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Abstract

Caenagnathidae is a clade of derived, Late Cretaceous oviraptorosaurian theropods from
Asia and North America. Because their remains are rare and often fragmentary, caenag-
nathid diversity is poorly understood. Anzu wyliei is the only caenagnathid species currently
described from the late Maastrichtian Hell Creek Formation of the USA and is also among
the largest and most completely preserved North American caenagnathids. Smaller, less
complete caenagnathid material has long been known from the Hell Creek Formation, but it
is unclear whether these are juvenile representatives of Anzu or if they represent distinct,
unnamed taxa. Here, we describe a relatively small caenagnathid hindlimb from the Hell
Creek Formation, and conduct osteohistological analysis to assess its maturity. Histological
data and morphological differences from Anzu wyliei and other caenagnathids allow us to
conclude that this specimen represents a new species of caenagnathid from the Hell Creek
Formation, with a smaller adult body size than Anzu. This new taxon is also distinct from
other small caenagnathid material previously described from the area, potentially indicating
the coexistence of three distinct caenagnathid species in the Hell Creek Formation. These
results show that caenagnathid diversity in the Hell Creek ecosystem has been
underestimated.

Introduction

Oviraptorosauria was a clade of maniraptoran theropods characterized by a foreshortened ros-
trum, often bearing an edentulous beak, and highly pneumatic skeletons, a combination that
easily distinguishes them from other theropod groups [1]. Oviraptorosaurs are known from
well-preserved fossils, primarily from Asia, that have yielded insight into the biology, morphol-
ogy, diversity, and evolutionary history of this peculiar group of theropods [1-19]. The earliest
certain oviraptorosaurs are known from the Barremian stage of the Early Cretaceous, between
125-129 million years ago [20,21], although links have recently been drawn with the unusual
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scansoriopterygids [13] and Ornitholestes [13], potentially reconciling a gap that extends into
the Jurassic between their presumed divergence from other coelurosaurs and their earliest
appearances. The Late Cretaceous record of oviraptorosaurs is excellent, and it is clear that
they persisted until the K-Pg extinction event in Laurasia [12].

Oviraptorosaurs ranged from chicken- or turkey-sized [3,4], to species which likely weighed
more than a tonne [5]. Based on their cranial morphology, this diverse clade contained both
omnivorous and herbivorous members [12,21-23]. Although the earliest members of this
group retained teeth [3], they were entirely lost in Late Cretaceous forms. Well-preserved fos-
sils preserve the feathery integument [3,6-8], quill knobs on the ulna [9], and specialized verte-
brae that form a pygostyle structure [10-14], showing that oviraptorosaurs had complex,
feathery integument. Other exquisite specimens have shown that these dinosaurs were social
[2,24,25], actively brooded over their nests [15,19,26-31], employed a reproductive strategy
intermediate between those used by crocodilians and extant birds [32], and had avian-like
brain organization [33,34] (see [20] for a more detailed examination of this topic).

The excellent oviraptorosaur record is overwhelmingly known from the Late Cretaceous of
Asia, and thus the true diversity across their entire range is incomplete. Throughout the past
two decades, multiple new species have been discovered in North America, leading to a better
understanding of their morphology and interrelationships [12,35-42]. All North American
oviraptorosaurs fall within the monophyletic family Caenagnathidae [8,12,35,38,42-45], which
was also present but less diverse in Asia [5,39] during the Late Cretaceous. Caenagnathids can
be easily characterized by their slender manus, gracile, long hindlimbs, and distinctive mandi-
bles with complexly-textured edentulous beaks in place of the toothed jaws seen in other thero-
pods [35,40]. North American caenagnathid fossils are often found as isolated elements or are
poorly preserved, and thus they have historically been misidentified as members of other
clades [46], or subject to taxonomic issues where isolated specimens cannot be associated due
to a lack of overlapping material [see [41] for a review]. However, a number of discoveries
have led to an improved resolution of caenagnathid relationships and their links to other
members of Oviraptorosauria [12,35-37,45,47].

Nevertheless, our understanding of caenagnathid diversity remains plagued by the relative
incompleteness of most specimens, with most taxa known from very sparse material
[35,37,41,43-45]. Thus, caenagnathid taxonomy and variation is debated and unstable. Two
major advances in recent years have improved the situation. The first was the discoveries of
three exceptionally complete caenagnathid skeletons and their description as Anzu wyliei [12],
which remains one of the most completely known caenagnathids. This discovery drastically
improved the phylogenetic representation of caenagnathids, and helped clarify different
aspects of caenagnathid evolution [41,47-49]. Anzu wyliei specimens further elucidated the
unusual skulls and skeletal proportions of caenagnathids, and expanded the skeletal represen-
tation of large-bodied North American caenagnathids, which had previously only been repre-
sented by eggshell [50]. The second major advance is the leverage of histological data by
multiple research groups, to assess the relative maturity of specimens, so that ontogeny can be
addressed in taxonomic hypotheses [51,52]. Together, these two advances have resulted in
improved taxonomic frameworks with falsifiable hypotheses and provide a robust strategy for
unravelling the broader diversity of caenagnathids.

However, some discrepancies in caenagnathid diversity remain. Differences in species rich-
ness between Asia and North America were recently addressed [53], but differences within
North American ecosystems are less clear [41,44]. Whereas caenagnathids were highly diverse
in the Campanian [37,41,45,47], they appear to be less diverse in the Maastrichtian, with Anzu
wyliei as the only named taxon [12]. Nonetheless, some small caenagnathid material from the
Hell Creek Formation exists, and has previously been referred to what is now Citipes elegans
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(= Elmisaurus elegans) [32,34,38,42], although this has not been reevaluated since that species
was transferred to a new genus. Currently unpublished descriptive and histological work [52]
suggests that multiple taxa may exist in the Hell Creek Formation, but the ontogenetic status
of the smaller material is unknown, and the caenagnathid diversity of this formation requires
reevaluation.

Here we describe the morphology and osteohistology of a new, partial caenagnathid hin-
dlimb intermediate in size between known specimens from the Hell Creek Formation. Build-
ing on recent work [46,51,52], we anticipated that this specimen might provide an opportunity
to assess growth across ontogeny in Anzu wyliei. Surprisingly, our morphological and histolog-
ical results indicate that the specimen does not represent a juvenile Anzu wyliei, but a morpho-
logically-distinct adult individual approaching asymptotic body size, representing a new
taxon. This prompted a reevaluation of the diversity of caenagnathids in the Hell Creek For-
mation, which has ramifications for the diversity of oviraptorosaurs prior to the end-Creta-
ceous extinction.

Materials and methods

CM 96523 comprises a partial right hindlimb including femur, tibia, astragalocalcaneum, and
metatarsals Il and IV. All bones were prepared prior to acquisition. The femur was received
with the femoral head attached incorrectly, and this error was rectified by preparators at the
Carnegie Museum of Natural History (CM), Pittsburgh, Pennsylvania, United States of Amer-
ica. Likewise, some remaining matrix was removed from the tibia. The femur and tibia were
measured using Image], while the metatarsals were measured using a flexible tape measure
(Table 1). Measurements were taken from the proximal end to the distal end of the element, to
the nearest millimeter. Other measurements such as proximodistal width at the proximal and
distal ends were taken digitally using prepared figures (specifically Fig 1A and 1B in case of the
femur) and Image]J. The cnemial crest of the tibia was distorted, and a tibia proximal width
measurement would be unreliable and thus was not taken.

Paleontological ethics statements

CM 96523 is permanently reposited in the collections of the Section of Vertebrate Paleontol-
ogy at CM, where the locality information for this specimen is on file. No permits were
required for the described study, which complied with all relevant regulations. All specimens
were collected from privately-owned land in the United States of America with the written
consent of the respective landowners and were purchased by the primary author for donation
to the Carnegie Museum.

