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Abstract

Oviraptorosaurians were a group of theropod dinosaurs that reached high diversity in
the Late Cretaceous (100.5-66 million years ago). Later diverging members evolved
a distinctive cranium which was extensively pneumatised, short and tall, and ended
in a robust, toothless beak. Their skull has been previously interpreted as adapted
for a powerful bite as part of a herbivorous or omnivorous diet. This thesis focusses
on testing whether these interpretations of oviraptorosaurian cranial function are ac-
curate. Digital 3D models were created of four key oviraptorosaurian species — early
diverging oviraptorosaurian Incisivosaurus gauthieri, and later diverging oviraptorid ovi-
raptorosaurians Citipati osmolskae, Conchoraptor gracilis, and Khaan mckennai. Finite
element analysis using scaled loads demonstrates oviraptorosaurian cranial shape was
stronger (lower stresses) and more efficient (lower total strain energy) compared with
other herbivorous theropod crania (Erlikosaurus and Ornithomimus) and performed
similarly well or better compared with large carnivore Allosaurus. Digital volumetric
reconstructions of jaw adductor musculature quantify elevated bite forces in ovirap-
torosaurians compared with other herbivorous theropods (349—499 N in Citipati down
in order of cranial size to 53-83 N in /ncisivosaurus). Maximum angles of ovirap-
torosaurian jaw gape were estimated as similar to but more limited than reported esti-
mates for herbivorous theropod Erlikosaurus and greatly more limited than carnivorous
theropods. When approaches were combined to model muscle driven biting, ovirap-
torosaurians display greater cranial stress than other theropods indicating that the in-
creased relative force of their jaw adductor musculature outweighs the effect of a com-
paratively strengthened cranial morphology. Oviraptorid crania may function closer to
structural safety limits while feeding due to the influence of other functional or develop-
mental pressures acting on their cranial shape. Nevertheless, it appears Oviraptoridae
were adapted for powerful bites as part of a predominately but not necessarily exclu-
sively herbivorous diet, distinct from other herbivorous theropods, while cranial function

varied among oviraptorids with different species favouring different positions of biting.
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1 Introduction

1.1 The Oviraptorosauria

Oviraptorosauria is a clade of maniraptoran theropod dinosaurs with an increasingly
excellent fossil record from the Cretaceous of Asia and North America. The group
is currently represented by upwards of 40 genera (LU et al., 2016; Funston, 2019)
which range from chicken-sized forms to the eight metre long, two tonne Gigantoraptor
erlianensis (Xu et al., 2007) and show perhaps one of the last diversifications of non-
avian theropod dinosaurs before the K—-Pg boundary (LG et al., 2017; Funston et al.,
2020b). A spectacular fossil record has given detailed insights into their diversity (LU et
al., 2017; Funston et al., 2018; Funston et al., 2021), ecology (Funston et al., 2018; Ma
et al., 2020a; 2020b), feathered integument (Ji et al., 1998; Xu et al., 2010), ontogeny
(LU et al., 2013a; Funston et al., 2019; Wei et al., 2022), and reproduction (Sato et al.,
2005; Wiemann et al., 2017) and nesting (Norell et al., 1994; 1995a; Dong and Currie,
1996; Clark et al., 1999; Varricchio et al., 2008; Norell et al., 2018; Yang et al., 2019;
Yang and Sander, 2022) — the group has become famous for their preserved eggs and
examples of brooding, from which circumstances they also derive their name (Osborn,
1924; Barbold, 1976a; 1976b).

The cranium of oviraptorosaurians is particularly distinctive among theropod
dinosaurs (Fig. 1.1). Later diverging oviraptorosaurians (from what we know from ovi-
raptorid crania) are characterised by highly modified, pneumatic crania (Fig. 1.1B—E)

(Kundrat and Janacek, 2007) that are short and tall, sometimes elaborately crested
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Figure 1.1: Digital skull models of (A) early diverging oviraptorosaurian Incisivosaurus
gauthieri, and oviraptorid oviraptorosaurians (B) Citipati osmolskae, (C) Khaan mcken-
nai, and (D) Conchoraptor gracilis with 5 cm scale bar. (E) Cranium of high crested
oviraptorid Rinchenia mongoliensis MPC-D 100/32a, scale bar 5 cm. (F) Skeleton of
Avimimus portentosus with reconstructed skull on display at Orlov Museum of Pale-
ontology, Moscow. (G) Mounted skeleton of MPC-D 100/42, an oviraptorid from the
Zamyn Khondt locality of the Djadokhta Formation, likely Citipati sp., on display at
Hunnu Mall, Ulaanbaatar. Digital models and photographs were created by the author.
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(Fig. 1.1E) (Barsbold, 1986; 1988; LU et al., 2017; Funston et al., 2018) and end in a
toothless beak. The cranium is borne on a relatively long neck (Fig. 1.1G) (Sues, 1997;
L0, 2003) and the rest of their body plan is characterised by elongate hindlimbs (Currie
and Russell, 1988; Rhodes et al., 2020) and grasping forelimbs with recurved claws
(Fig. 1.1G) (Senter and Parrish, 2005; Funston et al., 2020b), along with tails that are
more bird-like than other theropods, being shorter and containing fewer vertebra (Per-
sons et al., 2013), and terminating in an apical pygostyle in some taxa (Barsbold et al.,
2000a; 2000b) (Fig. 1.1F,G).

The ecosystem role, diet, and cranial function of Late Cretaceous ovirap-
torosaurians has remained uncertain, largely due to this peculiar cranial morphology.
However, they may have been one of the few non-avian theropod groups that pursued

herbivory to a significant extent (Zanno and Makovicky, 2011).

1.2 Phylogenetic position and groupings

Their beaked, superficially bird-like crania, combined with extensive cranial and verte-
bral pneumatisation (Barsbold et al., 1990), evidence of pennaceous feathering (Ji et
al., 1998), pygostyles (Barsbold et al., 2000a; 2000b), and other features led Ovirap-
torosauria to be considered a basal, flightless avalian clade when its current main in-
ternal classifications were first set out (Maryanska et al., 2002; Osmolska et al., 2004),
perhaps secondarily flightless (Maryanska et al., 2002). This affinity with birds has
since been challenged, and Oviraptorosauria has frequently been recovered as the
sister clade of Paraves (Senter et al., 2012; Turner et al., 2012; Brusatte et al., 2014;
Xu et al., 2015; Lefevre et al., 2017), together forming the clade Pennaraptora (Fig.
1.2) (Brusatte et al., 2014; Foth et al., 2014; Xu et al., 2017; Pittman et al., 2020). The
closest relatives of Pennaraptora are frequently found to be either therizinosaurians
(Senter et al., 2012; Turner et al., 2012; Xu et al., 2015) or alvarezsauroids (Senter,
2007; Zanno, 2010).

The earliest diverging oviraptorosaurians such as Incisivosaurus gauthieri (Fig.

3



CHAPTER 1: INTRODUCTION

Figure 1.2: Simplified cladogram showing relationship of Oviraptorosauria to the rest
of the Pennaraptora (see Pittman et al., 2020). Silhouettes from phylopic.org, with
thanks to J. Headden and S. Hartman, representing Heyuannia yanshini for Ovirap-
torosauria, Utahraptor ostrommaysi for Deinonychosauria, and Gallus gallus domesti-
cus for Avialae.

1.1A) (Xu et al., 2002) and the caudipterids (Ji et al., 1998; Zhou and Wang, 2000)
were small bodied (<1 m), still bore teeth, and are typically from the Yixian Forma-
tion of Liaoning, China (Barremian—Aptian; 125.9 Ma, Chang et al., 2017). Following
these, the group becomes toothless and more highly modified, with the Avimimidae
(Fig. 1.1F) (Kurzanov, 1981; Funston et al., 2016; Tsuihiji et al., 2017)) diverging be-
fore two sister groups that comprise the majority of oviraptorosaurian diversity: the
families Caenagnathidae and Oviraptoridae (together forming the Caenagnathoidea)
(Fig. 1.3).

Relationships within each family are less well constrained due to missing data
from taxa diagnosed from very incomplete material (LU and Zhang, 2005; Zanno and
Sampson, 2005; Sullivan et al., 2011; Longrich et al., 2013; Yu et al., 2018), par-
ticularly among Caenagnathidae (Longrich et al., 2013, Funston and Currie, 2016).
Caenagnathids are typically represented by fragmentary remains, predominantly from
North America (Longrich et al., 2013), and even in the taxa with most skeletal material
represented, the cranium is poorly known. Oviraptorids, in contrast, are represented
by increasingly diverse and excellent fossil specimens that may display a high degree

of completeness (Clark et al., 2001; LU et al., 2016; LU et al., 2017; Funston et al.,

4
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Figure 1.3: Simplified cladogram showing key groups within Oviraptorosauria (see L
et al., 2017; Yu et al., 2018; Funston et al., 2020b). Skull outline representing Cae-
nagnathidae is Anzu wyliei, adapted from Lamanna et al. (2014), with missing material
represented by dashed lines. Skull outline representing Oviraptoridae is Citipati osmol-
Skae, based on the retrodeformed model from this study; likewise for Incisivosaurus
gauthieri.

2020b). This thesis will therefore focus more on the Oviraptoridae due to the availabil-

ity of well-preserved crania.

1.3 History of the “egg thief lizards”

The first species to be named, that would later be included among Oviraptorosauria (as
a caenagnathid), was Chirostenotes pergracilis (Gilmore, 1924) from the Dinosaur Park
Formation of Alberta, Canada. The species was described from the partial articulated
remains of both hands. The description of the eponymous Oviraptor philoceratops
(Osborn, 1924) followed later the same year. Osborn (1924) acknowledges that the
generic and specific names (Oviraptor — “egqg seizer”; philoceratops — “fondness for
ceratopsian eggs”) may be entirely misleading as to the feeding habits of the taxon.
The names were a result of the holotype skull being discovered lying over a clutch of
dinosaur eggs, the animal supposed to have been overtaken by a sandstorm while

ransacking the nest. Osborn (1924) concluded succinctly that O. philoceratops was
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herbivorous or omnivorous.

The characterisation of oviraptorosaurians as egg thieves received some trac-
tion in popular culture and has been discussed subsequently (Currie et al., 1993).
From the posterior of the oviraptorid primary palate projects a ventral tooth-like process
consisting of the maxillae and vomer. This projection was mentioned by Currie et al.
(1993) as reminiscent of extant oophagous snakes, the specialised pointed vertebral
hypapophyses of which are adapted to puncture swallowed eggs (Gans and Oshima,
1952).

However, Norell et al. (1994) published the discovery of embryonic oviraptorid
specimens and identified the eggs associated with the Oviraptor type specimen as the
same morphotype. They suggested the animal had not died while feeding on the eggs
but had instead perished while incubating or protecting them. Subsequent discoveries
of oviraptorid remains in brooding positions guarding similar nests further vindicates
the group (Norell et al., 1995a; Dong and Currie, 1996; Clark et al., 1999; Fanti et al.,
2012).

It is unlikely eggs were a large enough part of the diet of all oviraptorosaurians
to influence their cranial functional morphology. Eggs may have been a potential but
infrequent food stuff as part of a generalist omnivorous diet, but it would be incorrect
to think of Oviraptorosauria any more as ‘egg-eaters’ than modern ravens or badgers

(Hounsome and Delahay, 2005; Coates et al., 2008).

1.4 Palaeoecology and diet

Apart from a few examples in early diverging species (gastroliths linked with herbivory
in Caudipteryx zoui, Ji et al., 1998; Wings and Sander, 2006), there is no substantial
direct evidence of diet in oviraptorosaurians. Norell et al. (1994) reported two baby
troodontid skulls found associated with eggshell fragments amid the eggs and body
fossil of a brooding oviraptorid but speculated they could be predating or parasitising

the nest, if not the remains of food. Fragmented lizard remains near the stomach cavity

6
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are reported in the Oviraptor philoceratops holotype (AMNH 6517, Norell et al., 1995b),
perhaps its final meal.

In discussing the skulls and diets of later diverging oviraptorosaurians — the
caenagnathids and oviraptorids — focus on the mandible is possible with both groups
but largely limited to just the oviraptorids for the cranium. Crania are absent or highly
fragmentary for all of Caenagnathidae but based on maxillae and the mandibles of
some caenagnathids (Sternberg, 1940; Cracraft, 1971; Currie et al., 1993; Sues, 1997;
Funston and Currie, 2014; Lamanna et al., 2014) the snout was probably moderately
elongate, unlike the deep shortened rostrum of oviraptorids. Some of the most com-
plete caenagnathid cranial remains are those of Anzu wyliei (Lamanna et al., 2014)
from the Hell Creek Formation (Maastrictian) — premaxilla fragments indicate a cra-
nium with a tall crest and longer rostrum than oviraptorids.

Morphological differences between the mandibles of caenagnathids and ovi-
raptorids suggest broadly different feeding styles and diets between the two groups
(Longrich et al., 2010; 2013; Funston and Currie, 2016; Ma et al., 2017; 2020b). In-
terpretations of caenagnathid diets are typically more predatory (Funston and Currie,
2016) or forms of herbivory focussing on plant materials softer than those eaten by
oviraptorids (Longrich et al., 2013). These ideas derive from caenagnathid mandibles
being more slender, and without the depth and robust symphysis of those in ovirap-
torids, providing caenagnathids a lower mechanical advantage to the jaw for a quicker
but weaker bite (Ma et al., 2020b). The anterior tip of the mandibles of some cae-
nagnathids is more recurved and pointed compared with oviraptorids, perhaps advan-
tageous in slashing meat (Funston and Currie, 2016) and prey capture. Exceptions
exist such as the massive early diverging caenagnathid Gigantoraptor, in which the
mandible takes a deeper more oviraptorid-like shape (Xu et al., 2007; Ma et al., 2017).

Crania in oviraptorids are diverse and well-preserved. Though filled with pneu-
matic air spaces, topped by thin, sometimes delicately ornamented skull roofs, and

bearing reduced rod-like jugals and quadratojugal bones, the oviraptorid cranium is
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frequently interpreted as strong and adapted for a powerful bite (Barsbold, 1976a;
Funston et al., 2018; Ma et al., 2020b). This interpretation stems from the premaxillae
and palate which appear robust. Furthermore, the cranium, particularly the rostrum,
is shortened which increases the mechanical advantage of their jaws and deepened
dorsoventrally as a supposed adaptation for strength. This is to the extent that some
species have crania that are as tall or taller than they are long due to dome-shape skull
roofs (Oksoko avarsan, Funston et al., 2020b) or tall crests (Rinchenia mongoliensis,
Funston et al., 2018; Corythoraptor jacobsi, LU et al., 2017) (Fig. 1.1E).

The apparent strength of the cranium has been used to suggest specialist
crushing durophagous diets focussing on molluscs, (Barsbold, 1976a). This would be
a very specialist diet, especially considering the diversity of oviraptorid species and the
fact many derive from arid or semi-arid depositional environments more so than fluvial
deposits (Longrich et al., 2010; 2013; Funston et al., 2018).

Most interpretations now focus on some form of herbivorous diet (Smith, 1992).
However, many interpretations still contextualise this alongside the supposed strength
of the oviraptorid cranium and bite, with authors suggesting this could be adaptive to
procure and process a wide range of foodstuffs such as seeds, nuts, fruits, stems, and
bark (Zanno and Makovicky, 2011; Longrich et al., 2013; LU et al., 2013b, Funston and
Currie, 2014; Funston and Currie, 2016; Ma et al., 2017; Funston et al., 2018; Ma et al.,
2020b), similar to modern parrots (Benavidez et al., 2018), or to shear tough xerophytic
vegetation adapted for environments with scarce water (Longrich et al., 2010). It is dif-
ficult to speculate on the topic of specialist herbivorous diets as very little is known of
the flora in their environment (Fastovsky et al., 1997; Longrich et al., 2010). Oviraptorid
mandibles (more than their crania) also bear striking resemblance to those of the ex-
tinct, herbivorous dicynodont synapsids (Cracraft, 1971; Osmolska, 1976; Elzanowski,
1999), with their short, deep profile, lack of teeth, and robust dentary symphysis.

