (Figure 1).

Age data is based on a Bayesian age stratigraphic
model (Trayler et al., 2020) of the member originally
detailed in Tucker et al. (2023). Materials referable to Fona
span the lower to upper Mussentuchit Member of the
Cedar Mountain Formation, a range of, at minimum,
235,000 kyr. UT-16-07-22-Z1 and NCPALEOUT16 are
located on land administered by the US Bureau of Land
Management, respectively; exact locality information is
restricted by federal statute and is available to qualified
researchers via the NCSM.

4 | DIAGNOSIS

Fona herzogae is a small-bodied, early diverging ornithis-
chian with the following unique combination of characters
(autapomorphies are denoted with an asterisk) (Figure 5)
*(1) a rostral maxillary fossa located caudal to the first
tooth position (unknown in Oryctodromeus and possibly
shared by Isaberrysaura and Haya); *(2) an otoccipital that
bears a dorsoventrally elongate fossa on the medial surface
of the occipital condyle located directly caudal to the
medial opening of CN XII; *(3) a rostrocaudally oriented
ventral canal on the prootic; *(4) The dorsal margin of the
axis neural spine is parallel with the dorsal suture of the
centrum, forming an angle of essentially ~0°. *(5) Ischial
shaft has bulbous thickening along the dorsal margin
directly distal to the obturator process (prominent on both
ischia of at least two individuals and weakly present on
only the right of another.) (6) base of the prepubic process
bears a prominent lateral swelling (possibly present but
significantly reduced in Oryctodromeus and Th. neglectus).
(7) the caudoventral prong of the jugal's caudal process
underlaps a groove along the ventral margin of the quad-
ratojugal (shared by Th. neglectus, likely Changmiania,
and possibly at least one specimen of Jeholosaurus [STMN
23-17]). (8) dentary teeth with vertical wear facets on the
labial surface that terminate abruptly near the crown base
to form a mesiodistally inclined shelf (shared by Orycto-
dromeus). (9) A low, round tuberosity on the medial side
of the scapula located directly opposite to the glenoid ridge
(shared with Oryctodromeus and possibly Iani smithi).
Standard skeletal measurements of NCSM 33548 are pro-
vided in Table 1. Characters 7-9 serve as important synap-
omorphies that help place Fona within Thescelosaurinae.

5 | DESCRIPTION

51 | General preservation

The preserved position of NCSM 33548 indicates that it
was buried with its chest facing stratigraphic bottom and
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FIGURE 5 Diagnostic features of Fona herzogae. (a) two maxillae in lateral view highlighting the unique position of the rostral
maxillary fossa; NCSM 36143 (top), NCSM 36142 (bottom). (b) Three otoccipitals in caudal view highlight the unique fossa on the medial
surface of the occipital condyle. From left to right NCSM 33548, 36135, 36133. (c) Two prootica in medial (c") and cranial (c“’) views highlight
the unique ventral canal; NCSM 33548 (left), NCSM 36156 (right). The 3D mesh of NCSM 36156 was modified to highlight the perforation of
foramina. (d) Axis (NCSM 36203) in lateral view highlights the dorsal margin's unique horizontal orientation. (e) Ischium (NCSM 36261) in
medial view highlights the shaft’s unique dorsal inflation. (f) Pubis (NCSM 36259) in ventral view highlights the prepubic process's unique
lateral inflation. (g) Quadratojugal (NCSM 36160) to jugal (NCSM 36138) articulation in lateral view, shared with T. neglectus and possibly
other SBEDOs. (h) Dentary teeth highlighting unique wear patterns that may be shared with Oryctodromeus. (h") is a single erupted tooth
(FMNH PR 4581) represented in rotation from the labial surface (left) to the lingual surface (right). (h?) are four in-place erupted teeth of
NCSM 36130 in labial view (left), and occlusal view (right). (i) Scapula (FMNH PR 4581) in medial view highlighting medial tubercle shared
with Oryctodromeus, Th. neglectus (USNM V 7760) and possibly some iguanodontians. Autapomorphies are denoted in red, with comparative
features denoted in green. Notable synapomorphies with Oryctodromeus or Thescelosaurus are denoted in blue. Elements not to scale. All

elements are from the Mini Troll locality unless specified otherwise.
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TABLE 1 Skeletal measurements of Fona herzogae (NCSM 33548).