Institutional abbreviations

BHM, Black Hills Institute of Geological Research, Hill City, South Dakota, United States of
America; CM, Carnegie Museum of Natural History, Pittsburgh, Pennsylvania, United States
of America; FMNH, Field Museum of Natural History, Chicago, Illinois, United States of
America; MPC, Mongolian Paleontological Center, Ulaanbaatar, Mongolia; MRF, Marmarth
Research Foundation, Marmarth, North Dakota, United States of America; OMNH, Sam
Noble Oklahoma Museum of Natural History, Norman, Oklahoma, United States of America;
ROM, Royal Ontario Museum, Toronto, Ontario, Canada; TMP, Royal Tyrrell Museum of
Palaeontology, Drumheller, Alberta, Canada; UALVP, University of Alberta Laboratory for
Vertebrate Palaeontology, Edmonton, Alberta, Canada.
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Table 1. Measured length of preserved elements of Eoneophron infernalis. All measurements are in mm.

Bone Femur Tibia +Astragalocalcaneum Mt III MtIV
Length 390 499 247 233
Circumference [est] 105.8 106.8 - 64.2
Proximal width 100 - 15 21
Distal width 78 70 21 15

https://doi.org/10.1371/journal.pone.0294901.t001

Nomenclatural acts

The electronic edition of this article conforms to the requirements of the amended Interna-
tional Code of Zoological Nomenclature, and hence the new names contained herein are avail-
able under that Code from the electronic edition of this article. This published work and the
nomenclatural acts it contains have been registered in ZooBank, the online registration system
for the ICZN. The ZooBank LSIDs (Life Science Identifiers) can be resolved and the associated
information viewed through any standard web browser by appending the LSID to the prefix
“http://zoobank.org/”. The LSID for this publication is: urn:lsid:zoobank.org:pub: XXXXXXX.
The electronic edition of this work was published in a journal with an ISSN, and has been
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Fig 1. Left femur of CM 96523. A) Anterior view, showing connections between the three fragments as presently preserved. The distal two fragments were initially united
before palaeohistological sampling. B) interpretive illustration of femur; C) lateral view, D) posterior view, E) medial view, F) proximal view, and G) distal view.
Abbreviations: af, adductor fossa; at, anterior trochanter; atr, accessory trochanteric ridge; ctf, crista tibiofibularis; ect, ectocondylar tuber; fc, fovea capitis, gt, greater
trochanter; mc, medial condyle; pf, popliteal fossa; tc, tibial condyle. Scale bar = 2 cm.

https://doi.org/10.1371/journal.pone.0294901.9001
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archived and is available from the following digital repositories: LOCKSS [author to insert any
additional repositories].

Histological sectioning

The region containing the minimum circumference within the mid-diaphyses of the femur,
tibia, and metatarsal IV were selected for removal and thin section processing, following pro-
cedures outlined in [54]. Lines of minimum circumference were marked with red wax pencil.
Prior to sample removal, each bone was photographed in anterior, posterior, lateral, and
medial orientations; bone shape was outlined on paper; and each bone was 3D laser scanned
using a NextEngine Ultra HD scanner. Finally, plaster cradles were made for each specimen.

Transverse samples that included the minimum diaphysis circumference were removed
using a wet tile saw fitted with a continuous rim diamond blade. On either side of the sample
removed, the specimen suffered a small amount of kerf loss from the blade. A small break was
forced upon nearly completing each transverse cut through the shafts, to ensure one area on
each side of the sample matched up to the rest of the diaphysis, to preserve the original length
of the bone once the cast was produced. Each sample removed was then molded using Douglas
and Sturgess 2-part Silputty, and cast using Smooth-On Smooth-Cast 321 two-part resin.
Casts were primed and painted to resemble the appearance of the removed samples. The cast
replicas were not restored to the bone shafts, but placed in the specimen cradles where the
original pieces were removed. The portion of the cast representing the forced break in the sam-
ples contacted with the remainder of the specimen, ensuring no loss in length in each case
with inclusion of the replica.

The sample removed was indicated on each drawn specimen outline, and the samples were
then embedded in Silmar two-part polyester resin (Sil95BA-41). After the resin cured, the sam-
ples were processed using a Buehler Isomet 1000 precision saw, with a diamond wafering
blade, to obtain two, 2 millimetre-thick transverse wafers on either side of the minimum
diaphysis. For each sample one surface of each wafer was then polished on a Buehler Ecomet 4
variable speed polisher/grinder with 600 grit, then 800 grit silicon carbide paper to remove
marks left by the wafering blade. The polished side of the wafers were then glued to frosted
plastic slides using cyanoacrylate glue (Starbond, medium viscosity) and left to cure for 48
hours. Each slide was then polished on the Ecomet 4 using silicon carbide papers of progres-
sively finer grit (60 to 1200), and hand polished using a 1 micron cloth with 5 micron slurry
and finally with 1 micron aluminum oxide gel.

Each completed thin section was analyzed using a Nikon Eclipse polarizing microscope
under plane, circular, and full wave-plate polarization. Whole thin section photomontages
were produced using an ASI motorized stage and Nikon DS-Ri2 camera affixed to the micro-
scope at 50X total magnification, and with the software package Nikon Elements: Documenta-
tion. The femur and tibia diaphyses suffered post-burial crushing, so the resulting digital
images of the femur and tibia were digitally restored to their original shape using Adobe Pho-
toshop CC. Digital Line of Arrested Growth (LAG) and surface tracing was also performed in
Photoshop for all three bones (which included the digitally reconstructed femur and tibia).
Each LAG, where visible, was digitally traced on a Photoshop layer using a blue line, and a red
line was used to indicate a region where LAG tracings and surface tracings had to be estimated
due to cortical drift, crushing, or missing cortex. Diaphyseal circumferences were quantified
using Fiji [55].
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Mass estimation

In order to estimate the body mass of CM 96523, it was necessary to first estimate the circum-
ference of the femur, accounting for the taphonomic distortion. This was done by digitally ret-
rodeforming the cross section of the femur based on femoral cross sections generated by
computed tomography scans of other oviraptorosaurs like Oksoko [2] and Apatoraptor [47].
This estimate was then plotted against regressions of body mass versus stylopodial circumfer-
ence made by Campione and others [56] to obtain a range of plausible body masses for this
specimen. We did the same for Anzu, using the femoral circumference of CM 78000 provided
by Lamanna et al. [12] to compare their masses using the same method of estimation.

Phylogenetic methods

To determine the phylogenetic position of the specimen, it was included as an operational tax-
onomic unit in the oviraptorosaur phylogenetic matrix of Funston et al. 2020 [2]. CM 96523
could be scored for 23 characters (9.4%) in the dataset, which comprised 42 taxa and 246 char-
acters. A cladistic analysis was run in TNT using 10,000 replications of Wagner Trees and a
subsequent round of Tree Bisection Reconnection to find the shortest trees. Time calibration
of the phylogeny was done using the strap package in R and the age of the Hell Creek Forma-
tion [12] for CM 96523.

Results
Systematic paleontology

Theropoda Marsh 1878 [57]

Opviraptorosauria Barsbold 1976 [58]

Caenagnathidae Sternberg 1940 [59]

Eoneophron gen. nov.

[LSID from ZooBank]

Eoneophron infernalis sp. nov.

[LSID from ZooBank]

Holotype. CM 96523, partial hindlimb including right femur, right tibia and astragalocal-
caneum, a right metatarsal III, and a right metatarsal IV.

Etymology. Genus name derived from the Ancient Greek “e0”-meaning “dawn,” and
from the genus name of the Egyptian vulture, Neophron, sometimes referred to as the “pha-
raoh’s chicken.” The species name derives from Latin for Hell, in reference to the Hell Creek
Formation. Together the taxon name equates to “Pharaoh’s dawn chicken from Hell.”