To what extent oviraptorids blurred the boundary between herbivory and om-

nivory (as is frequently the case in extant vertebrates) is uncertain and likely varies by



CHAPTER 1: INTRODUCTION

species (Zanno and Makovicky, 2011).

1.5 Aims and thesis outline

The assertion that the oviraptorid cranium, despite being pneumatic and airy, is adapted
for strength and a powerful bite has been put forward by many studies but not objec-
tively tested or quantified. Previous investigation into the functional morphology of the
skull of Oviraptoridae and Caenagnathidae has focussed on the mandible, using 2D
and 3D finite element analysis to examine performance (Funston and Currie, 2014; Ma
et al., 2022), or assessing metrics like mechanical advantage in the jaws (Sakamoto,
2010; Ma et al., 2020a; 2020b). The crania, which are some of the most highly mod-
ified and aberrant among Dinosauria, have not yet been studied with the depth and
digital methods applied to other dinosaur groups (e.g. Rayfield, 2001; Rayfield et al.,
2007; Young et al., 2012; Button et al., 2014; 2016; Cuff et al., 2015; Lautenschlager
et al., 2016; Gignac and Erickson, 2017; Taylor et al., 2017; Cost et al., 2020).

In this thesis, | present a detailed investigation of the cranial functional mor-
phology in oviraptorosaurians, particularly focussing on Oviraptoridae (due to a lack of
preserved crania in Caenagnathidae) and the early diverging Incisivosaurus, in com-

parison to other theropod dinosaurs.

The overarching aims of this thesis are to:

» Determine if and how the oviraptorosaurian cranium is relatively stronger than
crania of other theropod dinosaurs (especially those with inferred herbivorous

diets).

* Quantify if oviraptorosaurian crania are adapted to generate comparatively pow-

erful bite force compared to herbivorous theropods.

» Understand how the above aspects of oviraptorosaurian cranial functional mor-

phology link with diet and diversity of functional ecology.
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| focus on using digital methods predicated on high quality 3D models of ovi-
raptorosaurian crania accurately restored to in-life condition. | use finite element analy-
sis (FEA) to assess comparative structural strength and performance via suitable met-
rics (e.g. von Mises stress, total strain energy). | investigate cranial musculature using
digital volumetric reconstruction.

Chapter 2 focuses on methodology and the specimens this thesis is chiefly
based on. | briefly give background on the techniques used in this work — the appli-
cation of finite element analysis (FEA) in palaeontology and the reconstruction of soft
tissues in fossil taxa — before setting out best practises for the digital retrodeformation
of fossil specimens and detailed accounts of the procedures | used to create retrode-
formed 3D models of the crania (and mandibles) for the four oviraptorosaurians that
are the focus of this thesis.

Chapter 3 presents a direct structural comparison of the oviraptorid cranial
morphology with that of other theropods in terms of strength and efficiency through
a non-physiological bending test. | test the hypothesis that the peculiar shape of the
oviraptorid cranium is an adaptation to better resist bending forces (as may be experi-
enced as the reaction force from a powerful bite) compared with theropod dinosaurs of
more conventional cranial morphology.

Chapter 4 presents digital 3D reconstructions of oviraptorosaurian jaw adduc-
tor musculature. | test the hypothesis that cranial shortening and expansion of muscle
space increases bite forces relatively in Oviraptoridae compared with other herbivorous
theropods. | describe and compare oviraptorosaurian jaw adductor muscle anatomy,
estimate bite forces in four oviraptorosaurians, compare these with other herbivorous
theropod taxa, and assess how the reconstructed jaw adductor muscle anatomy may
have constrained the maximal angle of gape in oviraptorosaurian species.

Chapter 5 presents additional FEA scenarios addressing questions of func-
tional morphology, feeding, and diet. | integrate results from the previous two chap-

ters to test the hypothesis that the relative strength of the oviraptorid cranium is great

10
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enough to resist their relatively powerful jaw adductor muscle forces. | also test the
effect of accessory feeding scenarios driven by neck musculature on cranial perfor-
mance, and the influence a keratinous beak covering has on cranial performance in

Oviraptoridae.

11






2 Methods and specimens

Section 2.1.3 Digital restoration and retrodeformation of fossil specimens and Figure
2.2 of this chapter are adapted from part of my contribution to the following publica-
tion in Royal Society Open Science. My contribution involved developing the skeletal
retrodeformation methods, writing the related section of the manuscript, and creating

the accompanying figure.

Herbst, E. C., Meade, L. E., Lautenschlager, S., Fioritti, N. and Scheyer, T. M. 2022.
A toolbox for the retrodeformation and muscle reconstruction of fossil specimens in

Blender. Royal Society Open Science, 9, 220519.

Section 2.2 Specimen information and associated retrodeformation procedure is lightly
adapted from Supplementary Information 1 of the following publication in Scientific Re-
ports; Figures 2.3-2.10 are new. CT-scanned datasets were provided by A. Balanoff.
My co-author W. Ma provided the photogrammetric model of the Incisivosaurus gau-
thieri (IVPP V 13326) mandible. | created the retrodeformed skull models and wrote

the text of this section. Both authors approved its published version.

Meade, L. E. and Ma, W. 2022. Cranial muscle reconstructions quantify adaptation for

high bite forces in Oviraptorosauria. Scientific Reports, 12, 3010.
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2.1 Digital methods

2.1.1 Finite element analysis in palaeobiology

Finite element analysis (FEA) can be used to predict deformation in a structure under
loading (Zienkiewicz et al., 2005). The method simplifies a complex object into a finite
number of small, geometrically simple elements which are connected at shared nodes.
This makes it possible to quickly but accurately approximate displacement throughout
the structure in reaction to loading and depending on its shape, boundary conditions,
and material properties, and give related data such as discrete stress or strain values
at elements/nodes (Richmond et al., 2005).

Stress (o) is defined as force per unit area (Nm2). Strain (g) is the deformation
from an applied load and defined as a change in length divided by original length (A/).
The first of two properties of importance in defining the mechanical performance of a
material are principally the Young’s modulus (E, the modulus of elasticity), the ability of
a material to withstand stretching/deformation in length when under lengthwise tension

or compression, given by the ratio of tensile stress (o) to tensile strain (g):

E=o0/¢

The second property is the Poisson’s ratio (v) which is the negative of the ratio
between transverse strain (g;) and longitudinal strain (g)) in the elastic loading direction,
i.e. the ratio of the change in width of a material to the change in length as a result of

strain:

V= —Et/El

It is impossible to measure the original material properties of fossilised bone.

Studies have used substitute material properties from modern bones of similar histo-

14
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logical structure (e.g. bovine haversian bone; Rayfield, 2001; Button et al., 2016), or
from taxa comprising an extant phylogenetic bracket to an extinct species in question
(e.g. using crocodilian or avian bone values for non-avian dinosaurs; Lautenschlager
et al., 2016). The unknown material properties of extinct forms, simplification of the
FE model materials to be isotropic, and other uncertain parameters mean the absolute
magnitudes of stress/strain in FEA of fossil taxa cannot be relied upon. Nevertheless,
FE models appear to reliably reproduce patterns of stress and strain (Rayfield, 2007;
Bright and Rayfield, 2011), and FEA parameters can be set up to assess relative dif-
ferences in these metrics between fossil forms — for example, scaling models (or input
loads) to control for differences in size — or exploring hypothetical morphologies to
better understand actual functional morphology.

This is possible as metrics like stress and strain can be biologically relevant
measures of performance (Richmond et al., 2005; Rayfield, 2007). Mechanical function
is closely linked with the adaptation of skeletal morphologies (Roesler, 1987). Through
evolutionary shape change and mechanisms of mechanical adaptation such as bone
remodelling (Wolff, 1892; Huiskes et al., 2000; Ruff et al., 2006), the shape of bones
is adapted to function energetically efficiently and minimise the chance for structural
failure (with the caveat of phylogenetic, ontogenetic, and physical constraints) within
a biological system. Thus, as stress and strain are useful indicators of how close a
structure is to failure or severe deformation, stress and strain magnitude and distribu-
tion can provide information on how well adapted the structure is to different types of
loading (Dumont et al., 2005; Rayfield, 2007; Dumont et al., 2009).

The metric of von Mises stress in particular is a good predictor of failure
through ductile fracture (Nalla et al., 2003), the model of fracture that applies to failure
in bones (most biological materials have some elastic properties; Dumont et al., 2009).
Total strain energy, a measure of the energy expended to deform a structure with a
given volume, may also be useful in assessing function (Dumont et al., 2009; Tseng

and Flynn, 2018). More work efficient structures will store less strain energy and are at
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an advantage if selection for energy saving is relevant to a system (likely one of many
processes guiding the evolution of a structure).

Through using FEA to assess how fossil structures differently perform (in
terms of strength and energy efficiency), we can meaningfully assess hypotheses of

ecological function.

2.1.2 Reconstruction of musculature in extinct taxa

Bias for harder and more mineralised tissues to fossilise leads to soft tissues being
under-represented in the fossil record and poorly understood in many extinct species
(Lautenschlager, 2016a). This can create problems when addressing phylogenetic,
functional, and ecological questions concerning fossil taxa. Much effort has focussed
on reconstructing muscles in extinct tetrapods, particularly cranial musculature (Laut-
enschlager, 2013), as this has a key function in how an organism interacts with its
environment, chiefly its ability to procure and process food. Metrics like bite force (and
jaw mechanical advantage) are correlated with dietary ecology (Sakamoto, 2022), and
feeding behaviour is closely linked to patterns of macroevolutionary change and co-
evolutionary processes (Barrett and Rayfield, 2006).

Efforts to reconstruct the jaw adductor musculature of fossil tetrapods has pro-
gressed from identification of lines of action (Adams, 1919; Haas, 1955; Ewer, 1965)
and origin—insertion sites (Barghusen, 1973; King, 1981; Holliday, 2009), and the use
of skull measurements as a proxy for muscle forces (Thomason, 1991; Wroe et al.,
2005), towards physical (e.g. clay; Rayfield, 2001; Mazetta et al., 2009) and digi-
tal modelling (Lautenschlager, 2013; Lautenschlager, 2016a; Herbst et al., 2022) and
Bayesian phylogenetic predictive methods (Sakamoto, 2022). These tend to be based
on assessing an extant phylogenetic bracket (the condition in the closest related liv-
ing clades) and osteological clues (e.g. muscle scars) to reconstruct the positioning
of muscles in fossil specimens to different degrees of inference (Holliday and Witmer,

2007; Holliday, 2009; Gignac and Erickson, 2016). For 3D reconstructions, these in-
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Figure 2.1: Stages of fleshing out a digital reconstruction of jaw adductor musculature
in the oviraptorid Citipati osmolskae. Muscle origin—insertion paths connected with
simple curves (A). Convex hull shrinkwrapped around sets of curved connections (B).
Convex hulls grown into volumes filling available space (C).

terpretations can then be digitally “fleshed out” to fill available space within the cra-
nium/jaw with muscular bodies (Lautenschlager, 2013; Gignac and Erickson, 2017)
(Fig. 2.1A-C).

Ultimately, this allows for the physiological cross-sectional area of muscles to
be measured, which is proportional to their ability to generate contractile force, and typ-
ically estimated at 0.3 Nmm (Thomason, 1991; Wroe, 2005; Lautenschlager, 2013).
However, unknown muscle parameters (chiefly pennation angle and length of muscle
fibres; Bates and Falkingham, 2018; though see Lieber, 2022) may require additional
correction factors (Thomason, 1991; Wroe et al, 2005; Lautenschlager, 2013) and in-
troduce a degree of uncertainty on top of that from the anatomical reconstruction of
muscle arrangement. Such uncertainty in modelling has been demonstrated in mam-
mal crania (Broyde et al., 2021; Bates et al., 2021). Nevertheless, more restrictive
cranial architecture in archosaurs, with both an upper and lower temporal bar, may
limit the scope for reconstructive inaccuracy in groups such as dinosaurs.

Reconstructed muscle force vectors can feed into further digital functional
analyses like FEA (Rayfield, 2001; Rayfield, 2007; Dumont et al., 2009), multibody
dynamic analyses (MDA; Bates and Falkingham, 2012; Snively et al., 2013; Lauten-
schlager et al., 2016; Lautenschlager et al., 2018; Lautenschlager, 2020), and spe-
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cialised analyses such as assessing musculo-skeletal constraints on gape (Lauten-
schlager, 2015; Meade and Ma, 2022). A progression of the method from Lauten-
schlager (2013) is used in Chapter 4 of this work to reconstruct jaw adductor muscu-
lature in oviraptorosaurians and described therein. Muscle force estimates are further

used to inform FEA in Chapter 5.

2.1.3 Digital restoration and retrodeformation of fossil specimens

The use of 3D data to study fossil material is currently an increasingly popular and
dynamic field of research including biomechanical, finite element, and geometric mor-
phometric analyses exploring taxonomic and ecological questions, all predicated on
digital 3D models (Cunningham et al., 2014). Techniques to convert fossils into 3D
models such as photogrammetry, surface scanning, CT-scanning and other techniques
have become common in palaeontological studies (Mallison, 2011; Falkingham, 2012;
Cunningham et al., 2014; Diez Diaz et al., 2021). Unfortunately, fossil specimens
are often distorted, disarticulated, and/or possess cracks. It is often important to cor-
rect morphological distortions, returning them to an “in-vivo” condition before analyses
are possible (Molnar et al., 2012; Tschopp et al., 2013; Button et al., 2014; Cuff and
Rayfield, 2015; Lautenschlager, 2016b). Such processes have been termed “restora-
tion”, for the reassembly or correction of cracks, breaks, and missing elements in fossil
specimens, and “retrodeformation”, for the correction of more plastic shape distortions
(Lautenschlager, 2016b). Many studies have not made a strict distinction between
the two terms, and this work will generally employ the latter term, “retrodeformation”,
to refer to the process of digitally fixing fossils generally. In palaeontological studies,
Blender has been most frequently used for rendering high-quality images as it is a pow-
erful ray-tracing software package. Fairly few publications have taken advantage of the
power of Blender for mesh creation, manipulation, positioning, and analysing range
of motion (Garwood and Dunlop, 2014; Rahman and Lautenschlager, 2016b; Lauten-

schlager, 2017; Miedema et al., 2020; Herbst et al., 2021; Richards et al., 2021; Meade
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and Ma, 2022; DeVries et al., 2022). This study found Blender to be the most effective
software package of retrodeformation of the fossil material, with impressive capabilities
for rendering attractive figures, performing functional analyses (i.e. the gape analyses
of Chapter 4), all while being free and frequently updated. Blender could perform all
necessary retrodeformation techniques (i.e. those detailed in Lautenschlager, 2016b)
including, but not limited to, correction of cracks, breaks and missing sections, trans-
lation and rotation of disarticulated elements, mirroring of material, correction of shear
and plastic modes of deformation, and constructing composite models from multiple
specimens (see Fig. 2.2).