Element
Scapula (right)
Scapula (right)
Scapula (right)
Scapula (right)
Coracoid (right)
Coracoid (right)
Sternal (left)
Sternal (right)
Humerus (left)
Humerus (left)
Humerus (left)
Humerus (left)
Humerus (right)
Humerus (right)
Ulna (right)
Radius (left)
Radius (right)
MC-II? (right)
MC-III? (right)
Tibia (left)
Fibula (left)
Fibula (left)
Fibula (left)
Femur (right)
Femur (right)
Femur (right)
Femur (left)
MT-II (left)
MT-III (left)
MT-1V (left)
MT-V (left)
P-4-1 (left)
P-4-2 (left)
P-4-3 (left)
P-4-4 (left)
P-4-5 (left)
Ischium (left)
Pubis (paired)
Pubis (right)
Dentary (left)
Dentary (left)
Postorbital (left)
Postorbital (left)

Measurement

Dorsoventral length from suture with coracoid to distal end of blade
Craniocaudal width at narrowest point of neck

Craniocaudal width of dorsal blade

Dorsoventral diameter of glenoid fossa

Dorsoventral height from suture with scapula to ventral margin
Craniocaudal length from acromium process to ventral edge of the glenoid fossa
Craniocaudal length of element

Craniocaudal length of element

Proximodistal length of element

Craniocaudal width of element at midshaft

Craniocaudal width of element at proximal end

Craniocaudal width of element at distal end

Proximodistal length of element

Thickness from caudal margin to cranial tip of deltopectoral crest
Proximodistal length of element

Proximodistal length of element

Proximodistal length of element

Proximodistal length of element

Proximodistal length of element

Proximodistal length of element

Proximodistal length of element

Circumference at midshaft

Craniocaudal width of element at proximal end

Proximodistal length of element

Circumference proximal to 4th trochanter

Circumference distal to 4th trochanter

Length of 4th trocanter from tip to proximal junction with shaft
Proximodistal length of element

Proximodistal length of element

Proximodistal length of element

Mediolateral width of element

Proximodistal length of element

Proximodistal length of element

Proximodistal length of element

Proximodistal length of element

Proximodistal length of element

Length between obturator process and distal end

Length from symphysis to distal ends

Proximodistal length of post-pubic process

Rostrocaudal length from dorsal tip of coronoid process to predentary articulation
Rostrocaudal length of tooth row

Maximum rostrocaudal length of dorsal margin

Mediolateral width of orbital margin

Anatomical Recorc

Value (mm)
153:5
294
79.8
24.6
56.3
73.8
70.2
82.6
145.7
222
41.9
243
151.3
219
106.8
106.7
108.8
18.6
24.2
2351
236.5
30.9
30.0
209.0
85.9 *crushed
82.4 *crushed
36.2
100.9
100.5
84.1
6.1
27.3
15.7
13.7
11.7
313
145.9
106.4
213.0
89.4
73.1
39.9
8.6

(Continues)
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TABLE 1 (Continued)
Element Measurement Value (mm)
Postorbital (right) Mediolateral width of orbital margin 7.5
Frontal (left) Transverse width measured from frontal suture caudal to prefrontal groove 11.5
Frontal (left) Maximum dorsoventral thickness of frontal sutural surface 3.6
Frontal (right) Transverse width measured from frontal suture caudal to prefrontal groove 125
Frontal (right) Maximum dorsoventral thickness of frontal sutural surface 3.7
Jugal (left) Rostrocaudal length of ectopterygoid facet 17.6
Jugal (left) Transverse thickness of element measured at the rostral margin of ectopterygoid 9.1
Jugal (right) Rostrocaudal length of ectopterygoid facet 14.8
Jugal (right) Transverse thickness of element measured at the rostral margin of ectopterygoid 9.9

with its forelimbs splayed out laterally. Moving caudally,
the dorsal column twists about its axis such that the
right side of the pelvis faces stratigraphically upwards.
Elements of the left side of the body were buried deeper,
which may explain their superior preservation. The artic-
ulated left pes is contracted and tucked close to its pelvis,
whereas the partially disarticulated right foot is extended
further from the body (Figure 6).