Locality and horizon. Collected from exposures of the upper Maastrichtian [60] Hell
Creek Formation, Meade County, South Dakota, United States of America. The specimen was
prepared prior to acquisition, but matrix remains adhered to some areas, such as the proximal
portion of the tibia and anterodistal region of the femur. These sediments resemble those of
typical floodplain deposits such as siltstones with organic material as seen elsewhere in the
Hell Creek Formation (KLAW, pers. obs.).

Diagnosis. Caenagnathid oviraptorosaur diagnosed by the following combination of traits
(autapomorphies are denoted with an asterisk): femoral head directed dorsomedially, rather
than perpendicular to the shaft; astragalocalcaneum fused to tibia*, metatarsal I1I with well-
developed posterior cruciate ridges continuous with the distal condyle; distal condyle of meta-
tarsal III transversely wider than anteroposteriorly deep, with medial portion of condyle larger
than lateral portion; proximal end of metatarsals IIT and IV project posteriorly to form proxi-
mal protuberance; distal tarsal IV coossified with the proximal end of metatarsal IV at
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maturity; shaft of metatarsal IV with well-developed oblique longitudinal ridge on anterior
surface extending along the distal three-quarters of the shaft*.

Taxonomic comments. In order to assess the taxonomic identification of the specimen,
we followed the approach used by Cullen et al. 2020 on specimen ROM VP 65884, and scored
Eoneophron infernalis for the data matrix of Funston et al. (2020). We then compared charac-
ter states and morphological characters to other oviraptorosaurs, particularly focusing on the
coeval Anzu wyliei and other Late Cretaceous caenagnathids of North America. E. infernalis
exhibits several characters of the metatarsus noted to be diagnostic of the clade Caenagnathi-
dae [46]. Specifically, the semi-arctometatarsalian relationship of the proximal ends of meta-
tarsals IIT and IV, the anteroposteriorly flattened metatarsal III, the prominent and deep
concavity on the posterior surface of the tarsometatarsus, and the cruciate ridges on the poste-
rior side of metatarsal III are diagnostic of caenagnathids [2,12,41,42,45,53]. While the speci-
men’s incompleteness makes it difficult to place within Caenagnathidae with any great
precision, it does share some affinities with Citipes elegans and Elmisaurus rarus in the pro-
nounced development of the cruciate ridges on metatarsal III, the development of a proximal
posterior protuberance on metatarsals III and IV, and the fusion of distal tarsal IV to metatar-
sal IV. This affinity is supported by its position recovered in the phylogenetic analysis.

Description and comparisons

CM 96523 consists of the right femur, right tibia and astragalocalcaneum, right metatarsal III,
and right metatarsal IV. Both the femur and tibia are dorsoventrally crushed along their shafts,
however, proximal and distal ends of these two bones remain relatively unaltered. The bone
surface is fragmented, likely due to pressure undergone during the fossilization process. In
contrast, the two preserved metatarsals show no signs of crushing, and are entirely unbroken
aside from a few small cracks. All bones have laminated, smooth surface textures, although
there are clear changes in surface texture on articular surfaces and areas of muscle or ligament
attachment.

Femur. The femur of Eoneophron infernalis is shorter than any complete femora assigned
to Anzu wyliei [12] (Table 1), but is similar in length to known specimens of cf. Caenagnathus
collinsi and Chirostenotes pergracilis [41]. The distal and proximal ends are preserved well
enough to determine several anatomical features (Fig 1), but the shaft is crushed. The femoral
head has a series of distinct furrows, indicating a prominent cartilaginous epiphysis; these fur-
rows are not quite as prominent in CM 78000 or CM 78001 (Anzu wyliei). The head of the
femur is dorsomedially directed, so that it meets the long axis of the shaft at an obtuse angle of
approximately 100°, which is similar to TMP 1986.036.0323 (cf. Caenagnathus collinsi) [42]
and some oviraptorids like Oksoko avarsan [2] and Rinchenia mongoliensis [61]. In contrast, in
other caenagnathids like Chirostenotes pergracilis [35], Elmisaurus rarus [62], Nomingia
gobiensis [11], and Anzu wyliei, the femoral head is directed medially and meets the shaft at
roughly a 90° angle [12]. As in Anzu and other caenagnathids, there is a shallow groove sepa-
rating the greater trochanter and femoral head, and it appears that the anterior and greater tro-
chanters are equally tall and form a trochanteric crest, although the anterior trochanter is
damaged and its morphology is difficult to discern. There is a small accessory trochanteric
crest distal to the anterior trochanter, but its size is exaggerated by the crushing of the bone.
This crest is more poorly developed than in Chirostenotes pergracilis [35], Elmisaurus rarus
[62], or Nomingia gobiensis [11].

There is no fourth trochanter in Eoneophron infernalis, as is the case in most oviraptoro-
saurs. The adductor fossa and the associated anteromedial crest on the distal femur are well-
developed, as seen in Anzu, but not quite to the same degree. The distal condyles of CM 96523
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are relatively smaller than those of Anzu, but this may be allometrically related to the smaller
size of the element. There is a small ectocondylar tuber on the lateral side of the fibular con-
dyle; this is comparable in size to those of other caenagnathids, but distinctly smaller than
those of avimimids [24] or oviraptorids [2,61]. As in all oviraptorosaurs, the lateral condyle
projects distally slightly beyond the medial condyle and has a well-developed notch separating
the condyles of the crista tibiofibularis.

Tibia and astragalocalcaneum. The tibia is long and slender: the ratio of the distal con-
dyle width to the proximodistal length is less than 0.20. The tibia is approximately 128% of the
length of the femur, differing slightly from the proportions seen in CM 78000 and CM 78001,
where the tibia is between 1.25 and 1.17 times longer than the femur respectively [12]. The
cnemial crest of the tibia protrudes far anteriorly, and has a rounded anterior outline in medial
or lateral view. It is restricted to the proximal part of the shaft, not extending more than 15%
the length of the tibiotarsus, on par with those of other caenagnathids [35,47,62]. The apex of
the cnemial crest is at the ventral edge of its extent, similar to other oviraptorosaurs but differ-
ing from other families of theropods like ornithomimids, alvarezsaurs, and dromaeosaurs [47].
The edge of the cnemial crest is tranversely thickened into a knob, which is widest dorsally and
tapers ventrally. The cnemial crest is separated from the fibular condyle by a deep incisura
tibialis. The fibular condyle is relatively large and bulbous, and it appears to be separated from
the posterior edge of the proximal end by a shallow notch. The fibular crest is ridge-like and
grades into the lateral edge of the shaft at either end. It ends 33% of the length of the tibia from
the proximal end, as in Chirostenotes pergracilis [35]. A shallow concavity on the distal end of
the shaft marks the area where the ascending process of the astragalus would have attached;
only the base of the ascending process is preserved. From this impression, it appears that the
ascending process of the astragalus was taller than its width at the base, which is the case in all
oviraptorosaurs [1]. The postfibular flange is less well developed than that of Elmisaurus rarus
[62], TMP 1994.012.0880 (cf. Citipes elegans) or RSM P2600.1 (Caenagnathidae indet. from
the Frenchman Formation of Saskatchewan, Canada) [39].