General guidelines for accuracy were followed for all specimens and are doc-
umented here as follows, and all work was performed by a single worker (the author):
Working in orthographic view kept objects the same size and proportions regardless of
the distance between the viewport camera and the object, allowing for more objective
assessment of shape and the use of reference images. Reference images of unde-
formed specimens, closely related species, or useful schematics were used wherever
possible to guide creating material from scratch or editing and preserve objectivity and
accuracy. For work in Blender, these were added as objects where they can be re-
sized, rotated, and translated as needed within the window view space. Positioning
objects in alignment with the main axes allowed effective use of preset orthographic
viewpoints along each axis and for constraining mesh edits and sculpting along certain
axes, increasing control and accuracy. Correct model alignment also allowed for easy
mirroring of elements, where material was preserved on only one side. On this topic,
procedure followed here considered the most objective source for material to replace
missing areas is from another symmetrical side/area of the specimen, followed by other
specimens of the same species, then closely related specimens. Symmetry within bio-
logical structures or other indicators (such as orbit shape being roughly circular; Arbour
and Currie, 2012); Cuff and Rayfield, 2015) were considered as objective evidence of

deformation. Such justification was assessed for every edit on the geometry of a speci-
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Figure 2.2: Examples of retrodeformation processes in Blender. Elements were cor-
rectly repositioned as separate objects (A). Combination and smoothing of photogram-
metric, CT, and sculpted models to produce a single mesh (B). Lattice modifier used to
correct model shear (C). Sculpting a sphere to reconstruct a missing part of the fossil,
followed by a Boolean union modifier to join the meshes (D).
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men. Care was taken with multiple remeshing/smoothing as these deteriorated surface
details of specimens.

A more comprehensive guide to the retrodeformation of fossil material (fo-
cussing on Blender) is given in Herbst et al. (2022), greatly derived from the lessons
learned in fixing the specimens presented in this chapter. Information on each spec-
imen that was retrodeformed from CT-scanned data to form the basis of this thesis is

now given and figured.

2.2 Specimen information and associated retrodeformation pro-

cedure

The four oviraptorosaurian skull models described and figured here form the basis of
the data for this PhD thesis. They were provided by A. Balanoff in the form of CT-scan
image sets (as described below) and fortunately represent both early diverging ovi-
raptorosaurians (/ncisivosaurus), and later diverging oviraptorid oviraptorosaurians of
varying skull morphotypes (the more ornamented Citipati and the decreasingly orna-
mented Khaan and Conchoraptor). Many additional potential specimens | visited were
highly incomplete, damaged, or largely reconstructed, and the creation of high-quality
3D models from CT-data (necessary for internal morphology in pneumatic oviraptorid
crania) even from well preserved specimens is very time consuming. Any efforts to-
wards this were further obfuscated by the COVID-19 pandemic which made organising
the scanning of additional specimens logistically unfeasible in the time frame of the

project.

Institutional abbreviations: IVPP: Institute of Vertebrate Paleontology and Paleoanthro-
pology, Chinese Academy of Sciences, Beijing, China; MPC: Mongolian Palaeontologi-
cal Centre, Ulaanbaatar, Mongolia; PIN: Paleontological Institute, Russian Academy of
Sciences, Moscow, Russia; STM: Shandong Tianyu Museum of Nature, Pingyi, China;

ZPAL.: Institute of Paleobiology, Polish Academy of Sciences, Warsaw, Poland.
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2.2.1 Incisivosaurus gauthieri IVPP V 13326
Provenance

The specimen was collected from the Lujiatun Unit of the lowermost Yixian Formation,
near the Luijitun village of Beipiao City, Liaoning, China. These strata date to the Early
Cretaceous (Barremian—Aptian; 125.9 Ma in Chang et al., 2017; older than 128 Ma
in Swisher et al., 2002). The specimen comprises a cranium, anterior mandibles, a
postdentary mandible fragment figured by Xu et al. (2002) but potentially lost (Balanoff

et al., 2009), and a partial cervical vertebra.

CT-Scanning

IVPP V 13326 was scanned at Stony Brook University medical scanning facility in 2004.
The cranium was scanned along the coronal axis (parameters unknown) yielding 404
DICOM of 512 x 512 pixel resolution. Slice spacing is 0.31 mm, and x-, y-resolution is
0.188 mm. The CT-dataset was initially used by Balanoff et al. (2009) for cranial and
endocranial descriptions of /. gauthieri (endocranial cast subsequently used in Balanoff

et al., 2013; Balanoff et al., 2014; Balanoff et al., 2016; Balanoff et al., 2018).

Condition and taphonomic damage

The cranium is nearly complete on the right side and very incomplete on the left (Fig.
2.3D). Much of the cranial interior is still enclosed in matrix as removal would endanger
the specimen (Balanoff et al., 2009). The cranial elements and teeth present are rel-
atively well preserved and undistorted; however, there are numerous cracks, breaks,
and holes present in elements. The first two teeth are present on both sides. Pos-
teriorly, teeth are generally present on at least one side. Displacement of individual
elements and fragments is typically minor and mostly confined to slight movement on
the sagittal plane. Much of the right jugal-quadratojugal bar has been extensively phys-

ically reconstructed, showing little detail of its original morphology. There is a promi-
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nent break through the middle of the braincase and adductor chamber, separating the
posteriormost quarter of the skull, visible roughly following the frontal—parietal contact
on the skull roof. The plane of the break runs anterodorsally to posteroventrally. The
cranium is sheared approximately 15° with the left side displaced anteriorly relative
to the right. This is most clearly seen in the shape of the braincase, the relative po-
sitions of the lacrimals, postorbitals, and the frontal-parietal contact (and associated
break) (Fig. 2.3E). The cranium has been laterally compressed (Balanoff et al., 2009)
(Fig. 2.3A,B,E,F). The posterior half is especially slender and the foramen magnum
is tall and thin. It seems reasonable that lateral compression of the skull caused both
the braincase to collapse in on itself and the strap-like and thin postorbital-squamosal
and jugal—quadratojugal connections, and the plate-like quadrate—pterygoid flange to
collapse medially, pivoting inwards posterior to where they are better supported medi-
olaterally in the orbital region by the skull roof via the frontal (Fig. 2.3E) and the palate
via the ectopterygoid (Fig. 2.3F).

The mandible of IVPP V 13326 (not CT-scanned) is preserved partially in two
pieces; an anterior section comprising both rami extending posteriorly to just beyond
the termination of the mandibular fenestra and a posterior piece representing the right

articular surface and retroarticular process (unable to be located; potentially lost).

Cranial retrodeformation procedure

The IVPP V 13326 CT-dataset is the oldest and lowest resolution dataset used in this
study. The images, though relatively low resolution, show good contrast between bone,
teeth, and matrix, along with presumed neurovascular spaces in the premaxilla and
braincase. The fossil bone and tooth material was segmented in Avizo Lite (version
9.3.0). Pulp cavities inside the teeth were also segmented. A large number of ele-
ments required mirroring from the more complete right side to the left and/or reposi-
tioning. Individual elements/fragments were segmented and assigned into their own

label fields. As the purpose was restoration (rather than osteological description) this
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Figure 2.3: Incisivosaurus gauthieri (IVPP V 13326) cranium before retrodeformation,
rendered to show fossil material (blue-grey) and matrix (brown), in anterior (A), poste-
rior (B), right lateral (C), left lateral (D), dorsal (E), and ventral (F) views. Note the much
more complete right side, shear displacing the left side anteriorly, and likely compres-
sion most affecting the posterior third of the cranium.
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was loosely focussed on individual bones, but more focussed on identifying ‘retrode-
formational units’ that required repositioning/mirroring work.

To correct the deformational shear, all label fields were subjected to the Avizo
‘Shear’ module (setting 15 degrees); the CT-dataset was already aligned for this to
work correctly. Label fields of those units that required mirroring were duplicated and
the relevant axis reversed. Surface meshes generated from the label fields were then
repositioned in the project window using the transform editor to restore the cranium
as far as possible. Repositioning of cranial elements was done in relation to a base
that consisted of the most complete part of the skull in which elements were correctly
articulated. This consisted of the left premaxilla, right premaxilla (lower bigger part),
right maxilla, right nasal (without nares fragment), left lacrimal, left jugal, left palatine,
vomer, left pterygoid (+epipterygoid), left quadrate (lower bigger part), left quadratoju-
gal (lower bigger part), parabasisphenoid, left postorbital, both frontals (and including
parts of the orbitosphenoids and laterosphenoids), and all segmented teeth, including
internal replacements.

Initially, another complex of respectively correctly positioned bones was repo-
sitioned onto this base. These were the posterior bones of the skull, comprising much
of the braincase and adductor chamber, slightly displaced from the main base of skull
bones by the prominent anterodorsal-posteroventral break. These comprised both
parietals, supraoccipital, the lateral braincase elements of both sides, basioccipital,
left quadrate (upper smaller part), left quadratojugal (upper smaller part), and left
squamosal. The only other repositioned elements that were not mirror images of those
from the more complete right side were a smaller upper part of the left premaxilla (?up-
per part of maxillary process) and a fragment forming the dorsal margin of the nares.

Those bones required to be mirrored, due to absence on the left side, were

mirrored from the right and correctly positioned in the following units:

A unit comprising the mirrored right quadrate (bigger lower part), right quadrato-

jugal (bigger lower part), right pterygoid (including epipterygoid), right ectoptery-
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goid, and the right palatine (left not used so the unit fit correctly as detailed below).

A unit comprising the mirrored right squamosal, right quadrate (smaller upper

part), right quadratojugal (smaller upper part).

Mirrored right jugal.

Mirrored posterior of the right parietal and right paroccipital process.

Mirrored right portion of the parabasisphenoid to complete its missing left side.

Mirrored teeth from right side, not present on left, to complete left tooth row.

Though all of the left palatine, all of the left nasal, much of left maxilla (though
in two parts), much of the left postorbital, the medial half of left lacrimal, and anterior
half of left pterygoid+epipterygoid, are actually preserved on the left side, fitting these
bones to correctly contact their neighbours once their missing neighbours had been
mirrored from the right side proved problematic, especially where forming complex
contacts such as in the palate. These bones listed were therefore not used in the
assembled model. Instead, mirrored duplicates of the right palatine, right nasal, right
maxilla, right lacrimal, and right pterygoid+epipterygoid (which were all more complete
anyway) were used and improved overall model quality (Fig. 2.4C).

The medial half of the articular surface of the quadrate was still missing (ab-
sent from the right quadrate and its mirrored element). To model the geometry of
this small missing area without being too speculative, the corresponding region was
scaled and added to the assembled Incisivosaurus skull from the quadrate of a pho-
togrammetric 3D model of Avimimus specimen PIN 3907/3 (model produced in Agisoft
Photoscan (version 1.3.4) using 107 photos from a Nikon D3300 DSLR camera with a
50 mm lens). This seemed reasonable as the two species are early diverging ovirap-
torosaurians and have a similar quadrate morphology. It is also a very small region,
likely of little importance in muscle reconstruction or finite element analyses (FEA), and

essentially an aesthetic addition.

26



CHAPTER 2: METHODS AND SPECIMENS

Figure 2.4: Incisivosaurus gauthieri (IVPP V 13326) cranium (A—E) after retrodeforma-
tion and mandible (F—I) before and after retrodeformation. Cranium shown in anterior
(A), posterior (B), ventral (C), dorsal (D), and left lateral (E) views. Mandible shown in
left lateral view (F) as a photogrammetric model (grey) with drawn outline of missing
(described but lost) posterior fragment, followed by left lateral view of retrodeformed
mandible (G). Photogrammetric model of mandible (H) and retrodeformed model (l)
also shown in dorsal view. An oblique view of the retrodeformed cranium and mandible
when articulated is also given (J).
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The repositioned component surfaces of the cranium were scanned back to
label fields using the ‘Scan to Volume’ Avizo module and combined back into one label
field using the ‘Relabel’ module. Cracks, breaks, and smaller missing areas were then
corrected with the ‘paintbrush’ tool and interpolation using the segmentation editor
(see Lautenschlager, 2016b). During this step, some additional minor asymmetry was
corrected in the premaxilla with the paint tool, the incisor-like teeth were repositioned
with a slight rotation to make them more symmetrical (including their pulp cavities),
minor asymmetry in the dorsal arch of the nares was corrected, and teeth 3 and 4
were slightly elongated to more resemble other examples of Incisivosaurus (STM22-6,
previously assigned to Similicaudipteryx, now I. gauthieri (Xu, 2020).

The unsheared and restored skull, though now complete and usable for fur-
ther analyses, is still likely deformed mediolaterally — the model is remarkably slender.
Balanoff et al. (2009) remarked the endocranial cast of the skull to be extremely medi-
olaterally compressed, and the foramen magnum to be tall and slender. Other closely
related early diverging oviraptorosaurians (such as Avimimus portentosus and A. ne-
megtensis; Funston et al., 2018) possess very circular foramina magna, as do related
theropods of similar size such as dromaeosaurids. To reduce the amount of medio-
lateral compression in the Incisivosaurus model with some degree of objectivity, the
Avizo model surface was imported into Blender (version 2.90.0) and the postorbital
region we identified as most prone to compression (see Condition and taphonomic
damage section) was expanded laterally using a ‘Lattice’ deform modifier until the fora-
men magnum was of a similar height:width ratio (11:10) as Avimimus portentosus PIN
3907/3 (Fig. 2.4B), also an early diverging oviraptorosaurian. At this stage, the ju-
gal-quadratojugal bar (which in IVPP V 13326 is physically restored with matrix and
cement) was also straightened out as it bends to be medially convex, likely erroneously
obfuscating space for musculature (Fig. 2.4C). This final retrodeformed model was im-
ported back into Avizo and, through the ‘Scan to Volume’ module, used to replace the

posterior morphology of the model that was segmented into different materials (bone,
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teeth, pulp) so the model would be divided into these different materials for use in future

FEA study.

Mandibular retrodeformation procedure

A 3D model of the anterior mandible piece of IVPP V 13326 was created through
photogrammetry; 115 photos taken with a Nikon D7200 DSLR camera were processed
in Agisoft PhotoScan (version 1.0.4.1847). The posterior piece was created in Blender
(version 2.90.0) using box modelling (see Rahman and Lautenschlager, 2016), guided
by images of the piece figured by Xu et al. (2002), as this piece was not observed in
person and may be lost.

In Blender, the relatively undeformed dentary symphysis (Fig. 2.4H) was posi-
tioned in the correct position for a closed jaw in relation to the cranium. The less com-
plete left ramus of the mandible was removed and the right ramus was retrodeformed to
follow the margin of the retrodeformed skull’s premaxilla, maxilla, and jugal, manipulat-
ing the mesh mediolaterally with the ‘Elastic Deform’ brush in Blender’s ‘Sculpt Mode’.
The adjusted ramus was then mirrored to the left side (Fig. 2.41). The box modelled
posterior piece was also mirrored from right to left (Fig. 2.4G,l). The retrodeformed
anterior section of the mandible and the two rear pieces, once positioned correctly with
regard to each other and the cranium, were exported as PLY files and imported into
Avizo.

These surfaces were converted to a single label field with the ‘Scan to Volume’
module and the missing sections between front and rear were interpolated in the seg-
mentation editor. Minor holes and imperfections in the photogrammetric model were
reconstructed with the “paintbrush” tool. Nine dentary teeth were created as a separate
material in this label field in the correct places based on where the photogrammetric
model showed their presence/sockets. The exact internal size of the teeth (the extent
of their roots) couldn’t be ascertained as the photogrammetric model doesn’t include

internal detail, so the rearmost nine teeth in the upper jaw were mirrored dorsoventrally
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and inserted into the dentary as a reasonable approximation (Fig. 2.4G,I).
Finally, the complete mandible model was transferred from Avizo to Blender
and widened in the same way the cranium’s mediolateral compression was corrected,

using a ‘Lattice’ deform modifier (Fig. 2.41).