5.2 | Cranial skeleton

5.2.1 | General remarks

Here, we provide a general description of skull ele-
ments. Comprehensive descriptions are pending in a

dedicated detailed cranial osteology (Avrahami
et al., in prep).
522 | Premaxilla

The premaxilla bears a dentigerous main body and
caudal and dorsal processes that articulate with the
maxilla and nasal. All premaxillae of Fona are
unfused, in contrast to the fused premaxilla of Th.
neglectus (Boyd, 2014), Changchunsaurus (Jin et al., 2010),
Oryctodromeus (Krumenacker, 2017), and Zephyrosaurus
(Sues, 1980). They lack the rugose, mediolaterally
expanded shelf that characterizes the rostral tip of the pre-
maxillae in Hypsilophodon (Galton, 1974; Huxley, 1870),
Jeholosaurus (Barrett & Han, 2009), Changchunsaurus (Jin
et al., 2010), Th. neglectus (Boyd, 2014), and Zephyrosaurus
(Sues, 1980) (Figure 3a). A semilunate fossa located along
the premaxillary-maxillary boundary is present in several
SBEDOs and is intraspecifically and contralaterally vari-
able in Fona. It is prominent on FMNH PR 4581, very
reduced on NCSM 36152, and absent on NCSM 36153. It

also appears to be absent in Oryctodromeus. In ventral
view, Fona has five premaxillary tooth positions. The cau-
dal process of the premaxilla projects caudodorsally to
overlap a facet on the lateral surface of the nasal and likely
did not contact the lacrimal unlike Jeholosaurus (Barrett &
Han, 2009), although the full rostral extent of the lacrimal
is unknown. The premaxilla of Fona houses four foram-
ina, three of which are located rostrally, and are known to
be widely distributed across early diverging ornithischians
(e.g., Boyd, 2014; Rozadilla et al., 2019; Sereno, 1991). A
fourth foramen, herein termed the caudal premaxillary
foramen is located at the junction between the base of the
caudal process and the medially directed dorsal projec-
tion (Figure 3b). It is present in all Fona premaxillae
and likely represents an opening for the ophthalmic
branch of the trigeminal nerve V (Barker et al., 2017).
CT scans reveal it is present in Th. neglectus. It does
not appear to be present in the fused premaxilla of
Oryctodromeus (MOR 1636). However, it may be
obscured by matrix, poor preservation, or consolidants,
or it may be lost during ontogeny.

5.2.3 | Maxilla

The maxilla is an elongate, dentigerous bone that
articulates with the premaxilla and jugal, and possibly
the lacrimal and elements of the palate. The cumula-
tive Fona materials include three maxillae, all
of which are partially complete. NCSM 36142 and
NCSM 36143 preserve the rostral region from which
the ascending process emerges and projects caudodor-
sally. At the base of this process is a semilunate fossa
(rostral maxillary fossa) (Figure 3a). This fossa is pre-
sent in Th. neglectus (Boyd, 2014), Changchunsaurus
(Jin et al., 2010), Haya (Barta & Norell, 2021),
Hypsilophodon (Galton, 1974), Jeholosaurus (Barrett &
Han, 2009), Orodromeus (Scheetz, 1999), Zephyrosaurus
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FIGURE 6 Articulated skeleton of Fona herzogae NCSM 33548. Jacket containing the mostly complete, articulated postcranial
skeleton of NCSM 33548 from the Karmic locality, missing portions of the cervical and caudal series. (top) 3D scan of the skeleton after
full preparation. (bottom) 3D scan of the skeleton during an earlier stage of preparation with bones highlighted. The figured view

represents the side facing stratigraphic bottom.

(Sues, 1980), Changmiania (Yang et al., 2020), Galleono-
saurus (Herne et al., 2019), and possibly Isaberrysaura
(Salgado et al., 2017). In Fona, the caudal margin of the
rostral maxillary fossa occurs caudal to the first tooth
position (Figure 5a), whereas, in all other early diverging
ornithischians that exhibit the fossa, except for possibly
Isaberrysaura (Salgado et al., 2017) and possibly a single

specimen of Haya (MPC-D 100/3181), it occurs rostral to
the first tooth position.

The condition of the rostral maxillary fossa in
Oryctodromeus (MOR 1642) is unknown because the
rostral end of the maxilla is poorly preserved. However,
a second smaller juvenile Oryctodromeus maxilla (MOR
1636) preserves a small depression in this region that is
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