The astragalus and calcaneum are fused into a single element without a suture (Fig 2), as is
seen in Anzu wyliei [12] but not all other caenagnathids, including Maastrichtian examples
(RSM P2600.1) [39,53,62]. Surprisingly, the astragalocalcaneum itself appears to be coossified
with the end of the tibia (Fig 3), a trait that is so far unknown in caenagnathids, but has been
described in Avimimus [24] and observed in an undescribed partial tibiotarsus, possibly also
from a caenagnathid, from the Dinosaur Park Formation of Alberta (TMP 1985.065.0001; GFF
pers. obs.). The latter specimen (TMP 1985.065.0001) is catalogued as an ornithomimid, but
shares several features with caenagnathids, including a semi-circular cross-section of the shaft
and the absence of a groove or ridge for the fibula (which sits lateral to the tibia throughout its
length in oviraptorosaurs, as opposed to other theropods including ornithomimids). The con-
dyles of the astragalocalcaneum in Eoneophron infernalis are uneven in size, and the medial
condyle is larger and extends further distally. In RSM P2600.1, the condyles are more similar
in size and extend equally far distally [39]. The medial condyle is fused to the medial malleolus
of the tibia, whereas a suture can still be discerned between the postfibular flange and the lat-
eral edge of the tibia. Due to surface crushing, it is difficult to determine with certainty whether
or not there is a tubercle on the astragalocalcaneum, but if so, it is not nearly as well developed
asisin Anzu [12].

Metatarsals. The two metatarsals found in Eoneophron infernalis cannot be compared to
the type series of Anzu wyliei, as no weight-bearing metatarsals were preserved in the latter
specimens. While a partial set of weight-bearing metatarsals were associated with ROM VP
65884, referred by Cullen et al. to cf. Anzu wyliei [46], none of the three were complete and
each was missing the proximal ends and distal condyles. However, more complete metatarsals
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10cm

Fig 2. Right tibia and astragalocalcaneum of Eoneophron infernalis. In A) Anterior, B) Posterior, C) Lateral, D) Medial, E) Proximal, and F) Distal views. Abbreviations:
ap, ascending process; cal, calcaneum; cc, cnemial crest; fc, fibular crest; tu?, tubercle? Scale bar = 10cm.

https://doi.org/10.1371/journal.pone.0294901.9002

III and IV, probably pertaining to Anzu wyliei, were described by Tsujimura et al. (2021), and
metatarsals are also known for the indeterminate Maastrichtian caenagnathids from the
Frenchman Formation (RSM P2600.1) [39]. Both provide valuable comparisons for CM 96523
(Eoneophron infernalis) [63].

The two metatarsals preserved in Eoneophron are complete, with both proximal and distal
ends intact and uncrushed shafts. The two metatarsals included with this specimen correspond
to metatarsals III (Fig 4) and IV (Fig 5) from the right hindlimb. These metatarsals are shorter
than those of NSM PV 21086; by 47% and 40%, respectively. Neither bones show any sign of
proximal coossification, as seen in some other caenagnathids such as Citipes elegans and
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dtIv

Fig 3. Coossification of hindlimb elements in Eoneophron infernalis. A) Tibiotarsus in medial view, showing coossification of the astragalocalcaneum and
tibia (arrow). B) Interpretive illustration of (A). C) Distal tarsal IV and proximal end of Metatarsal IV in anterior view, showing fusion of the distal tarsal to the
proximal metatarsal (arrow). D) interpretive illustration of (C). E) Distal tarsal IV and Metatarsal IV in proximal view, showing fusion of the elements (arrow).
F) Interpretive illustration of (E). Abbreviations: ast, astragalus; dt IV, distal tarsal IV; mt IV, Metatarsal IV; tib, tibia.

https://doi.org/10.1371/journal.pone.0294901.9003

Elmisaurus rarus [41,43,62]. However, a small wafer of distal tarsal IV is adhered to the proxi-
mal surface of metatarsal IV, to which it has begun coossifying. The metatarsus would have
been elongate, more than 300% as long as its proximal width, even when accounting for the
missing metatarsal II estimated from the proportions of other caenagnathids. The metatarsus
is also long relative to the proximal elements of the hindlimb, measuring 63% the length of the
femur, and slightly less than half (49%) the length of the tibia. Elmisaurus rarus has a similarly
elongate tarsometatarsus, but the proportions of the hindlimb are slightly different: in MPC-D
102/007 the tarsometatarsus is estimated at 176 mm (note there is a transcription error in
Table 1 of Currie et al. 2016), roughly 72% of the femur and 51% of the tibia.

The proximal end of metatarsal III in Eoneophron infernalis is triangular in proximal view,
with a narrow anterior wedge that would have separated metatarsals IT and IV in articulation.
The posterior margin of the proximal end is raised into a roughly rectangular mound, similar
to, but less pronounced than the posterior protuberance in Elmisaurus rarus and Citipes ele-
gans (but lacking in the Frenchman caenagnathid), which is formed by similar protrusions on
each of the three weight-bearing metatarsals [62,64]. It is unclear whether the third distal tarsal
is fused to the proximal end of metatarsal III, but there is a proximally-protruding posterior lip
(Fig 4E) that may either be a portion of distal tarsal III, or posteriorly delimits the concavity
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cps

Fig 4. Right Metatarsal III of CM 96523. In A) Anterior, B) Posterior, C) Posterior (cruciate ridges highlighted), D) Lateral, E) Medial, F) Proximal, and G) Distal views.
Cruciate ridges highlighted in white where visible. Abbreviations: clp, collateral ligament pit; cps, concave posterior surface; cr, cruciate ridges; mtll, articular surface for
Metatarsal IT; mt IV, articular surface for Metatarsal IV. Scale bar = 5cm.

https://doi.org/10.1371/journal.pone.0294901.9004

into which distal tarsal III would insert. The shaft of metatarsal III is highly constricted proxi-
mally, reaching its mediolaterally narrowest point approximately a quarter of the way from the
proximal articular surface. Distally along its length, it widens transversely, but it is constricted
just proximal to the distal condyle (Fig 4). This is indicative of an arctometatarsalian condition,
but based on its morphology, only the proximal-most portion of metatarsal III would be
obscured, as is the case in Citipes elegans, Chirostenotes pergracilis, and Elmisaurus rarus
[39,41,62]. This results in the semi-arctometatarsalian condition unique to caenagnathids
among theropods. A similar condition is exhibited by the third metatarsal described by Tsuji-
mura et al. (2021) [63], but that specimen is relatively broader transversely, whereas metatarsal
III of Eoneophron infernalis is more gracile throughout its length. A longitudinal ridge extends
distally from the wedge-like anterior edge of the proximal end, grading into the extensor sur-
face of the metatarsal about halfway down its length. Distal to this, two longitudinal grooves
on either side of the ridge merge to create a shallow concavity on the extensor surface of the
metatarsal. The same is true of ¢f. Anzu wyliei (NSM PV 21086; [63]), but this ridge and the
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Fig 5. Right Metatarsal IV of Eoneophron infernalis. In A) Anterior, B) Posterior, C) Lateral, D) Medial, E) Proximal, and F) Distal views. Abbreviations: clp, collateral
ligament pit; dtIV, distal tarsal IV; gls, M. gastrocnemius pars lateralis insertion scar; Ir, longitudinal ridge; mtIII, articular surface for Metatarsal III; pmdp, broken base
of proximodistal process; su, suture between distal tarsal IV and mt IV; tas, M tibialis anterior insertion scar. Scale bar = 5cm.