2.2.2 Citipati osmolskae MPC-D 100/798
Provenance

MPC-D 100/798 was discovered at the Ukhaa Tolgod locality of the Djadokhta For-
mation of Mongolia (Clark et al., 2001; Clark et al., 2002). The Djadokhta Formation
dates to the Campanian, Late Cretaceous (Dashzeveg et al., 2005; Dingus et al., 2008;
Hasegawa et al., 2009). The specimen comprises a nearly complete skeleton and is
the holotype for C. osmolskae. MPC-D 100/798 was first described by Clark et al.
(2001) in a rapid communication focussing almost solely on the cranium and mandible.

Khaan mckennai was first described in the same publication.

CT-Scanning

The mandible, hyoid, stapes, and scleral ossicles were removed from the cranium
‘block’ prior to CT-scanning in 1997 for Clark et al. (2002). The CT-dataset used in
this study includes only the cranium of MPC-D 100/798 and was generated at the
University of Texas High-Resolution X-ray CT Facility for A. Balanoff in 2010. Scan
parameters were 250 kV and 2.8 mA, yielding 371 JPG images of 1024 x 1024 pixel
resolution. Slice spacing is 0.25 mm and x-,y-resolution is 0.196 mm. This dataset
was used in a number of studies into palaeoneurology, and cranial and brain shape
evolution (Balanoff et al., 2013; Balanoff et al., 2014; Balanoff et al., 2016; Balanoff et
al., 2018).

30



CHAPTER 2: METHODS AND SPECIMENS

Condition and taphonomic damage

The MPC-D 100/978 cranium is remarkably well preserved. All cranial elements are
present; it was the first oviraptorosaurian cranium described preserving the stapes
and epipterygoid bones (Clarke et al., 2001). Few cranial bones show obvious tapho-
nomic damage. Areas of matrix are left unprepared within the endocranial and pneu-
matic spaces and support the delicate jugal-quadratojugal bars, parasphenoid pro-
cess, epipterygoids, paroccipital processes, and the interfenestral bars of the maxilla
within the accessory antorbital fenestrae.

Breaks/holes are minor and present in: the left quadratojugal; left frontal just
anterior to the supratemporal fenestra; the right frontal just anterior to the supratem-
poral fenestra and just anterior to the contact with the right postorbital; the middle of
the ventral surface of the right pterygoid; and in the anterior of the ventral surface of
the left pterygoid (Fig. 2.5). Fragments are missing from the dorsal margin of the right
orbit, the articular surface of the left quadrate, and from the left paroccipital process
(Fig. 2.5B,E,F). There is a loose contact between the right postorbital and frontal (Fig.
2.5E). A small nook in the left jugal near the posteroventral corner of the orbit is iden-
tified as a possible pathology by Clark et al. (2002) (Fig. 2.5C). The posterior half
of the cranium has a slight left/right shear most visible in the relative positions of the
supratemporal fenestrae, quadrates, and paroccipital processes — positioned relatively

anteriorly on the left, posteriorly on the right (Fig. 2.5E).

Cranial retrodeformation procedure

The CT-dataset shows poor contrast in some areas between fossil and matrix, primarily
around the parabasisphenoid, interior of the beak, and within pneumatic areas (where
no internal bony struts can be seen). Bone material was segmented from the remaining
matrix in Avizo Lite (version 9.3.0), additionally guided by notes and photographs from
physically examined oviraptorosaurian specimens. Small cracks, break, holes, and

loose contacts were corrected through interpolation in the Avizo segmentation editor
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Figure 2.5: Citipati osmolskae (MPC-D 100/798) cranium before retrodeformation, ren-
dered to show fossil material (blue-grey) and matrix (brown), in anterior (A), posterior
(B), right lateral (C), left lateral (D), dorsal (E), and ventral (F) views. Note the shear
deformation visible in the dorsal, ventral and posterior views.
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(see Lautenschlager, 2016b). The larger missing fragments of the right orbit and left
quadrate and paraoccipital process were corrected with mirroring: the label field file
was duplicated and relevant mirroring axis flipped in the crop editor so a mirror image
selection could be made in the segmentation editor and transferred directly into the
main model. The matrix-filled pneumatic areas of the left nasal were too delicate and
complex to be distinguished in CT, so the corresponding structure of the right (more
thoroughly physically prepared) was also mirrored to replace them (Fig. 2.6A,D).

Final correction of the minor asymmetry (left/right shear in posterior half) was
initially performed in Landmark, but it became clear Blender offered better results. Us-
ing Blender’s ‘Lattice’ modifier to adjust each side of the posterior half of the cranium,
symmetry was restored to the positions of the paroccipital processes, supratemporal

fenestrae, and postorbital bars (Fig. 2.6).

Mandibular retrodeformation procedure

The mandible of Citipati osmolskae specimen MPC-D 100/798 is not included in the CT-
dataset and was unable to be studied in person due to the COVID-19 pandemic. The
mandible of the Dzamyn Khondt, oviraptorid MPC-D 100/42 (previously misidentified
as Ouviraptor philoceratops, likely Citipati sp.; Clark et al., 2002) had been studied in
person and modelled photogrammetrically, so was modified to be used as a stand-in.
The photogrammetric model was constructed in Agisoft Photoscan (version 1.3.4) and
comprised 2 chunks (of 61 and 37 photos) from a Nikon D3300 DSLR camera with a
50mm lens.

The morphology of the MPC-D 100/42 mandible is similar to that of MPC-
D100/978 but mediolaterally thinner and of a slightly different geometry in lateral view.
The photogrammetric model of the MPC-D 100/42 mandible was exported to Blender
and the ‘Lattice’ deform modifier was used to slightly alter its shape and scale to closely
match reference images of the MPC-D 100/978 mandible. The result articulated and

fit convincingly with the retrodeformed cranium (Fig. 2.6F). We are confident in using
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Figure 2.6: Citipati osmolskae (MPC-D 100/798) cranium and mandible after retrode-
formation. Cranium shown in anterior (A), posterior (B), left lateral (C), dorsal (D), and
ventral (E) views, and with mandible in position in oblique view (F).
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this altered mandible as a stand-in due to its many similarities with the C. osmolskae
holotype mandible, the opportunities we had to study its bony morphology in person
(muscle attachments sites), and the fact the cranium is the more important component

in our method as the bony constraint of muscle size.

2.2.3 Khaan mckennai MPC-D 100/973
Provenance

MPC-D 100/973 was discovered at the Ukhaa Tolgod locality of the Djadokhta Forma-
tion of Mongolia (Clark et al., 2001; Balanoff and Norell, 2012), of Campanian, Late
Cretaceous age (Dashzeveg et al., 2005; Dingus et al., 2008; Hasegawa et al., 2009).
MPC-D 100/973 is one of three nearly complete skeletons referred to K. mckennai
(along with MPC-D 100/1002) by Clark et al. (2001) when the species was first de-
scribed and MPC-D 100/1127 designated the holotype. MPC-D 100/973 differs from
MPC-D 100/1002 and MPC-D 100/1127 as its cranium and mandible have been freed
from the rest of its skeleton (permitting CT-scanning). The other two specimens are
borne intact on large sandstone slabs. Additional information on the provenance and

preparation of MPC-D 100/973 can be found in Balanoff and Norell (2012).

CT-Scanning

MPC-D 100/973 was scanned at the University of Texas High-Resolution X-ray CT Fa-
cility for A. Balanoff in 2009. The specimen comprising cranium, mandible, hyoids, and
an axial vertebra was scanned along the coronal axis in two passes and the slices were
reassembled digitally. Scan parameters were 210 kV, 0.14 mA, yielding 912 JPG im-
ages of 1024 x 1024 pixel resolution. Slice spacing is 0.1637 mm and x-, y-resolution
is 0.076 mm. The CT-dataset was initially used by Balanoff and Norell (2012) for oste-
ological description of K. mckennai (endocranial cast subsequently used in Balanoff et

al., 2013; Balanoff et al., 2014; Balanoff et al., 2016; Balanoff et al., 2018).
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Condition and taphonomic damage

The scanned portion of MPC-D 100/973 containing the cranium and mandible (and
hyoids and a cervical vertebra) is heavily matrix-bound — the fossil material is very
fragmentary (Fig. 2.7). It preserves essentially all cranial bones in articulation, though
many are damaged, deformed, and/or slightly out of position. Most notably, the pre-
maxilla—nasal arch is missing, as are significant portions of the maxillae, pterygoids,
palatines, parabasisphenoid, and epipterygoids (Fig. 2.7C,D). The skull roof is heav-
ily fragmented and crushed, obfuscating the pneumatic areas within (Fig. 2.7E). The
cranium (and likely also mandible) is dorsoventrally compressed compared to MPC-D
100/1127 and MPC-D 100/1002 (Balanoff and Norell, 2012). This is most noticeable
in the shape of the orbit and foramen magnum (Fig. 2.7B), and the lack of a rounded
skull roof (Fig. 2.7D). Much of the dorsoventral compression appears to be associated
with breaks in the nasal processes of the premaxilla, lacrimal bones, postorbital bars,
parabasisphenoid and quadrates. The roof and posterior of the skull may have tilted
ventrally, rotating around the break in the lacrimals, with the nasal processes of the
premaxilla breaking anteriorly as the postorbital bars fractured and the quadrates (and
associated elements) cracked posteriorly (Fig. 2.7C,D).

The mandible is complete apart from minor cracks and small missing areas (in
the surangulars and angulars) and displacement of some of the medial elements (left
splenial and angular) (Fig. 2.7C,D,F). It is articulated with the cranium but displaced
posteriorly, exacerbating an overbite. It has likely been dorsoventrally compressed

similarly to the cranium (Fig. 2.7C,D).

Cranial retrodeformation procedure

Relatively poor contrast between fossil and matrix, and the heavily damaged and frag-
mented thin cranial bone, make this CT-dataset the most challenging of the four to work
with. Individual cranial bones were not segmented, instead, elements or fragments that

required repositioning/mirroring work were segmented as ‘retrodeformational units’ in
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Figure 2.7: Khaan mckennai (MPC-D 100/973) cranium and mandible before retrode-
formation, rendered to show fossil material (blue-grey) and matrix (brown), in anterior
(A), posterior (B), right lateral (C), left lateral (D), dorsal (E), and ventral (F) views. Note
the dorsoventral compression of the cranium visible in how the bones of the orbit have
collapsed.
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Avizo Lite (version 9.3.0). The largest of the units, comprising the most complete and
articulated series elements, included the posterior nasals, the frontals, parietals and
majority of the braincase, the latero- and orbitosphenoids, the occipital region dorsal
to the foramen magnum, the medial part of the exoccipitals and their contribution to
the paroccipital processes, the dorsal part of the squamosals and postorbitals (the
supratemporal bar), the dorsal part of the lacrimals, and the dorsal part of the nasal
process of the premaxilla. This series of elements was used as a base onto which the
other displaced elements were repositioned (Fig. 2.8).

The only other articulated unit comprised mostly ventral elements including
the rest of the premaxilla, the maxillae, right jugal, right quadratojugal, the parasphe-
noid rostrum, vomer, left ectopterygoid, left palatine, and left pterygoid. All other reposi-
tioned units were individual cranial elements or fragments thereof. These included four
parts of the left jugal, two parts of the left postorbital (jugal process), the left quadra-
tojugal, two parts of the right postorbital, the left quadrate (upper part missing), the
right quadrate (upper part missing), part of the right quadrate flange, two fragments
of the right paroccipital process, and the basioccipital and lower part of the braincase
immediately within the foramen magnum. Additionally, mirrored duplicates of the left
ectopterygoid, left palatine, and left pterygoid were created to replace their missing
right counterparts (Fig. 2.8D).

Surfaces meshes were generated from separate label fields for each unit that
required repositioning. The surface meshes were then repositioned in the Avizo project
window using the transform editor to restore the cranium as far as possible, before the
surfaces were scanned to volumes and relabelled back into a single label field.

The cranium still had a number of significantly missing areas. The miss-
ing regions of the occiput, paroccipital processes, quadrate flanges and squamosals
were replaced through a mix of interpolation using the Avizo paint tool and deform-
ing elements from these regions taken from Conchoraptor gracilis specimen MPC-

D 100/3006, which is closely related, using the Avizo transform editor (Fig. 2.8B).
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Figure 2.8: Khaan mckennai (MPC-D 100/973) cranium (A—-E) and mandible (F, G)
after retrodeformation. Cranium shown in anterior (A), posterior (B), dorsal (C), ventral
(D), and left lateral (E) views. Mandible shown in left lateral (F) and dorsal (G) views,

and articulated in position with the cranium in oblique view (H).
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These elements were scanned to volumes so the 3D information could be manipulated
and made to fit in the segmentation editor. Similarly, more minor parts of the vomer,
epipterygoids, and basisphenoid (Fig. 2.8E), were taken from Citipati osmolskae MPC-
D 100/798, and edited to replace missing regions — as these elements were not well
preserved in C. gracilis MPC-D 100/3006 either. The missing parts of the nasal pro-
cess of the premaxilla were created using the ‘paintbrush’ tool and interpolation (Fig.
2.8E).

A surface was generated of the now essentially complete cranium and ex-
ported from Avizo into Blender as, though the repositioning of elements had somewhat
increased the height of the dorsoventrally compressed cranium, the cranium was still
not of a similar height:length ratio as MPC-D 100/1127 and MPC-D 100/1002 (Bal-
anoff and Norell, 2012), likely indicating the effect of some more plastic deformation
in addition to the now corrected displacement of elements. This was corrected in two
steps.

The height:width measurements of the orbit of the almost retrodeformed MPC-
D 100/973 were compared to MPC-D 100/1127 and MPC-D 100/1002; an increase in
cranial height of 1.16x was required. This was achieved by transforming the retrode-
formation in Blender, correcting the orbit proportions. Subsequently, the cranial roof
was still slightly too flat, reducing overall cranial height, when compared to reference
images of MPC-D 100/1127 and MPC-D 100/1002. This compression of the dorsal
pneumatic cavities within the skull roof of MPC-D 100/973 was corrected by dragging
the dorsal surface of the frontals and parietals higher, until the pneumatic space within
was increased (Fig. 2.8E). This completed the retrodeformed geometry of the MPC-D
100/973 cranium, giving it a morphology much more similar to the other K. mckennai

specimens.
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Mandibular retrodeformation procedure

The CT-dataset of Khaan mckennai MPC-D 100/973 was the only CT-dataset studied
substantially including a mandible, which was nearly complete. The retrodeformation of
the mandible was fairly straightforward and mostly done in Avizo. The elements of the
mandible were easier to segment separately than the cranial elements of this dataset,
as they were more loosely articulated and closer to the specimen’s surface. The more
complete right splenial was mirrored to replace the left, as were parts of the surface
of the right articular. This was done by duplicating the label field, flipping its axes
in the crop editor, and then selecting the relevant element/area in the segmentation
editor, changing back to the unmirrored original label field where the selection could be
moved/added in. The left angular was repositioned slightly, also in the segmentation
editor. Minor areas of the surface of other bones were mirrored and cracks and breaks
filled using the ‘paintbrush’ tool and interpolation in Avizo’s segmentation editor (Fig.
2.8F—H).

A surface was created and exported to Blender, where the ‘Lattice’ deform
modifier was used to correct minor asymmetry. The height of the mandible was also
increased by the same correction factor as the cranium (1.16x) as the influence of
plastic deformation in the form of dorsoventral compression was likely to be similar

(Fig. 2.8F.
2.2.4 Conchoraptor gracilis MPC-D 100/3006 and ZPAL MgD-1/95 composite
MPC-D 100/3006

Provenance

MPC-D 100/3006 is from the Khulsan locality of the Baruungoyot Formation, Mongolia
(Funston et al., 2018). The Baruungoyot Formation dates to upper Campanian—lower
Maastrichtian age, overlying the Djadokhta Formation (Gradzinski and Jerzykiewicz,

1974a, 1974b; Fanti et al.,, 2012). The specimen comprises the posterior half of the
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cranium and a small posterior section of the left mandibular ramus, along with assorted

postcranial material (Balanoff, 2011; Balanoff et al., 2014).

CT-Scanning

MPC-D 100/3006 was CT-scanned at Ohio University for A. Balanoff, yielding 995 DI-
COM images of 698 x 460 pixel resolution. The voxels are cubic with a resolution of
0.092 mm. The CT-dataset was initially used for endocranial description of C. gracilis
(Balanoff et al., 2014; endocranial cast also used in Balanoff et al., 2013, Balanoff et

al., 2016, and Balanoff et al., 2018).

Condition and taphonomic damage

The cranium (posterior half) is internally bound by matrix, supporting disarticulated
elements (Fig. 2.9G). The mandibular fragment is unconnected (Fig. 2.9K). Missing
anterior elements include the nasals, majority of the lacrimals, maxillae, premaxillae,
vomer, palatines, and the anterior of the ectopterygoids and pterygoids (Fig. 2.9K,L).
All elements of the posterior half of the cranium are preserved (apart from areas of the
epipterygoids and parabasisphenoid) but many are fractured into two or three pieces
and/or disarticulated (Fig. 2.9H,J,K,L). This appears caused by a mediolateral com-
pression that has fractured, displaced, rotated, and overlapped elements rather than
deforming them plastically. This may be linked to the suggestion of Balanoff et al.
(2014) that IGM 100/3006 was not fully mature skeletally as its braincase sutures are
not completely fused.

The MPC-D 100/3006 specimen (and CT-scan) also includes a small posterior

fragment of the left mandibular ramus and retroarticular process (Fig. 2.9K).
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Figure 2.9: Conchoraptor gracilis (MPC-D 100/3006 (A—F) and ZPAL MgD-1/95 (G-L))
cranial parts before retrodeformation, rendered to show fossil material (blue-grey) and
matrix (brown) segmented from CT-data, and photogrammetric models (of ZPAL MgD-
I/95) in grey. Specimens are shown in anterior (A, G), posterior (B, H), ventral (C, 1),
dorsal (D, J), right lateral (E, K), and left lateral (F, L) views. Note the slightly smaller
relative size of the ZPAL MgD-1/95 specimen (G—-L).
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ZPAL MgD-1/95
Provenance

ZPAL Mg-D 1/95 is from the Hermiin Tsav locality of the Baruungoyot Formation, Mon-
golia (Kundrat, 2007; Kundrat and Janacek, 2007), of upper Campanian—lower Maas-
trichtian age (Gradzinski and Jerzykiewicz, 1974a; 1974b; Fanti et al., 2012). The

specimen comprises a nearly complete cranium and mandible (Osmolska, 1976).

Photogrammetry

The cranium is separated into four sections: the braincase and the right epipterygoid,
squamosal, and quadrate; the premaxillae, maxillae, and anterior vomer; the right
pterygoid, posterior vomer, and ectopterygoid; and the left pterygoid, ectopterygoid,
and quadrate. Each section was photographed using a Nikon D3300 DSLR camera
with a 50mm lens, borne on a tripod and triggered remotely, either moving the camera
or the specimen itself. Photogrammetric models were generated in Agisoft Photoscan
(version 1.3.4) by processing ‘chunks’ representing the specimen photographed posi-
tioned in different orientations which were then aligned and merged:

The braincase section was photographed by moving the camera. Three sepa-
rate chunks were processed comprising 58, 58, and 54 photos. The premaxilla section
was photographed by moving the camera. Three chunks of 45, 41, and 39 photos were
processed. The right pterygoid section was photographed keeping the camera static,
rotating the specimen on a turntable. Two chunks of 36 and 34 photos were processed.
The left pterygoid section was also photographed using a turntable. Two chunks of 38

and 37 photos were processed.

Condition and taphonomic damage

The cranium of ZPAL Mg-D 1/95 was figured whole by Osmolska (1976) but is now in

four parts (as described above). The overall morphology of the cranium is undistorted
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(Fig. 2.9E,F). It is missing parts of the maxillary and nasal processes of the premaxil-
lae, lateral areas of the maxillae, the regions surrounding the choanae (Fig. 2.9C,E,F).
It notably lacks the majority of the lacrimals and the elements of the temporal, postor-
bital, and jugal arches (Fig. 2.9E,F). The posterior of the parietals, supraoccipital, and
most of the basicranium are also missing, and the left lateral wall of the braincase is
heavily damaged (Kundrat, 2007; Kundrat and Janacek, 2007) (Fig. 2.9B,F). Numer-
ous other areas are damaged in minor ways, such as pitting in the cranial roof (though
this may in fact be the damaged remnants of pneumatic fenestrae in the frontals; Fun-
ston, 2019) (Fig. 2.9D). Minor areas of matrix are left within the premaxillae, maxillae,
and in and around the braincase (Fig. 2.9B,E,F).

The mandible comprises the left dentary, disarticulated left splenial, and much
of the right postdentary ramus (mostly the surangular and articular, the angular is es-
sentially absent) (Fig. 2.10F). The left dentary and right postdentary elements are held

together by matrix in the correct relative position (Fig. 2.10G).

Composite model
Cranial retrodeformation procedure

The MPC-D 100/3006 CT-dataset offers the greatest detail of the four used in this
study. All elements (and fragments thereof) could be segmented separately in Avizo
Lite (version 9.3.0) with relative confidence — useful as the main focus of retrodeforming
this specimen was repositioning individual elements and fragments. Surfaces were
generated for each separately segmented cranial element and exported to Blender
where they were repositioned to articulate as properly as possible (see Fig. 2.2A).
Mirrored duplicates were made of the right jugal, anterior of the right ptery-
goid, the two parts of the right quadratojugal, and left ventrolateral surface of the ba-
sisphenoid (where pterygoids connect), to fill in for where these elements were missing
on the other side (Fig. 2.10D). The right squamosal and right laterosphenoid were also

mirrored, though they had counterparts on the left, as this resulted in a better overall
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skull articulation (there may have been some plastic deformation on their left counter-
parts). Similarly, minor edits using the ‘Elastic Deform’ brush in ‘Sculpt Mode’ were
made on thinner areas of the squamosals and quadrate flanges to improve bone ar-
ticulation. This resulted in an essentially completely retrodeformed posterior half of
the skull, with only minor gaps between elements in places. Nevertheless, MPC-D
100/3006 does not preserve any elements rostral to the frontals, jugals, and ptery-
goids.

These elements of C. gracilis were sourced from specimen ZPAL MgD-1/95,
which was studied in person and modelled photogrammetrically. The 3D models of
ZPAL MgD-1/95 were imported into Blender and positioned to articulate and overlay
the retrodeformed MPC-D 100/3006 in the correct position. Measurements of ZPAL
MgD-1/95 from Balanoff et al. (2014) suggest this specimen is very similar in size to
MPC-D 100/3006. Observations presented here suggest it is slightly bigger, especially
considering the damage to the occipital region of ZPAL MgD-1/95, and the supposed
status of MPC-D 100/3006 as a sub-adult (Balanoff et al., 2014). The retrodeformed
MPC-D 100/3006 was scaled up 1.149x to articulate correctly with ZPAL MgD-1/95
(Fig. 2.10E).

The composite specimen still lacked some material, chiefly much of the lacrimals,
the anterior jugals, the ectopterygoids, palatines, vomer, and small details of the max-
illa. These elements were imported into Blender from the 3D retrodeformed model
of Khaan specimen MPC-D 100/973, and correctly positioned and modified with the
‘Elastic Deform’ brush in ‘Sculpt Mode’ to function as a replacement (Fig. 2.10E).

With the elements from MPC-D 100/3006, ZPAL MgD-1/95, and the modi-
fied Khaan retrodeformation all occupying the correct positions in Blender, all were
exported separately back to Avizo. They were converted to label fields with the same
reference field so they were occupying the same relative positions — active selections
in the segmentation editor could therefore be directly transferred between the label

fields. In this way, a final complete composite was created in the segmentation editor
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Figure 2.10: Conchoraptor gracilis composite cranium and mandible model after
retrodeformation and mandible of ZPAL MgD-1/95 before retrodeformation. Composite
cranium shown in anterior (A), posterior (B), dorsal (C), ventral (D), and left lateral (E)
views. Photogrammetric model of damaged ZPAL MgD-1/95 mandible shown in right
lateral (F) and anterior (G) views, roughly coloured to show bone (blue-grey) and matrix
(brown). Retrodeformed mandible shown in left lateral view (H) and in articulation with
the cranial model in oblique view (I).
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adding necessary sections from ZPAL MgD-1/95 and the modified Khaan elements to
the main articulated section of MPC-D 100/3006; any minor missing sections or loose
element connections were corrected using the Avizo ‘paintbrush’ segmentation tool
and interpolation, or the Avizo selection grow function (Lautenschlager, 2016b). Minor
asymmetries in the orientation of the quadrates and paroccipital processes of this final
model were corrected in Blender using the ‘Lattice’ deform modifier.

This final retrodeformed specimen gives a very similar cranial length to that

given by Osmodlska (1976) for the intact ZPAL Mg-D 1/95 (Fig. 2.10).

Mandibular retrodeformation procedure

The mandible fragment from ZPAL MgD-1/95 includes the anteriormost part of the
dentary and a disarticulated left splenial of the left mandibular ramus, and the dorsal
parts of the length of the surangular with a fairly complete articular region of the right
mandibular ramus. The fragment was digitised with photogrammetry, using the same
camera set-up as the ZPAL MgD-1/95 cranial material. The model was constructed
from 31 photos in Agisoft Photoscan (version 1.3.4).

The fragment was overlaid with a mirrored duplicate and the matrix was re-
moved to give a good overall morphology of the mandible. 3D material from the
mandible of Khaan was deformed to the shape of the Conchoraptor mandible, us-
ing a ‘Lattice’ modifier, to fit the missing lateral areas of the surangular and angular,
and fill in for the medial mandibular morphology, giving the rami a realistic thickness
(Fig. 2.10H,I). Some sculpted shapes were used to complete any final gaps. These
various components were combined with a Boolean (Union) modifier and the over-
all retrodeformed shape matched reference images of other Conchoraptor specimens
(MPC-D 100/20 and MPC-D NatGeo0.2018.036a) and fit the retrodeformed skull. The
model also closely resembled a number of specimens identified as Conchoraptor gra-
cilis among the collections of the MPC that have been recovered from poachers and

not yet assigned specimen numbers.
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3 Strength and comparative performance
of the oviraptorid cranium in response
to bending

My contribution to this chapter involved leading all parts of the research, including
data collection, analysis, interpretation of results, as well production of the manuscript,
figures, and tables. Feedback was given on interpretation of results and drafts of the

manuscript by S. Lautenschlager, R. Butler, and M. Pittman.

3.1 Introduction

The cranium of oviraptorid oviraptorosaurians has a unique morphology among Di-
nosauria and is the most aberrant part of their skeleton (Smith, 1992; Osmélska et al.,
2004; Ma et al., 2020b). This is the consequence of a suite of contrasting features.
Their crania depart from a ‘standard’ tetanuran theropod architecture with expanded
pneumatic spaces (Clark et al., 2002; Kundrat and Janacek, 2007; Balanoff and Norell,
2012), a delicate often ornamented skull roof (Barsbold, 1988; Osmdlska et al., 2004;
LG et al., 2004; LO et al., 2016; LU et al., 2017; Funston et al., 2020b), thin rod-like
jugals and quadratojugals (Clark et al., 2002, LU et al., 2015; Wang and Hu, 2017),
and large orbits (Kundrat and Janacek, 2007) that make the cranium lightweight and
open. However, where other theropods crania are dominated by a longer rostrum (often

most of the cranial length) with significant contribution from the maxillae, the rostrum
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in oviraptorids is shortened (to approximately a third or quarter of the cranium) and
dominated by more massive premaxillae. In addition, the robust toothless premaxilla
and palate, and expanded space for musculature suggest adaptation towards high bite
forces in Oviraptoridae (Barsbold, 1977; 1986; Currie et al., 1993; Ma et al., 2020b).
The question remains if and how these features of the highly modified oviraptorid cra-
nium integrate into a structure that is adapted to support powerful jaws.

If the distinctive morphology of the oviraptorid cranium is an adaptation to-
wards producing high bite forces, we would predict the cranial structure will be better
able to resist bending forces and experience lower mechanical stresses when com-
pared to theropods of a more conventional skull shape. Oviraptorid crania likely differ
from other theropod dinosaurs in their response to the biomechanical challenge of
handling stresses from biting. This chapter presents a structural comparison of cranial
performance in oviraptorid oviraptorosaurians Citipati osmolskae (Clark et al., 2001),
Khaan mckennai (Clark et al., 2001), and Conchoraptor gracilis (Barsbold, 1986);
these species were selected for the reasons described in Chapter 2.

Their cranial performance is compared with that of early diverging ovirap-
torosaurian, Incisivosaurus gauthieri, the earliest diverging member of Oviraptorosauria
from the Early Cretaceous of China, which has a cranial morphology that is intermedi-
ate between typical non-oviraptorosaurian tetanuran theropods and the more unortho-
dox oviraptorids (Xu et al., 2002; Balanoff et al., 2009). Incisivosaurus still has premax-
illary and maxillary teeth (including odd elongate incisor-like front teeth). Heightening
and shortening of the oviraptorid cranium makes the orbit appear relatively large, and
a degree of rostral shortening (the premaxilla and maxilla contribute roughly equally
to form half the cranial length) gives Incisivosaurus a relatively large orbit, but the cra-
nium is not dorsoventrally expanded. Incisivosaurus has a more typical theropod jugal
shape (Xu et al., 2002; Balanoff et al., 2009; Sullivan and Xu, 2017), not the rod-like
form of the oviraptorids (Clark et al., 2002, LU et al., 2015). The bones of its skull roof

are pneumatised but to a lesser extent than in Oviraptoridae (Kundrat and Janacek,
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2007; Balanoff et al., 2009).

These four oviraptorosaurians are also compared with carnivorous and her-
bivorous theropods of a more ‘standard’ cranial morphology: Allosaurus fragilis (Marsh,
1877), Erlikosaurus andrewsi (Barsbold and Perle, 1980), and Ornithomimus edmon-
tonicus (Sternberg, 1933). Erlikosaurus and Ornithomimus present an interesting com-
parison to the oviraptorids as they also represent theropod groups — Therizinosauroidea
and Ornithomimosauria — that have adapted towards herbivory (Zanno and Makovicky,
2011; Ma et al., 2021) and are partially (Erlikosaurus) or fully (Ornithomimus) edentu-
lous (Sternberg, 1933; Lautenschlager, 2013; Cuff and Rayfield, 2015).

Finite element analyses (FEA) of 3D models of the crania of these species can
assess cranial strength and efficiency in response to bending forces, comparing cranial
functional performance (Ross, 2005; Rayfield, 2007; Dumont et al., 2009). The hypoth-
esis tested here is that oviraptorid cranial morphology, adapted as part of a system to
produce powerful sustained bite forces, will be stronger and more efficient in response
to bending compared with the earlier diverging oviraptorosaurian Incisivosaurus and
other non-oviraptorosaurian theropods.