https://doi.org/10.1371/journal.pone.0294901.g005

accompanying concavity are less pronounced. The shaft of the metatarsal flares transversely
about 30% of the way from the distal end, which is similar to other caenagnathids. However, in
Eoneophron, this flared portion is equal in width to the distal condyle, whereas it is distinctly
narrower in Citipes elegans, Elmisaurus rarus, and RSM P2600.1. The distal condyle is large
and slightly asymmetrical, such that the medial portion of the condyle is larger than the lateral
portion, like in RSM P2600.1. The condyle is transversely wider than anteroposteriorly deep,
which contrasts with Citipes elegans but is similar to Chirostenotes pergracilis and Elmisaurus
rarus [35]. In RSM P2600.1, the distal condyle is nearly equal in transverse and anteroposterior
dimensions. In metatarsal III of Eoneophron, as like other theropods, the medial collateral liga-
ment pit is deeper than the lateral one. Towards the posterior (flexor) part of the condyle, the
edges of the articular surface become attenuated into sharp ridges that extend and merge prox-
imally. These are continuous with the prominent longitudinal ridges on the shaft of the meta-
tarsal, and together they form the distinctive cross that is characteristic of most caenagnathids
[39,62]. Similar ridges are present on the metatarsal III of ¢f. Anzu wyliei, suggesting they are
not restricted to ‘elmisaurine’ caenagnathids (contra Funston et al. 2016), but in NSM PV
21086, they are more narrowly spaced, whereas in Eoneophron infernalis, they are separated by
a wider sulcus and are closer to the medial and lateral edges of the metatarsal. Variation
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among caenagnathids also exists in the continuity of the cruciate ridges with the ridges of the
distal condyles. In Eoneophron infernalis, like Citipes elegans, Elmisaurus rarus and RSM
P2600.1, they are distinctly continuous, forming a pronounced X-shaped feature, whereas in
TMP 1979.020.0001, the ridges are not continuous, resulting in a smooth region between these
sets of ridges [41]. Overall, the third metatarsal compares well with the morphology seen in
other caenagnathids and the less complete metatarsals of ROM VP 65884 [46]. Metatarsal III
of Eoneophron shares with all other caenagnathids an anteroposteriorly flattened cross-section
with a concave posterior surface, although this feature is better developed in North American
caenagnathids than in Elmisaurus rarus. Furthermore, this posterior surface has sharp medial
and lateral longitudinal ridges, continuous with lateral and medial postcondylar ridges respec-
tively; together, these form a cross, as seen in Anzu wyliei, Citipes elegans and Elmisaurus
rarus, but not Chirostenotes pergracilis [39].

Metatarsal IV is similar to those of other caenagnathids, especially Citipes elegans and Elmi-
saurus rarus [41,43,62]. In particular, distal tarsal IV is fused to the proximal end of the bone,
as is seen in these two species [41,43,62], but the proximodorsal process of distal tarsal IV is
broken (Fig 5). This contrasts with the condition in NSM PV 21055 (c¢f. Anzu wyliei; Tsujimura
etal. 2021) [63], where the distal tarsal is not fused to the proximal end of metatarsal IV. The
proximal end is the widest part of the bone, and would have contributed posteriorly to a protu-
berance as in Elmisaurus rarus [62]. In proximal view, the proximal end is roughly semicircu-
lar, with a flattened medial edge and a rounded lateral edge. The lateral edge has a slightly
flattened facet that tapers distally, which marks the contact with the missing metatarsal V. In
medial view, the proximal end of the metatarsal is incised by a triangular facet towards the pos-
terior side, for articulation with metatarsal III. Anterior to this is a smaller facet that protrudes
further medially. This facet would have contacted metatarsal II, obscuring the proximal end of
metatarsal III in anterior view as in Elmisaurus rarus [62]. The facet for metatarsal II is contin-
uous distally with a small ridge that outlines a proximal slit for Arteria tarsalis plantaris [62]
when reunited with metatarsal II. A small rugose area is present on the anterior surface of the
metatarsal just distal to the proximal expansion. Comparison with other theropods suggests
that this is an insertion for the Musculus tibialis anterior [65,66]. The shaft of the metatarsal is
anteroposteriorly compressed, not exceeding the thickness of the distal condyle in lateral and
medial views. This contrasts with Elmisaurus rarus and Citipes elegans, where a posterolateral
ridge is well developed. In Eoneophron infernalis, the posterolateral ridge does not protrude as
far posteriorly, but it runs from the medial edge of the proximal articular surface, continuing
distally to form the ridge ventral to the lateral ligament pit. However, this ridge does not form
a pointed process on the proximal articular surface. This posterolateral ridge appears rugose
and is likely the insertion scar for the M. gastrocnemius pars lateralis [66]. A second, prominent
longitudinal anterior ridge twists along the shaft from the medial edge proximally towards the
lateral edge distally. This second ridge is better developed than in Citipes elegans and Elmi-
saurus rarus, and it extends for a greater length of the shaft (three-quarters) than in the former
taxa (roughly two thirds). The roughened facet for metatarsal III on the medial surface extends
just over two thirds (70%) of the length of the bone, expanding distally to a point just above
the distal condyle. From here, it tapers distally, and a small posteroventral extension of the
facet contacts the roughened area surrounding the medial collateral ligament pit. The shaft of
the metatarsal is slightly deflected laterally at the distal end, as observed in the left metatarsal
IV of ROM VP 65884 [46]. The distal condyle is bulbous and nearly spherical. Both the lateral
and medial collateral ligament pits are shallow, but the medial one is slightly deeper than the
lateral one, which is flanked posteriorly by a wing-like ridge. The metatarsal IV of Eoneophron
infernalis is remarkably similar to that of NSM PV 21055 (cf. Anzu wyliei; Tsujimura et al.
2021), albeit much smaller and with a relatively larger proximal end because of the posterior
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protuberance, and with a less bulbous distal condyle. In these features, it is more similar to the
smaller-bodied Citipes elegans and Elmisaurus rarus [41,43,62].

Histology

Femur. The diaphysis was craniocaudally crushed post-burial, but cortical microstruc-
tural preservation is such that histological descriptions can still be made. There is a well-devel-
oped and complete lamellar endosteal layer, with frequent simple radial vascular canals
passing between the medullary cavity and inner cortex (Fig 6). The primary cortex is fibrola-
mellar and vascular canals are reticular and sub-laminar. Osteocyte lacunae density is high
throughout the cortex. Anterolaterally from inner to outer cortex there is a localized column
of secondary osteons, likely related to a tendon enthesis. No secondary osteons are present out-
side of this column of remodeled bone. Six LAGs are visible. The innermost LAG is only par-
tially present, having been resorbed by medullary expansion. Otherwise, there is no
remarkable evidence of cortical drift. The zone of primary tissue between the innermost LAG
and the next comprises the majority of the cortex. Thereafter, the zones between LAGs 2-6 are
more closely-spaced (Table 2 and Fig 6). After the fifth LAG, vascular density is greatly
decreased (Fig 6B), although osteocyte lacunae density remains high. After the fifth LAG, bone
tissue is also loosely parallel-fibered. From the retrodeformed transverse thin section image,
femoral shaft circumference is 105.8 mm.

Tibia. As with the femur, the tibia diaphysis was anteroposteriorly crushed post-burial, but
a histological description is still possible. The lamellar endosteal layer is well-developed, with
frequent simple radial vascular canals passing between the medullary cavity and inner cortex
(Fig 7). The primary cortex is fibrolamellar and vascular canals within the inner and mid-cortex
are a combination of reticular and longitudinal (Fig 7B), with frequent short radial anastomoses.
Longitudinal vascularity dominates within the outer cortex. No secondary osteons are observed.
The first visible LAG is located within the mid-cortex, and the tissue from the endosteal surface
to the second LAG comprises the majority of the cortex (Table 2). The first LAG is only partially
visible, having been largely eroded by medullary cavity expansion. Cortical drift, however, is
negligible. The zones between LAGs 2-6 towards the periosteal surface are markedly thinner
(Fig 7). Vascular density is also reduced in these last four zones, but only slightly. The sixth
LAG is so close to the periosteal surface that it often merges with it. From the retrodeformed
thin section image, transverse section tibia circumference is 106.8 mm.