This study focuses on directly comparing strength and efficiency using scaled
applied loads, a non-physiological strength test independent of muscular and behavioural
differences, to assess and directly compare the general performance of different cranial
shapes. Similar approaches have previously been used to examine cranial function in
other dinosaur groups (Rayfield, 2011; Button et al., 2014; Button et al., 2016; Laut-
enschlager et al.,, 2016). The use of physiologically derived loads in FEA (from cra-
nial muscle reconstructions) is presented in Chapter 5, focussing more on how each
species may have performed in different feeding scenarios and questions of compara-

tive functional ecology.
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3.2 Methods

Avizo Lite (version 9.3.0) was used to generate 3D surfaces of retrodeformed ovirap-
torosaurian cranial models (see Chapter 2 for retrodeformational procedure) using ‘un-
conditional smoothing 3’; this smoothing setting balanced producing meshes with a
clean geometry with minimal loss of information in delicate structures of the model.
Using the Avizo simplification editor, cranial models were simplified to <400,000 trian-
gular faces, a number high enough to provide a density of tetrahedral elements great
enough for sufficiently detailed FEA results (Bright and Rayfield, 2011) but without
excessive file size (for faster analytical speed and easier data processing). Cranial
meshes were checked to be manifold and cleaned in the Avizo mesh editor, correcting
intersecting faces, face orientations, and triangles with large aspect ratios and small
dihedral angles. Table 3.1 gives the final face counts of the retrodeformed 3D cranial
models used in the FEA.

Solid mesh models were created in Hypermesh (version 13.0.110), converting
the cranial surface meshes to a structure of four-noded tetrahedral elements (tet4).
The number of tet4 elements in each model is given in Table 3.1. Cranial models of
Allosaurus and Erlikosaurus were supplied by S. Lautenschlager as Hypermesh files
that had been used in previously published FEA studies (Lautenschlager et al., 2013;
Lautenschlager et al., 2016; Rahman and Lautenschlager, 2017; Montefeltro et al.,
2020). The Ornithomimus model was supplied by A. Cuff, which had also been used in
previously published FEA and muscle reconstruction studies (Cuff and Rayfield, 2015;
Bestwick et al.,, 2021). Experimentally derived material properties were assigned in
Hypermesh to the bone and teeth (for dentulous crania) components of each cranial
model based on extant alligator mandibles (E = 20.49 GPa, v = 0.40) (Zapata et al.,
2010; Lautenschlager et al., 2013) and extant crocodile teeth (E = 60.40 GPa, v = 0.31)
(Creech, 2004; Reichel, 2010; Lautenschlager et al., 2013). These were considered

isotropic and homogenous.
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Table 3.1: Surface and volumetric measurements of retrodeformed cranial models used
for FEA and information on their mesh geometries.

Cranial model Surface area  Volume Face Tetramesh Force applied
(Genus) (mm?) (mm3) count  elements (N)
Incisivosaurus 23185 21500 382551 1879557 100.0
Citipati 83100 137631 394540 1830266 358.4
Khaan 39037 52092 381842 2002012 168.4
Conchoraptor 35336 45904 380980 2024584 152.4
Allosaurus 804496 6213307 354322 1764510 3469.9
Erlikosaurus 124014 203474 391888 915853 534.9
Ornithomimus 77949 103010 399370 1642940 336.2

The cranial models were constrained at four points on the articular surface of
each quadrate (to represent the stability of the jaw joint during biting) and three points
on the occipital condyle (to represent bony/muscular support of the cranium). This
scenario appeared to best model the stability of the cranium without over-constraining
the structure. Constraints on the quadrates alone produced excessively high stresses
throughout the pterygoid and pterygoid ramus of the quadrate, obfuscating the distri-
bution of stress patterns in other structures of the skull. Constraints on the paroccipital
processes in addition to the quadrates and occipital condyle (additionally modelling the
stability of postcranial musculature on the cranium during biting) gave very similar re-
sults to only constraining the quadrates and occipital condyle but increased stresses in
the parietals and paroccipital processes themselves. The results of sensitivity testing
these different constraint scenarios are presented in Appendix A.

For this comparative bending test, extrinsic loads were applied perpendicu-
lar to the palate. These forces were scaled to the cranial model surface area (stress
scales with area; Dumont et al., 2009), up from an arbitrary but realistic force of 100N
on the smallest cranium, Incisivosaurus, ensuring all models experienced the same
relative load. Table 3.1 summarises the cranial surface area and loads applied in each
model. This scenario removed the effect of size in comparing cranial strength and
efficiency and made this test independent of differences in the force vectors and pro-

portional strengths of jaw adductor muscles, focussing purely on how well different
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cranial morphologies function in response to bending. In each scenario, forces were
applied bilaterally to the anterior tip of the beak (or front teeth), the lateral edge of the
midpoint of the beak (or middle of tooth row), and posterior extent of the palate: the
distinctive ‘tooth-like’ projection of the maxillae and vomer in the oviraptorids; the rear
teeth in the others (shown in Fig. 3.1). The effect of applying the load unilaterally (to
the left side) was also assessed.

Results are compared qualitatively through visual comparison of contour plots
of von Mises stress and quantitatively by mean and peak stress values and total strain
energy. However, artificially high values of stress can result in artefacts from small
element size and using point loads and constraints (Dumont et al., 2009; Marcé-Nogué
et al., 2016). To account for this and make peak stress a useful metric, the top 5% of
values were excluded when comparing values of peak stress (and in the calculation
of mean values) from exported reports of the von Mises stress value at every element
node for each FEA scenario, a solution similar to other FEA studies (see Walmsley et
al., 2013; Marcé-Nogué et al., 2016; Tseng and Flynn, 2018). Appendix A shows the
95% values and the calculated means and medians (from both 95% and 100% of data)
produce a very similar pattern but are dissimilar to the to 100% values, justifying this
approach. Contour plots showing stress distribution are figured using the Viridis colour
scheme to enhance interpretation and accessibility (Lautenschlager, 2021).

An additional correction factor was applied to values of total strain energy from
the FEA models for them to be comparable, as strain energy scales with volume not
area. This was based on equation (5) from Dumont et al. (2009). In order to compare
to the total strain energy (U) in model ‘A’, strain energy in model ‘B’ can be scaled using
the ratio of the loads (F) squared and the cube root of the volumes (V) ratio according

to the following formula:
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This value of total strain energy (Ug) can be directly compared to the value
computed for model A.
Models were imported into Abaqus (version 6.14) for FEA solving and visual-

isation.

3.3 Results

Table 3.2 gives values of von Mises stress and total strain energy for each cranium
under the different loading scenarios of this comparative bending test. Figure 3.1 and
3.2 show contour plots of von Mises stress in FEA of the oviraptorids under bilateral
and unilateral loading respectively; Figure 3.3 and 3.4 show contour plots of the other
theropods under bilateral and unilateral loading. Summaries of stress values in each
cranial FEA are plotted in Figure 3.5 (bilateral loading) and Figure 3.6 (unilateral load-
ing). Differences between bilateral and unilateral loading in this test were relatively
minor and are compared using mean von Mises stress in Figure 3.7.

Stress decreases in all models as force is applied more posteriorly, closer to
the model constraints (Fig. 3.1-3.7). This is the effect of the force being identical
in each scenario, rather than increasing in magnitude as bite force likely would when
moving closer to the jaw joint (more mechanical advantage). This effect is greatest
therefore in Allosaurus, Erlikosaurus, and Ornithomimus, compared with the ovirap-
torosaurians, which are characterised by shortened cranial rostra.

Differences between bilateral and unilateral loading are minor in the anterior
loading scenario (Fig. 3.7). The mid-palate loading scenario displays the greatest
differences with stress increased in all taxa when unilaterally loaded. Citipati stands
out with a larger increase than other oviraptorosaurians, the result of a relatively wider
palate. Posteriorly, stress is also slightly increased by loading unilaterally, though this
is only noticeable in crania where the loads were posteriorly applied to both or one side
of a tooth row rather than a single tooth-like projection in the back of the palate (the

three oviraptorids).
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Table 3.2: Comparative von Mises stress and total strain energy results from the analy-
ses modelling bilateral and unilateral bite reaction forces (scaled to relative cranial sur-
face area) on cranial models of oviraptorid oviraptorosaurians Conchoraptor, Khaan,
Citipati, along with early diverging oviraptorosaurian Incisivosaurus, and Allosaurus,
Erlikosaurus, and Ornithomimus — theropods with more conventional skull morphol-
ogy. * The top 5% of values are excluded in each dataset to account for artificially
high stress values from point loads and nodal constraints. fTotal strain energy values
reported have undergone an additional correction factor as strain energy scales with
volume rather than surface area (Dumont et al., 2009).

Bilateral loading Unilateral loading
Mean Peak Total Mean Peak Total
element element strain element element strain
stress*  stress* energyt stress*  stress* energyt
(MPa) (MPa) (mJ) (MPa) (MPa) (mJ)
Conchoraptor
Anterior 2.56 8.05 13.6 2.58 8.08 14.0
Mid-palate 2.19 713 10.2 2.37 7.70 11.4
Posterior 1.82 6.39 7.67 1.82 6.40 8.07
Khaan
Anterior 3.27 10.0 17.5 3.28 10.1 18.0
Mid-palate 2.81 8.81 13.3 2.99 9.43 14.6
Posterior 2.53 8.19 10.8 2.54 8.20 11.3
Citipati
Anterior 3.67 13.1 22.2 3.73 13.2 22.7
Mid-palate 3.35 11.8 18.0 3.78 12.6 20.4
Posterior 2.81 10.2 12.9 2.81 10.2 13.4
Incisivosaurus
Anterior 3.88 11.8 21.5 3.87 11.8 21.6
Mid-palate 3.04 9.98 14.6 3.14 10.5 15.7
Posterior 2.78 9.10 11.6 2.92 9.73 13.2
Allosaurus
Anterior 3.11 11.8 30.5 3.17 11.9 31.0
Mid-palate 2.31 8.83 16.3 2.51 9.41 17.9
Posterior 1.29 5.65 6.26 1.49 6.35 7.85
Erlikosaurus
Anterior 7.87 23.4 48.3 7.92 24.3 50.6
Mid-palate 5.36 17.3 25.3 5.70 18.9 29.0
Posterior 4.76 15.8 17.4 5.05 17.9 24.3
Ornithomimus
Anterior 7.86 23.3 49.9 7.91 24.6 52.6
Mid-palate 5.44 17.2 26.6 5.78 19.8 32.8
Posterior 4.67 18.7 29.2 5.15 215 41.2
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Figure 3.1: Von Mises stress (MPa) contour plots from FEA of bilaterally applied forces
on cranial models of oviraptorosaurians Conchoraptor (A—C), Khaan (D—F), Citipati
(G-I), Incisivosaurus (J—-L). Applied forces (shown by small red arrows) scaled so ratio
of cranial surface area:force applied was identical in all. Forces applied to anterior of
the beak/teeth (A, D, G, J), the middle tooth/lateral edge of beak (B, E, H, K), or the
posterior teeth/ tooth-like projection on oviraptorid palate (C, F, I, L). All scale bars on
the right are 50 mm.
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Figure 3.2: Von Mises stress (MPa) contour plots from FEA of unilaterally applied forces
on cranial models of oviraptorosaurians Conchoraptor (A—C), Khaan (D—F), Citipati
(G-I), Incisivosaurus (J—-L). Applied forces (shown by small red arrow) scaled so ratio
of cranial surface area:force applied was identical in all. Forces applied to anterior of
the beak/teeth (A, D, G, J), the middle tooth/lateral edge of beak (B, E, H, K), or the
posterior teeth/ tooth-like projection on oviraptorid palate (C, F, I, L). All scale bars on
the right are 50 mm.
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Figure 3.3: Von Mises stress (MPa) contour plots from FEA of bilaterally applied forces
on cranial models of Allosaurus (A—C), Erlikosaurus (D—F), and Ornithomimus (G-I).
Applied forces (shown by small red arrows) scaled so ratio of cranial surface area:force
applied was identical in all. All scale bars on the right are 50 mm.

The four oviraptorosaurian crania generally display lower stress magnitudes
than Erlikosaurus and Ornithomimus. Of the oviraptorosaurians, stress is consistently
lowest in Conchoraptor, followed by Khaan (Fig. 3.5 and 3.6). Allosaurus experiences
mean stress similar to that of the oviraptorids, between the values of Conchoraptor
and Khaan under anterior and mid-palate loading, but experiences the lowest mean
von Mises stress of all species under posterior loading. Mean and peak stress are
consistently slightly higher in Citipati and Incisivosaurus, compared with the other two
oviraptorosaurians, but which of these is greater depends on bite position. Mean and
peak stress are consistently highest in the herbivorous theropods Erlikosaurus and Or-
nithomimus, which show almost identical stress magnitudes apart from under posterior
loading.

Under anterior loading, all four oviraptorosaurians experience similar mean
and peak von Mises stress to Allosaurus. The oviraptorosaurians experience much

lower mean and peak stress than Erlikosaurus and Ornithomimus, herbivorous theropods
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Figure 3.4: Von Mises stress (MPa) contour plots from FEA of unilaterally applied forces
on cranial models of Allosaurus (A—C), Erlikosaurus (D—F), and Ornithomimus (G-I).
Applied forces (shown by small red arrow) scaled so ratio of cranial surface area:force
applied was identical in all. All scale bars on the right are 50 mm.

of a more conventional cranial morphology. The early diverging Incisivosaurus displays
the highest mean stress out of the oviraptorosaurians in this anterior scenario, but the
oviraptorid oviraptorosaurian Citipati displays higher peak stress.

Under mid-palate loading, mean and peak von Mises stress are still higher in
Erlikosaurus and Ornithomimus than in the oviraptorosaurians, but to a lesser degree
(Fig. 3.5 and 3.6). Mean stress in Allosaurus remains only marginally higher than that
of Conchoraptor (the lowest) with peak stress showing more of a difference. In con-
trast to the anterior scenario, under mid-palate loading Citipati experiences both the
highest mean and peak stress of any oviraptorosaurian (higher than the early diverg-
ing Incisivosaurus). When the mid-palate of Citipati is loaded unilaterally, it uniquely
experiences higher mean stress than under the anterior scenario (Fig. 3.7 and Table
3.2).

Under posterior loading, Ornithomimus cranium shows the highest peak stress,

though Erlikosaurus has a higher mean stress under bilateral posterior loading (Fig.
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Figure 3.5: Density plots of element von Mises stress (MPa) from FEA of bilater-
ally applied palatal forces on cranial models of the oviraptorosaurians (coloured) Inci-
sivosaurus, Citipati, Khaan, and Conchoraptor, along with non-oviraptorosaurian teta-
nuran theropods (grey) Allosaurus and Erlikosaurus, and Ornithomimus. The points
represent the mean. Vertical bars represent the first quartile, median, and third quar-
tile. Three different positions on the palate were tested with applied forces scaled so
the ratio of cranial surface area:force applied was identical in each species.
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Figure 3.6: Density plots of element von Mises stress (MPa) from FEA of unilater-
ally applied palatal forces on cranial models of the oviraptorosaurians (coloured) Inci-
sivosaurus, Citipati, Khaan, and Conchoraptor, along with non-oviraptorosaurian teta-
nuran theropods (grey) Allosaurus, Erlikosaurus, and Ornithomimus. The points rep-
resent the mean. Vertical bars represent the first quartile, median, and third quartile.
Three different positions on the palate were tested with applied forces scaled so the
ratio of cranial surface area:force applied was identical in each species.
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Figure 3.7: Mean values and whiskers showing first quartile, median, and third quar-
tile of von Mises stress (MPa) from FEA of bilaterally and unilaterally applied palatal
forces on cranial models of oviraptorosaurians Incisivosaurus, Citipati, Khaan, and
Conchoraptor, along with Allosaurus, Erlikosaurus, and Ornithomimus.

3.5 and 3.6). Ornithomimus is unique in having higher peak stress under posterior
loading, compared to mid-palate loading. Cranial stress in Allosaurus is decreased
substantially and it displays the lowest peak and mean von Mises stress under both bi-
lateral and unilateral posterior loading. Cranial stress in the oviraptorosaurians is only
slightly decreased compared to mid-palate loading. Mean and peak stress in Citipati
is slightly higher than that of Incisivosaurus, but to a very small degree.