Metatarsal IV. There is a well-developed lamellar endosteal layer, and occasional simple
radial vascular canals pass between the medullary cavity and primary cortex (Fig 8). Primary
tissue from inner to outer cortex is fibrolamellar with a high density of osteocyte lacunae. Vas-
cular canal density is somewhat higher in the innermost cortex compared with the mid- and
outer cortex. Anteromedially, canals are primarily a combination of longitudinal and reticular,
and are largely sub-laminar elsewhere. Posteriorly within the innermost cortex there is a cres-
cent of compact coarse cancellous bone (CCCB) [67] between the lamellar endosteal layer and
the periosteally-derived mid-cortex. The CCCB grades into a thin annulus of well-organized
avascular tissue, consisting of numerous flattened osteocyte lacunae. This annulus is truncated
posteromedially and posterolaterally by medullary cavity resorption. Beyond the annulus, cor-
tical tissue is fibrolamellar, and vascular density is high. CCCB results when spaces between
spongy trabecular bone are infilled by additional bone to result in compact tissue [67]. This
process occurs at the metaphyseal regions of long bones during endochondral ossification
[67]. Embryonic CCCB is sometimes found within the shaft of a long bone resulting from sub-
sequent diaphyseal lengthening [68]. A change in vascular density beyond the annulus [69-72]
and the close proximity of a periosteally-derived annulus to the CCCB are morphologically
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Fig 6. Osteological thin-section of the femur of Eoneophron infernalis in plain polarized light. A) Reconstructed cross section of femur with lines of arrested growth
[LAGs] traced in light blue; B) Close up of cross section with black arrows denoting lines of arrested growth [LAGs]. Note the change in vascularity from the inner to outer

cortex. Scale bar = 1000ym.

https://doi.org/10.1371/journal.pone.0294901.9006

consistent with a neonatal line (Fig 8B). The neonatal line, found in the bones and teeth of
amniote tetrapods, results from a brief pause in growth occurring around the time of hatching
or birth [72]. The neonatal line provides an estimate of perinatal bone circumference [72],
which for metatarsal IV is 26.1 mm.

On the anteromedial and anterolateral sides, a localized column of secondary osteons spans
from inner to outer cortex, likely related to ligamentous entheses. Beyond these columns, no
secondary osteons are present within the cortex. A nutrient foramen is present near the perios-
teal surface on the medial side.

Within the outer cortex, vascular density is decreased, consisting of scattered longitudinal
and reticular vascular canals (Fig 8B). Osteocyte lacunae density remains high in the outermost
cortex on the anterior side, and is less dense with more flattened lacunae on the posterior side.
Beyond the annulus bounding the inner-cortical CCCB, six LAGs are present. Three widely-
spaced LAGs are visible within the cortex, with the innermost only partially visible due to ero-
sion from medullary cavity expansion. LAG spacing is then abruptly decreased between the
final three LAGs nearest the periosteal surface. LAGs 4-6 are traceable, but merge with the
periosteal surface in places (Table 2 and Fig 8). Although the primary tissue within these outer
three zones is fibrolamellar on the anterior side, the tissue is parallel-fibered to lamellar on the
posterior side. An overlay of LAG tracings reveals very little cortical drift over ontogeny after
the first year of life. Transverse thin section circumference is 64.2 mm.

Mass estimation

The reconstructed femoral circumference of 105.8mm for Eoneophron infernalis predicts a
body mass of 78 kg based on the equation of Campione et al. [56], with a range from 58.9-98.1
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Table 2. Comparison of relative growth for histologically sampled elements of Eoneophron infernalis. MC: Med-

ullary cavity.

Element

Growth Zone

Relative % of cortex

Femur (undeformed)

Medullary cavity to LAG 1

Lost to MC expansion

LAG1to LAG2 6.17
LAG2toLAG3 14.20
LAG3toLAG4 3.09
LAG4to LAG5 2.47
LAG5to LAG 6 1.23
LAG 6 to outer surface 1.23
Tibia Medullary cavity to LAG 1 6.40
LAG1to LAG2 11.63
LAG2to LAG3 2.33
LAG3to LAG4 291
LAG4to LAG5 1.74
LAG 5 to LAG 6 (not traceable) 0.58
LAG 6 to outer surface 0.58
Metatarsal IV Medullary cavity to LAG 1 4.91
LAG1toLAG2 31.89
LAG2toLAG3 13.54
* LAG3to LAG 4 2.06
* LAG4to LAG5 2.55
* LAG5to LAG6 2.16
LAG 6 to outer surface 1.57

*Some estimation required to trace LAG.

https://doi.org/10.1371/journal.pone.0294901.t002

Fig 7. Osteological thin section of right tibia of Eoneophron infernalis in plain polarized light. A) Reconstructed cross section of tibia with lines of arrested growth
[LAGs] traced in light blue; B) Close up of cross section with black arrows denoting lines of arrested growth [LAGs]. Note the change in vascularity from the inner to outer

cortex. Scale bar = 1000um.

https://doi.org/10.1371/journal.pone.0294901.9007
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Fig 8. Osteological thin section of right Metatarsal IV of Eoneophron infernalis in plain polarized light. A) Cross section of Metatarsal IV with lines of arrested growth
[LAGs] traced in light blue, with area missing due to modeling or medullary cavity expansion in red, and putative neonatal line in purple B) Close up of posterior side
where CCCB, a possible neonatal line (purple arrows), and six LAGs are observed (blue arrows). Imaged in plane polarized light on the left, circularly polarized light on the
right. Note the change in vascularity from the inner to outer cortex. Scale bar = 1000um.

https://doi.org/10.1371/journal.pone.0294901.g008

kg. This is far less than predicted for the much larger CM 78000, which, using the same meth-
ods, weighed between 202 and 342 kg. However, the body mass estimate for CM 96523 is only
slightly larger than those of other mid-sized caenagnathids like Anomalipes (67 kg), Apatorap-
tor (63 kg), Chirostenotes (67 kg), and Elmisaurus (65 kg) [59].

Phylogeny

Our phylogenetic analysis returned 504 most parsimonious trees with a tree length of 648
steps (Fig 9). The topology of the strict consensus is similar to previous analyses of oviraptoro-
saur phylogeny, in dividing oviraptorids into two main subfamilies (although with a large
basal polytomy), and recovering Eoneophron among derived caenagnathids within a large
polytomy. Bremer support for the major nodes in Oviraptorosauria is strong, but internal sup-
port is weaker, as expected for a dataset with a high proportion of missing data. In the major-
ity-rules consensus, Eoneophron infernalis is recovered as a sister to the clade of Elmisaurus
and Citipes, which is reasonable because of the interpretation of the fusion of distal tarsal IV to
metatarsal IV. In any case, phylogenetic analysis strongly supports the identification of Eoneo-
phron as a caenagnathid, although with expectedly low resolution considering the fragmentary
preservation of the holotype specimen and most other known caenagnathid material.

Discussion
Morphology

The morphology of Eoneophron infernalis is broadly consistent with that of other caenag-
nathids, but it provides additional information on their proportions and variation. There is a
negative allometric relationship between tibia and femur length in Oviraptorosauria [73]; E.
infernalis proportions are scaled similarly to those of Anzu wyliei, Chirostenotes pergracilis,
Elmisaurus rarus, and Gigantoraptor [5,8,12,62], suggesting that this negative allometry is con-
served across caenagnathids.
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Fig 9. Time-calibrated majority-rules consensus tree showing the position of Eoneophron infernalis. Tree is trimmed to Oviraptorosauria. Numbers next to
nodes indicate Bremer support values in the strict consensus tree; nodes without numbers were not recovered in the strict consensus. * indicates a node that
never collapsed under the Bremer analysis (i.e., it is exceedingly well-supported).

https://doi.org/10.1371/journal.pone.0294901.9009

Several discrete morphological features indicate that Eoneophron infernalis is distinct from
Anzu wyliei and other caenagnathids. Histological data also supports this separation (see
below), which indicate a smaller adult body size than Anzu wyliei. The head of the femur of E.
infernalis meets the shaft at an oblique angle, rather than extending perpendicular, as is the
case in Anzu wyliei [12] and most other caenagnathids. Furthermore, the femoral condyles
appear to be relatively smaller in E. infernalis, but it is unclear whether this is attributable to
allometry. The accessory trochanteric crest of Eoneophron infernalis is much smaller than that
of Anzu wyliei, Elmisaurus rarus, and Nomingia gobiensis. The tibia has a more proximally
restricted cnemial crest than in Anzu wyliei, but it is otherwise similar in morphology to most
oviraptorosaurs [73], although it has a less well-developed post-fibular flange than most cae-
nagnathids. Eoneophron infernalis differs from Anzu wyliei in the extension of the astragalus to
reach the lateral margin of the tarsus, a feature that has sometimes been used to distinguish
caenagnathids from oviraptorids [61], but is likewise present in RSM P2600.1. Although the
referral of metatarsals to Anzu wyliei remains equivocal, E. infernalis differs in several respects
from the larger metatarsals from the Hell Creek Formation. In particular, the presence of
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posterior protuberances on metatarsals III and IV is reminiscent of the tripartite protuberance
that characterizes Citipes elegans and Elmisaurus rarus, and it is likely that Eoneophron inferna-
lis shared this feature. These protuberances are absent on the proximal ends of the metatarsals
referred to ¢f. Anzu wyliei. Similarly, metatarsals referred to cf. Anzu wyliei lack evidence of
fusion between distal tarsal IV and metatarsal IV, or a pointed process on the proximolateral
edge of metatarsal IV.

While the gross morphology of Eoneophron infernalis elements is generally similar to other
caenagnathids, its hindlimb is remarkable for the extensive fusion of the bones. Fusion of the
astragalus with the calcaneum and fusion of the distal tarsals with the proximal metatarsals
have been described previously in caenagnathids, but fusion between the astragalocalcaneum
and the tibia has not. Within Oviraptorosauria, only avimimids are known to exhibit fused
tibiotarsi [24], and they also exhibit extensive fusion elsewhere in the skeleton, including the
braincase, manus, and pelvis. It is noteworthy that in several specimens of Elmisaurus rarus,
the tarsometatarsi are coossified, but the associated tibiotarsi are not: in each the tibiae show
no signs of fusion to the astragalocalcanea, which are missing. Thus, although there is clearly
an ontogenetic aspect to fusion of the tibiotarsus, it appears that the fusion of the tibiotarsus in
Eoneophron infernalis is unique to this taxon within Caenagnathoidea, because other speci-
mens at presumably equivalent ontogenetic stages do not show this feature [3,32].

Together, these morphological features distinguish CM 96523 from Anzu wyliei and other
caenagnathids known from the Late Cretaceous of North America. Considering that histologi-
cal data show that this specimen was approaching adult body size and may have already
reached sexual maturity (see below), the data support the establishment of a new taxon for this
material, Eoneophron infernalis. This taxon can be distinguished by a unique combination of
teatures of the hindlimb, as well as two autapomorphies: fusion of the astragalocalcaneum and
tibiotarsus at maturity and a long, sharp longitudinal ridge on the anterior surface of metatar-
sal IV.

Histology

CM 96523 contributes to a growing body of caenagnathid long bone histoanalyses
[39,41,46,51,73,74], but is the first published assessment of caenagnathid femoral histology.
The histology of the femur, tibia, and metatarsal IV are congruent, suggesting that the ontoge-
netic signal they provide is reliable. The femur, tibia, and metatarsal IV of Eoneophron inferna-
lis each record six LAGs. Although the large medullary cavities of each bone leave the
possibility that one or more LAGs from earlier ontogeny were obliterated by medullary cavity
expansion, the presence of a putative neonatal line followed by six LAGs in metatarsal IV sug-
gests the death of this individual occurred during its sixth year of life. Because the sixth LAG is
so close to the periosteal surface and often merges with the surface in each bone examined,
death probably occurred shortly after this individual emerged from its annual growth hiatus.
LAG spacing reveals that the majority of bone apposition and body size increase happened
during the first two years of age, based on femur and tibia histology. After the second LAG,
there is a marked shift to closely spaced LAGs, comprising the remainder of the outer cortex.
This inflection in apposition rate may correspond to sexual maturity, as hypothesized for other
dinosaur groups including oviraptorosaurs [75-77]. Interestingly, apposition rate inflection
occurred after the third year within metatarsal IV, rather than in the second year as observed
in the femur and tibia. The cortex of the femur and tibia is thinner than that of metatarsal IV,
which does indicate differing rates of medullary cavity enlargement. Indeed, that the putative
neonatal line is recorded in metatarsal IV and not in the femur or tibia is strong evidence that
medullary expansion rate was lower in the former. However, because the cortex of metatarsal
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IV is thicker and still records only six LAGs, differences in apposition rate inflection reflect
individual bone growth trajectories rather than mismatched LAG counts due to medullary
resorption.

The tibia histology of Eoneophron infernalis differs from that of a previously described inde-
terminate caenagnathid (UALVP 57349) from the Campanian-early Maastrichtian Horseshoe
Canyon Formation in Alberta, Canada [73]. The histology of UALVP 57349 suggests this
small individual (tibia length of 210 mm) was a young juvenile. Its bone tissue is entirely retic-
ular and plexiform fibrolamellar, with open vascular canals at the periosteal surface, no sec-
ondary osteons, and an avascular endosteal lamellar layer. A band of parallel-fibered tissue
within the cortex may be an annulus, suggesting it was at least one year of age [73]. The larger
tibia of E. infernalis (480mm) described here is also entirely fibrolamellar, but vascular orienta-
tion is reticular to sub-laminar, has a vascularized lamellar endosteal layer, and there are six
well-defined LAGs within the cortex. Beginning with the fourth LAG, zonal spacing between
LAGs is markedly decreased towards the periosteal surface, and the vascular canals are not
open at the bone surface. The histology of UALVP 57349 and E. infernalis show that the tibia
of each was still growing when the individuals died. However, the histology of E. infernalis sug-
gests it was relatively older (six LAGs compared to a single annulus) and growth was approach-
ing an asymptote, whereas UALVP 57349 shows no indication of decreasing annual
apposition rate.

The histology of Eoneophron infernalis also differs from the fragmentary tibia of ROM VP
65884, referred to Anzu wyliei [46], from the Maastrichtian Hell Creek Formation of Montana.
Although the primary tissue in both tibiae is fibrolamellar, the vascularity in ROM VP 65884
ranges from reticular within the inner cortex to plexiform in the outer cortex, while that of E.
infernalis is a combination of reticular and longitudinal for most of the cortex to predomi-
nantly longitudinal in the outermost cortex. ROM VP 65884 preserves seven LAGs, with a
noticeable decrease in zonal spacing occurring after the third LAG. The tibia of E. infernalis
preserves only six LAGs, with a pronounced decrease in zonal thickness occurring after the
second LAG. Finally, although zonal spacing is decreased within the outer zones of the larger
tibia of ROM VP 65884, tissue remains well-vascularized to the periosteal surface and there is
no indication an EFS is present. This differs from E. infernalis, which exhibits reduced, longi-
tudinal vascularity within the outermost cortical zones.

Vascular orientation can be compared to determine relative growth rates [78]. Longitudinal
vascular canals within the outermost zones of the tibia in Eoneophron infernalis indicate a
slower annual growth rate than the plexiform vascularity observed in tibia ROM VP 65884,
referred to A. wyliei. Although individual variation in growth cannot be discounted (e.g.,
Woodward et al. 2015 [79]), it appears that E. infernalis would have attained a smaller asymp-
totic body size than reported for specimens of A. wyliei [12,46].