The oviraptorosaurian crania are characterised by patterns of stress highest
around the quadrate’s anterior contact with the pterygoid (Fig. 3.1). This area of
higher stress is much more elongated along the ventral surface of the pterygoid in
Incisivosaurus (Fig. 3.1J-L). The thin epipterygoid and parasphenoid rostrum in all
four oviraptorosaurians also experience high stresses (Fig. 3.1) but these bones are
very thin and may have been poorly ossified or more flexibly connected to the rest
of the cranium than is modelled in this FEA. More unique to the oviraptorids, smaller
hotspots exist on the pterygoid just anterior of its contact with the epipterygoid, along
the anterior of the jugal, and the posterior of the quadratojugal — the jugal and quadra-

tojugal are much thinner and rod-like in the oviraptorids (Fig. 3.1A-I), compared to a
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more typically theropod jugal morphology in Incisivosaurus (Fig. 3.1J-L).

The nasals and nasal process of the premaxilla are significantly less stressed
in the oviraptorids (Fig. 3.1A-I), compared with Incisivosaurus (Fig. 3.1J-L) where the
whole skull roof is more broadly stressed and to a slightly greater magnitude. The ovi-
raptorosaurians generally experience very low stress in the premaxilla, maxilla, nasal,
and over across the cranial roof.

The other three theropods also experience stress hotspots in the quadrate
and pterygoid but in Erlikosaurus and Ornithomimus this is to a greater extent than in
the oviraptorosaurians (Fig. 3.3 and 3.4). In addition, the connecting quadratojugal
and jugal are greatly more stressed (Fig. 3.3 and 3.4). The cranial roof, lacrimal, and
postorbital all experience relatively higher stress than those of the oviraptorosaurians.
Under anterior loading, the premaxilla and nasal are also more stressed, especially in
Erlikosaurus and Ornithomimus (Fig. 3.3D-l), than in the oviraptorosaurians. These
stresses in the nasal (and maxilla) are especially severe in Ornithomimus, and present
in all bite positions (Fig. 3.3 and 3.4G—l).

For a cranium reminiscent of the morphology of other theropods, compared
to oviraptorids, the early diverging oviraptorosaurian Incisivosaurus shows very little
stress on the jugal and quadratojugal (Fig. 3.1J-L). All three non-oviraptorosaurian
theropods show higher stresses on both bones in all bite positions (Fig. 3.3 and 3.4),
whereas Incisivosaurus shows very little stress on the jugal/quadratojugal in any sce-
nario (Fig. 3.1J-L). In general, patterns of cranial stress in Incisivosaurus more re-
semble those of the oviraptorids, compared with the other theropods, implying similar
adaptations that characterise the structural response of the oviraptorid cranial morphol-
ogy.

However, positioning loading more posteriorly increases stress in the lacrimal
of Incisivosaurus more so than in the oviraptorids (Fig. 3.1L). Incisivosaurus generally
has more extensive areas of higher stress ventrally on the quadrate/pterygoid, slightly

greater stress magnitudes more broadly over the skull roof. Under anterior loading
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specifically, there is greater stress in the nasal arch, but lower stress in the premaxilla
than in the oviraptorids (Fig. 3.1J). This is likely linked to Incisivosaurus possessing
teeth, modelled separately to bone in the FEA. Loading the prominent incisor-like teeth
of Incisivosaurus does not produce any aberrant stress patterns (Fig. 3.1J) suggesting
they would not be unsuitable for feeding.

Total strain energy is lower in the oviraptorosaurian crania than the other
theropods under anterior loading. Under mid-palate loading, the total strain energy
of Allosaurus falls below that of Citipati, which is consistently the highest value among
the oviraptorosaurians. Under posterior loading, Allosaurus has the lowest total strain
energy of any taxon. This may result from the rear of Allosaurus toothrow, nearly under
the lacrimal, being relatively more posterior than in the oviraptorids, whose shortened
rostrum confines the entire hard palate to a smaller but more anteriorly located region.
Total strain energy in Erlikosaurus and Ornithomimus remains much higher than the
other taxa in all loading positions. Ornithomimus, the taxon with highest total strain en-
ergy throughout, is the only taxon to have a higher total strain energy under posterior

loading compared with mid-palate loading.

3.4 Discussion

This structural comparison of the oviraptorid cranium with other theropods of more con-
ventional cranial morphology supports the hypothesis that Oviraptoridae developed a
stronger and more energetically efficient cranial morphology. Their crania achieve this
despite extensive pneumatic spaces and a heavily reduced jugal—-quadratojugal bar
morphology. This may have been linked with feeding strategies that relied on powerful
sustained biting. In combination with a strengthened cranium, a high degree of relative
strength in the form of the oviraptorid mandible, in comparison with other non-avialan
coelurosaurian theropods, has been demonstrated through FEA by Ma et al. (2021).
In this bending test, the shortening of the cranium in oviraptorids allows stress

to be more readily transmitted through robust posterior processes of the premaxilla

66



CHAPTER 3: CRANIAL STRENGTH AND PERFORMANCE

below the nares, lessening stress in the nasals and frontals dorsal to the antorbital
fenestra. The contour plots indicate that stress is also effectively channelled ventrally
from the rostrum, via the modified longitudinally directed connection of the pterygoid
and ectopterygoid with the maxilla (Elzanowski, 1999; Maryanska et al., 2002), and
via the short stout vomer, into the pterygoids which are robust. Stress is channelled
more relatively posteriorly, essentially posterior to the orbital region, and overall stress
is reduced by the development of robust palatal bones, compared to more conventional
theropod cranial morphology. The effect of this is that the most pneumatic areas of the
cranium (such as areas of the nasal, and frontal containing large air spaces) experience
very low stress.

Interestingly, considering its peculiar intermediate morphology (Xu et al., 2002),
the cranium of the early diverging oviraptorosaurian Incisivosaurus is characterised by
stress patterns in response to bending that more closely resemble oviraptorid ovirap-
torosaurians than other toothed theropod dinosaurs. This chapter helps identify that
the cranium of Incisivosaurus already has several of the functional adaptations that
characterise the cranial response to bending forces in the oviraptorids. Enlargement of
the orbit, and the beginnings of a shortened skull and reinforced palate, funnel stress
away from the jugal—quadratojugal bar to other areas, giving general stress patterns
much more similar to the oviraptorids. It appears the more typically massive theropod-
like jugal in early diverging oviraptorosaurians such as Incisivosaurus is not a structural
limiting factor in cranial function, and in a position to be adaptively reduced towards the
more minimal morphology of the oviraptorids.

Citipati differs from the other two oviraptorids tested. In this bending test its
cranium appears weaker, experiencing higher cranial stress than other oviraptorids
under loading, and sometimes even higher than the earlier diverging Incisivosaurus.
This is especially the case when force is applied unilaterally to the edge of the mid-
palate. Its beak is relatively wider than the other oviraptorids, positioning unilateral

force relatively further from the midline of the cranium. This increase in stress shows
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as notably greater stress magnitudes in the otherwise minimally stressed nasal bones;
the most stressed the nasals become in any of the scenarios for the oviraptorids (Fig.
3.2E).

This chapter did not model a keratinous beak covering in any taxon. A ker-
atinous rhamphotheca has been shown to reduce cranial stress when biting, though
typically only beneath the area covered (Lautenschlager et al., 2013). My results find
the premaxilla and maxilla are not highly stressed in the oviraptorids compared to pos-
terior cranial areas. This suggests their cranial morphology is at a stage where stress
reduction is not a main driving factor in the evolution of their beak shape. Contrastingly
in Erlikosaurus and Ornithomimus, a keratinous rhamphotheca would reduce stress
in some of the most highly stressed areas during anterior loading (see also Lauten-
schlager et al., 2013; Lautenschlager et al., 2016; Bestwick et al., 2021).

Zanno and Makovicky (2011) noted development of heterodonty is character-
istic of dinosaur taxa spanning a trophic shift and/or being likely omnivorous/herbivorous.
Interestingly, conical/incisiform teeth are associated with areas of subsequent tooth
loss in several herbivorous lineages (Zanno and Makovicky, 2011). Specialised tooth
types and arrangements such as the loss of pronounced replacement waves and gaps
between teeth (a more continuous cutting surface) may function as analogous to a
beak as plant material is adopted into the diet, a precursor to later evolution of a rham-
photheca (Zanno and Makovicky, 2011).

The premaxillary teeth in Incisivosaurus may function like the tip of a beak
with more uniform close lanceolate maxillary teeth like the lateral cutting margins of a
beak. The incisor-like front of Incisivosaurus teeth bear prominent wear facets (Xu et
al., 2002; Balanoff et al., 2009), so were clearly an important tool for food processing or
otherwise interacting with its environment. The cranium of Incisivosaurus also includes
replacement teeth for its front pair of premaxillary teeth (Balanoff et al., 2009). While
development of a rhamphotheca in Erlikosaurus has an obvious function in strength-

ening a highly stressed area of the cranium (Lautenschlager et al., 2013), it may be the
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case that the development of a rhamphotheca in oviraptorosaurians was linked with an
adaptive pressure towards having a feeding apparatus that was more continuously re-
placed in terms of wear (and potentially self-sharpening) to function more reliably and
consistently. In this way they would function in an analogous way to the beaks of mod-
ern parrots which can be entirely replaced in a few months (Fecchio et al., 2010). The
influence on cranial stress of a modelled keratinous covering to the oviraptorid beak

will be tested in Chapter 5.

3.5 Conclusion

Oviraptorosaurians tested using finite element analysis with scaled loading had stronger
and more energetically efficient crania in resisting bending forces compared to herbivo-
rous theropods of more conventional cranial morphology and broadly matched the rel-
ative cranial strength of the large, carnivorous Allosaurus (which has been considered
overengineered; Rayfield, 2001). The FEA contour plots here indicate the cranial mor-
phology of oviraptorids is adapted to channel stresses away from thin and pneumatic
areas; the posterior processes of its premaxillae and its palate experience stresses
rather than the nasals and cranial roof. The cranium of the early diverging ovirap-
torosaurian Incisivosaurus performed more similarly to those of the oviraptorids com-
pared with other theropods, and in some cases was stronger (than Citipati). The ovirap-
torosaurian premaxilla and nasal showed very low stress, suggesting stress reduction
was not an important functional factor of their keratinous rhamphotheca — this will be
tested directly in Chapter 5. This finding contrasts with the beaks of therizinosaurian
and ornithomimosaurian taxa such as Erlikosaurus and Ornithomimus that also under-

went dietary shifts away from carnivory (Zanno and Makovicky, 2011).
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4 Cranial muscle reconstructions quantify
adaptation for high bite forces in
Oviraptorosauria

This chapter is a lightly modified version of the following paper published in Scientific
Reports. | generated the muscle reconstructions, performed the gape analysis, pre-
pared figures and wrote the first draft of the manuscript. Both authors analysed the

data, revised the manuscript, and approved its published version.

Meade, L. E. and Ma, W. 2022. Cranial muscle reconstructions quantify adaptation for

high bite forces in Oviraptorosauria. Scientific Reports, 12, 3010.

4.1 Introduction

Oviraptorosaurians are pennaraptoran theropods that include some of the most spe-
cialised, aberrant dinosaurs, with the later diverging members splitting into two ma-
jor clades—OQviraptoridae and Caenagnathidae (Pittman et al., 2020; Funston et al.,
2020). The skull morphology of oviraptorid oviraptorosaurians appears to be adapted
towards producing a powerful sustained bite (Barsbold, 1986; LU et al., 2013b; Funston
et al., 2017; Ma et al., 2020b). Though their crania are heavily pneumatised, they are
short and tall, have expanded spaces for jaw musculature, and are equipped with a
deep mandible and a robust palate terminating in a toothless beak. This anatomy has

been speculated as consistent with forms of durophagy (i.e. egg eating, molluscivory;
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Barsbold, 1986; Currie et al., 1993) but there is a strong case for the Oviraptoridae
being primarily herbivorous (Smith, 1992, Longrich et al., 2010; Zanno and Makovicky,
2011; L0 et al., 2013b; Funston et al., 2018; Ma et al., 2020b) numbering them among
a very few herbivorous theropod groups (with ornithomimosaurs and therizinosaurs;
Zanno and Makovicky, 2011). We quantitatively assess the functional capabilities of
the oviraptorosaurian skull using digital techniques, focussing on their jaw adductor
myology, to better understand their jaw function and possible dietary niche.

Digital muscle reconstructions have previously been used to estimate bite
forces and make comparisons of jaw adductor muscle anatomy in ornithomimids and
therizinosaurs (Lautenschlager, 2013; Cuff and Rayfield, 2015), and among other her-
bivorous dinosaurs (e.g. Psittacosaurus, Taylor et al., 2017; sauropods such as Ca-
marasaurus, Plateosaurus, and Diplodocus, Button et al., 2014; Button et al., 2016).
In this study, we use computed tomographic (CT) and photogrammetric datasets rep-
resenting the crania of Citipati osmolskae, Khaan mckennai, and Conchoraptor gra-
cilis, oviraptorid oviraptorosaurians from the Late Cretaceous (Campanian) of Mongo-
lia (Osmoélska, 1976; Clark et al., 2001; Clark et al., 2002; Kundrat, 2007; Kundrat
and Janacek, 2007; Funston et al., 2018). We also study the earliest diverging ovirap-
torosaurian Incisivosaurus gauthieri, from the Early Cretaceous of China (Barremian)
(Xu et al., 2002). Incisivosaurus is one of the very few oviraptorosaurians with teeth
(along with caudipterids), which bear wear facets that are a strong indicator of herbivory
(Xu et al., 2002). We use the CT and photogrammetric data to create retrodeformed
3D models of these species’ crania and mandibles. Based on the retrodeformed 3D
models, we reconstruct oviraptorosaurian jaw adductor musculature and use the re-
constructions to estimate bite forces. Additionally, we assess how the reconstructed
jaw adductor muscle anatomy may have constrained the maximal angle of gape in
each species (Lautenschlager, 2015).

This set of four 3D skull models and myological reconstructions allows us

to compare bite forces, jaw adductor muscle anatomy, and jaw function between the
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earliest diverging oviraptorosaurian and later diverging oviraptorids, and between ovi-
raptorosaurians and other herbivorous theropods. Our results are of interest for the
question of if and how diet changed with cranial function over the course of oviraptorid

evolution.

4.2 Methods

4.2.1 Digitisation and retrodeformation of specimens

CT scans of the crania of Incisivosaurus (IVPP V13326), Citipati (MPC-D 100/798),
Khaan (MPC-D 100/973; also including mandible), and Conchoraptor (MPC-D 100/3006)
were provided by A. M. Balanoff (see Balanoff et al., 2009; Balanoff and Norell, 2012;
Balanoff et al., 2013; Balanoff et al., 2014; Balanoff et al., 2016; Balanoff et al., 2018).
Photogrammetry was used to digitise mandibular material from Incisivosaurus (IVPP
V13326), Citipati sp. (MPC-D 100/42) and additional partial cranial and mandibular
material of Conchoraptor (ZPAL Mg-D 1/95). CT scanning parameters, photogrammet-
ric methods, and additional information on specimen provenance are summarised in
Chapter 2. CT datasets were segmented in Avizo Lite (version 9.3.0). Digital retrode-
formation of the crania and mandibles was based on Lautenschlager (2016b) and was
performed in Avizo Lite, Blender (version 2.9.0), and Landmark, restoring taphonomic
damage as objectively as possible. This involved interpolation of material over cracks
and breaks, repositioning of disarticulated and fragmented elements, replacement of
missing elements by mirroring or modification from related species, and the correction
of plastic deformation such as compression and shear. Full information on retrodefor-

mational procedure by specimen is also given in Chapter 2.