The metatarsal IV histology of CM 96523 resembles that of the Campanian-aged Dinosaur
Park Formation Citipes elegans metatarsal IV (UALVP 59606) described previously by Fun-
ston et al. (2020) [74]. In both, the bone tissue is reticular to longitudinal fibrolamellar, the
lamellar endosteal layer is pierced by vascular canals, and the cortex preserves six LAGs. The
two metatarsals differ in that the LAG spacing in C. elegans metatarsal IV becomes reduced
after the second LAG, while this occurs after the third LAG in CM 96523. Also, the metatarsal
IV of C. elegans (total length of 146 mm) contained secondary osteons, and the closely spaced
LAGs within avascular outermost cortex was interpreted as an EFS and signaling skeletal
maturity [74]. In contrast, the zones between the closely spaced outermost LAGs in metatarsal
IV of E. infernalis (total length of 233mm) remain vascularized with high osteocyte lacuna den-
sity, suggesting that this larger metatarsal was approaching asymptotic size but was still grow-
ing in length at death.
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Paleoecological and diagnostic implications

The number of caenagnathid taxa in the Hell Creek Formation is uncertain. Varricchio (2001)
described a partial pes of a small caenagnathid (MOR 752) he referred to “Elmisaurus” elegans
(now Citipes elegans) on the basis of an anterolateral process proximal to the distal condyle of
metatarsal IV, for Musculus tibialis cranialis [39,43]. At the time, the presence of a larger cae-
nagnathid in the Hell Creek Formation was known [38,80], but it was not formally described
until 2014, as Anzu wyliei [12]. There is, however, the lack of overlap of the elements described
by Varricchio (2001) and Lamanna et al. (2014), and thus it is unclear whether they could rep-
resent ontogimorphs of the same taxon. Eoneophron infernalis complicates this issue some-
what, as it is nearly double the size of MOR 752 but shows clear signs of skeletal maturity. It is
thus unclear whether these specimens indicate the presence of two taxa—in which case MOR
752 is a juvenile of either Anzu wyliei or Eoneophron—or three taxa, in which case each repre-
sents a distinct taxon. However, some evidence suggests that the latter situation may be more
likely. For example, the metatarsal II referred to ¢f. Anzu wyliei by Cullen et al. (2020) lacks the
anterolateral process proximal to the distal condyle described for MOR 752, which also distin-
guishes it from Citipes elegans and Elmisaurus rarus. As described by Currie et al. (2016) and
Funston et al. (2016), the prominent attachment sites for M. tibialis cranialis in Citipes elegans
and Elmisaurus rarus consistently manifest as both the anterolateral process on metatarsal I
and an anteromedial process on metatarsal IV. This suggests that, were it preserved, metatarsal
IV of the taxon represented by MOR 752 could be expected to have a prominent anteromedial
process proximal to the distal condyle. However, this is not the case in Eoneophron infernalis,
despite nearing skeletal maturity, tentatively suggesting that it is distinct from MOR 752. As
muscular insertions might be expected to become better developed allometrically and ontoge-
netically, this casts doubt on the idea that MOR 752 is a juvenile individual of either E. inferna-
lis or Anzu wyliei. Nonetheless, as MOR 752 is fragmentary, its ontogenetic status is unknown,
and the ontogeny of muscle attachments in caenagnathids is poorly understood, caution is
warranted in ascribing the remains to different taxa.

The presence of either two or three caenagnathid taxa in the Hell Creek Formation indi-
cates nevertheless that multiple species of caenagnathid coexisted during the end-Maastrich-
tian (Fig 10), and highlights palaeohistology as a key source of information on the diversity of
caenagnathids across North America [35,41,46,51,52,74]. Coexistence of multiple caenag-
nathids in the Hell Creek Formation is not unexpected, given that the Campanian Dinosaur
Park Formation also preserves three caenagnathid taxa within the same ecosystem, each of a
different adult size [41], and the Horseshoe Canyon Formation likewise preserves two differ-
ently-sized taxa [36,47]. Although tentative, two sizes of caenagnathid also appear to be present
in the Maastrichtian Frenchman Formation of Saskatchewan, Canada [39,81]. In the Dinosaur
Park and Frenchman formations, the largest species approached Anzu wyliei in size [40,41,81].
However, there were also smaller taxa like Citipes elegans, and in the Dinosaur Park Forma-
tion, an intermediately-sized species is present: Chirostenotes pergracilis. Eoneophron infernalis
appears closest to Chirostenotes in size, whereas MOR 752 is similar in size to Citipes elegans
[43]. Tibiae and femora have not yet been unambiguously referred to Citipes, so its propor-
tions are difficult to estimate, but it was clearly the smallest caenagnathid within the Dinosaur
Park Formation [41]. Despite being similar in body mass to Chirostenotes pergracilis, in many
features E. infernalis is more similar to the smaller Citipes elegans and Elmisaurus rarus, an
affinity borne out by the phylogenetic analysis conducted here. Like in the Dinosaur Park For-
mation [41], the differing adult body masses of caenagnathid taxa in the Hell Creek Formation
suggests that size was an important factor in the coexistence of multiple caenagnathids in the
same ecosystems. However, it is interesting to note that the intermediately-sized taxa,
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Fig 10. Artist’s depiction of Eoneophron infernalis (top left), MOR 752 (bottom left), and Anzu wyliei (right) in the Hell Creek Formation. Illustration by Zubin Erik
Dutta.

https://doi.org/10.1371/journal.pone.0294901.9010

Chirostenotes pergracilis and Eoneophron infernalis, differed considerably in metatarsal mor-
phology. Thus, it tentatively appears that body size niches were not necessarily restricted to
taxa with a particular set of adaptations. Unfortunately, little is known about the ecology of
caenagnathids, so it is difficult to speculate on the impacts of the fused limb elements of E.
infernalis on its behavior. Whereas it is possible that the fusion of proximal tarsals to metatar-
sus better allowed E. infernalis to handle stresses associated with cursorial locomotion, evi-
dence from the pelvic regions suggests that caenagnathids of similar proportions may have
had divergent locomotory behaviors [82]. Similarly, the grasping adaptations of the caenag-
nathid pes [80] may have served a role in locomotion, prey capture, or both, and thus the mor-
phology of the metatarsus may reflect a mosaic of selective pressures.

The unexpected histological results further highlight the importance of taking histological
data into account when assigning taxonomic identities to incomplete theropod remains, rein-
forcing the point originally made by Cullen et al. 2020 [46]. Likewise, Cullen et al. 2020 raise
concerns regarding the sampling and taxonomic stability of even well-sampled geological for-
mations. The presence of cryptic diversity, like that revealed here, may have important
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ramifications for estimations of dinosaur diversity, environmental sensitivity, community
structure, and ecosystem vulnerability in Late Cretaceous ecosystems, especially those leading
up to the end-Cretaceous extinction.

Conclusions

CM 96523 represents one of the few instances of associated caenagnathid hindlimbs, and
exhibits unique proportions, combinations of features, and coossifications between elements.
In tandem with histological data indicating that this animal was of subadult or adult status at
the time of its death, this suggests that it represent a new taxon, Eoneophron infernalis. This
smaller caenagnathid from the Hell Creek Formation has implications for the ecology and
diversity of caenagnathids in the end-Maastrichtian. As many as three taxa of varying body
size may have inhabited the Maastrichtian ecosystems of the Hell Creek Formation, but like in
other regions, a poor fossil record makes untangling the taxonomy of these species problem-
atic. The ecology of caenagnathids likewise remains poorly understood, but E. infernalis
expands the range of morphological variation within the family and suggests that caenagnathid
diversity in Laurasia remained largely stable through the Campanian-Maastrichtian, and these
dinosaurs remained successful components of Laurasian ecosystems until the K-Pg extinction.
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