4.2.2 \Volumetric muscle reconstruction

The origin and insertion sites of eight cranial muscles were identified based on skull

morphology, studies of related theropod groups, and extant analogues (Holliday, 2009).
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The methodology for 3D reconstruction of cranial myology was derived from Lauten-
schlager (2013). The skull geometry of oviraptorosaurians, particularly their large orbit
(and likely large eyeball), indicates the origin—insertion path of many cranial muscles
cannot be straight and is obfuscated by other structures and each other. We therefore
deviated slightly from Lautenschlager (2013) and others (Cuff and Rayfield, 2015; But-
ton et al., 2016) in our method by connecting identified origin and insertion sites with
simple curves rather than straight cylinders/rods; this also allowed easier modelling of
the wrapping of the m. pterygoideus ventralis. Bundles of eight Bezier curves were cre-
ated in Blender between origin and insertion sites of each muscle, following their likely
path and avoiding intersections with bone and other muscles. A spherical mesh was
created centrally in the orbit and scaled until it contacted the orbit; it was then scaled
to 95% of this size (leaving a small presumed space for other tissues and muscles; the
eyeball would not contact surrounding bone) to form a basic eyeball that the muscle
paths were not allowed to intersect. A default Blender ‘UV sphere’ mesh was subdi-
vided (‘subdivision surface’ modifier; subdivisions 2) and shrinkwrapped (‘shrinkwrap’
modifier) around each bundle of curves to form a convex hull. These simple volumes
were smoothed and remeshed. Minor areas of overlap occurred between convex hulls
in crowded regions where multiple muscles met their origin/insertion sites. Rather than
removing overlaps in Blender (i.e. using additional editing or Boolean modifiers), the
Blender muscle volumes were imported into Avizo to flesh them out in the same way
as Lautenschlager (2013) and others (Cuff and Rayfield, 2015; Button et al., 2016)
and overlapping volumes were resolved by allocating half the overlap to each muscle,
or making corrections where a muscle volume was erroneously encroaching on an-
other’s defined origin/insertion site. The basic muscle volumes were expanded equally
in the Avizo segmentation editor (‘grow selection’) until they touched each other and
were constrained by osteology, reaching their limits. These were then smoothed in
Avizo’s segmentation editor to form the final reconstructions. Muscle force estimates

were calculated following the dry skull method (Thomason, 1991). Values for muscle
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cross-sectional areas (CSA) were calculated by dividing muscle volume (given by Avizo
surface area and volume module) by its length (obtained by Avizo measurement mod-
ule). The CSA of each muscle was multiplied by an assumed isometric muscle stress

value of 0.3 N/mm? (Weijs and Hillen, 1985; Thomason, 1991; Wroe et al., 2005).

Fmus =CSA x o

Calculated muscle force values were multiplied by a correction factor of 1.5 fol-
lowing Thomason (1991) to account for underestimation due to factors such as muscle
pennation not being accounted for. Muscle forces and derived bite forces are reported
in this study with this correction factor; Appendix B also gives full sets of values without
the correction factor. To calculate the resultant vertical force vectors acting at muscle
attachments points on the mandible, muscle forces were multiplied by the cosines of
the insertion angles of muscles, measured (Avizo measurement module) in the sagittal

(o) and coronal (B) planes on the 3D reconstruction.

Fres = Frmus X cosa X cosf

Contribution toward bite force from each muscle was estimated at three points
on the palate of each species: the anterior tip of the beak/teeth; the middle level of the
palate/toothrow; the tooth-like projection in the posterior of the oviraptorid palate/the
posteriormost teeth, to assess a complete range of positions anteroposteriorly that
may be contacting food. Estimates of bite force were calculated by rearranging the re-
lationship between outlever length (distance from bite point to jaw joint) and the inlever
length (distance from insertion point of muscle to jaw joint). Bite forces calculated for

each side of the mandible were summed for the final total bite force estimates.

Fbite = (Fres x Linlever) + Loutlever
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We assume all jaw adductor muscles participated equally and fully during

contraction.

4.2.3 Musculoskeletal constraints on gape angle

The retrodeformed cranium and mandible models were imported into Blender for muscle-
constrained gape analysis following Lautenschlager (2015). The separate cranium and
mandible components were connected using an armature (of two bone elements) with
a centre of rotation at the jaw joint. Blender’s keyframe animation tool was used to
animate and model a jaw opening cycle in which one frame represented 0.5°. The
jaw adductor muscles were modelled as two simple cylinders connecting the anteri-
ormost and posteriormost extent of the muscle’s origin and insertion sites. Curved
connections between muscle origin and insertion (as used for the basis of our anatom-
ical muscle reconstruction) were not modelled for this analysis; they only minimally
affected estimates of optimal and maximum gape angle and their stretch during jaw
opening was too uncertain to model objectively. The cylinders were connected to the
armature, allowing them to extend as the mandible rotated. A python script (adapted
from that of Lautenschlager, 2015) was used to measure the strain of each muscle
cylinder throughout the modelled jaw opening cycle and export the values to a text file.
Muscles comprise a structure of overlapping filament cross-bridges and in-
herently have a strain range over which maximal tetanic contraction can be achieved
(optimal tension up to 130% of resting length) and a maximum tension limit (170% of
resting length; Nigg and Herzog, 2007; Sherwood et al., 2012). This structural con-
straint was used by Lautenschlager (2015) to estimate the gape angle at which the
limit of optimal tension is reached and the maximum limit of gape that might occur
for muscle tension to still be possible. The optimal and maximum limits of gape were
therefore estimated once a muscle cylinder reached 130% and 170% resting length
respectively. The script and Blender setup could be set to terminate the cycle when a

muscle cylinder reached a determined strain ratio between its stretched and relaxed
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state and render this terminal step in the jaw opening cycle.

The resting gape must lie at a small open angle, given the length—tension
relationship of muscles, in order to generate necessary force during biting (Nigg and
Herzog, 2007; Porro et al., 2011). Lautenschlager (2015) tested theropod skulls at
resting gape angles of 3° and 6°, concluding these to approach realistic values. The
oviraptorosaurian models here were tested from a resting gape of 5° this was the
degree of gape at which the 3D anatomical reconstruction of the jaw muscles was

done.

4.3 Results

4.3.1 Cranial myology

The muscular origin and insertion sites interpreted in the cranium and mandible of
each species are identified in Figure 4.1; the 3D reconstructed jaw adductor muscles
are shown in Figure 4.2 (Incisivosaurus and Citipati) and Figure 4.3 (Khaan and Con-

choraptor).

m. adductor mandibulae externus medialis (MAMEM)

The origin site of the mAMEM is less clear than others of the mAME group (Holli-
day, 2009) and we reconstruct it, as others have done, in the posterior portion of the
supratemporal fossa (Lautenschlager et al., 2013; Cuff and Rayfield, 2015; Button et
al., 2016) where it is constrained anterolaterally and anteromedially by the positions
of mMAMES and mAMEP (Fig. 4.1). This region comprises parts of the squamosal
and parietal in all four taxa and is generally vertical, concave, and featureless in all
apart from Citipati. In this taxon, within the supratemporal fossa, the squamosals and
parietals are flattened and orientated to form a deep and concave platform directly per-
pendicular to the line of action of this muscle (Fig. 4.1E). The extent and direction of

the mMAMEM body are somewhat constrained in all taxa by the anterior, dorsal, and
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Figure 4.1: Locations of reconstructed jaw adductor muscle origin and insertion sites
for Incisivosaurus gauthieri (A—C), Citipati osmolskae (D—F), Khaan mckennai (G-I),
and Conchoraptor gracilis (J-L). Crania are shown in dorsolateral view (A,D,G,J) with
temporal and postorbital bars removed to better show medial regions within supratem-
poral fenestra. The left sides of the crania are shown in anteroventral view (B,E,H,K)
with lower temporal and postorbital bars removed to better show posterior and lateral
regions within supratemporal fenestra. Mandibles shown in dorsolateral view (C,Fl,L),
lateral muscle insertions sites are shown on the left rami, medial insertion sites on the
right rami. Scale bars 50 mm. Muscle abbreviations given in results section.

posterior edges of the squamosal, quadrate flange, and epipterygoid respectively.

The insertion sites are typically unclear (Holliday, 2009; Lautenschlager et
al., 2013). The surangular dorsomedially forms a shelf that overhangs the adductor
fossa in Citipati, Khaan, and Conchoraptor (potentially taphonomically exaggerated
in the latter two). Insertion onto the dorsomedial and posterior margin of the coronoid

eminence (along with insertion of the mMAMEP onto the eminence) has been suggested
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Figure 4.2: Reconstructed jaw adductor musculature of Incisivosaurus gauthieri (A-D)
and Citipati osmolskae (E—H) shown complete in lateral view (A,E), anterolateral view
with mMAMES removed (B,F), posterolateral view with mMAME complex removed (C,G),
and ventral view (D,H) with only the mPT muscles (mPTv removed on left). Scale bars
50 mm, legend colour coded to identify individual muscles. Muscle abbreviations given
in results section
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Figure 4.3: Reconstructed jaw adductor musculature of Khaan mckennai (A-D) and
Conchoraptor gracilis (E—H) shown complete in lateral view (A,E), anterolateral view
with mMAMES removed (B,F), posterolateral view with mAME complex removed (C,G),
and ventral view (D,H) with only the mPT muscles (mPTv removed on left). Scale bars
50 mm, legend colour coded to identify individual muscles. Muscle abbreviations given
in results section.
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for the mAMEM (Holliday, 2009; Lautenschlager et al., 2013; Cuff and Rayfield, 2015;
Ma et al., 2017), but the palatal morphology (especially in the oviraptorids) restricts
space around the coronoid eminence so that we do not reconstruct both the mAMEM
and mAMEP as inserting in this area. Instead, we reconstruct the mAMEM as inserting
on the shelf-like upper part of the surangular’s dorsomedial surface, posterior to the
more anterior insertion of the mAMEP, allocating roughly half of the available surface
to each (Fig. 4.1C,FI,L). This insertion surface is unclear and largely reconstructed
in Incisivosaurus where there is a less well-defined slight convexity on the upper part
of the medial surangular surface (Fig. 4.1C). This area of the retrodeformed mandible
model for Conchoraptor uses material from Khaan and the two are thus similar (Fig.
4.11,L).

It is possible the mAMEM and mAMEP merged along their path or did indeed
both insert in relation to the coronoid eminence (Nabavizadeh, 2020b) but ultimately

this would not change reconstructed bite force results significantly.

m. adductor mandibulae externus profundus (mAMEP)

The mAMEP generally has a medial and/or anteromedial origin within the supratempo-
ral fenestra. A vertical crest, similar to that interpreted as the anterior border of the orig-
ination site in Carcharodontosaurus and Daspletosaurus (Holliday, 2009), Allosaurus
(Rayfield, 2001), Corythosaurus (Ostrom, 1961), and Erlikosaurus (Lautenschlager et
al., 2013), is also identified in Citipati (Clark et al., 2002) (Fig. 4.1D). We interpret it
as the boundary between the mAMEP and mPSTs origins. A small sharp prominence,
perhaps similar, is present on the lateral surface of the braincase in Incisivosaurus (Fig.
4.1a). The surface is more featureless in Khaan and Conchoraptor (Fig. 4.1G,J), so
the anterior limit of the mAMEP origin is constrained by the origin area of the mPSTs
(in turn based on the extent and position of the laterosphenoid).

In Citipati, a pneumatic opening in the posterolateral wall of the parietal (visible

at the posterior of the mAMEP origin in Fig. 4.1D), underneath where the squamosal
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contacts the parietal to form the posteromedial margins of the supratemporal fenestra,
seems to limit the mAMEP origin posteriorly, dividing it from the mAMEM. A similar
opening is not as large or obvious in the other taxa, but similar limits to the origination
sites are constrained by the geometry of the supratemporal fenestra. The dorsal ex-
tent of the origin is also clear in Citipati where a sharp lateral edge, running from the
frontal—parietal contact posterolaterally to form the posterior boundary of the supratem-
poral fossa, separates the dorsal surface of the parietals from their lateral surfaces that
contribute to the supratemporal fossa (Fig. 4.1D). This edge may function for muscle
attachment similarly as suggested for a parietal ridge in the oviraptorid Oksoko (Fun-
ston et al., 2020b).

We reconstruct the mAMEP inserting more anteriorly than mAMEM on the
mandible (Fig. 4.1C,Fl,L), including around the apex of the coronoid elevation itself,
along with the mAMES, specifically on the dorsomedial surface of coronoid prominence

(Holliday, 2009; Nabavizadeh, 2020Db).

m. adductor mandibulae externus superficialis (MAMES)

In all taxa, the mMAMES can be reliably hypothesised to originate on the supratemporal
bar (Holliday, 2009) (Fig. 4.1B,E,H,K). In oviraptorosaurs, this is formed by the postor-
bital and squamosal. The supratemporal bars in all taxa are mediolaterally flattened,
with the medial surface directed slightly ventromedially, more so in Citipati than the
others (Fig. 4.1E). The postorbital bars are concave along almost the entire medial
surface in Citipati. In the other taxa, only the squamosal contribution is concave, with
the postorbital ramus being flat or perhaps weakly convex in Khaan (Fig. 4.1H). There
are no clear osteological signs of the extent of the mAMES origin site so we restrict it
to the medial surfaces of the supratemporal bar. The ventral surface is narrow (as the
bars are mediolaterally thin) and the medial surface is slightly orientated in the correct
muscle direction in all taxa. The mAMES is reconstructed as originating along the full

extent of this medial surface with its anterior and posterior limits constrained by the
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origins of the mPSTs and mMAMEM respectively.

The main body of the jugal has a trough-like gently concave medial surface
in all taxa (especially so in Conchoraptor where the postorbital process of the jugal
also has confluent concavity on its posteromedial surface). It appears like its form
would neatly wrap over the exterior of the mAMES as it bulged outwards laterally and
followed it anteroventrally on its origin—insertion path.

The mAMES likely inserts onto the dorsolateral edge and lateral surface of the
surangular (Holliday, 2009; Nabavizadeh, 2020b), on a shelf running from the coronoid
process to the articular (Fig. 4.1C,F,L). This shelf is more strongly defined in the later
diverging taxa, especially Citipati (Fig. 4.1F) and Khaan (Fig. 4.11). The mandibles of
the oviraptorids bear apically triangular coronoid eminences, which are anteriorly dis-
placed compared to those of other herbivorous dinosaurs. This has been hypothesized
to increase mechanical advantage and attachment area for the temporal musculature
as an adaptation for a stronger crushing bite (Barsbold, 1977; Smith, 1992; Ma et
al., 2017). The anteriorly displaced coronoid eminence in oviraptorids has been hy-
pothesized to indicate a more anteriorly extending mAMES (as suggested for some
ornithischians; Nabavizadeh, 2020a; 2020b). The mAMES is reconstructed thus here.
The insertion site is constrained ventrally by the reconstructed extent of the mPTv in-
sertion site, and dorsomedially by the insertions of the mMAMEM and mAMEP, which

insert onto the dorsomedial surface of the surangular.

m. pseudotemporalis superficialis (MPSTs)

In all four taxa, the mPSTs originates on the anterior and/or anteromedial wall of the
supratemporal fenestra. In Citipati, the area is formed predominantly by the capitate
process of the laterosphenoid and the posterior portions of the frontal (Fig. 4.1D). This
surface is concave and rugose. The lateral surface of the laterosphenoid is also ru-
gose, indicating a muscle attachment (Clark et al., 2002). The site is bounded laterally

by the postorbital, and two ridges may constrain the origin site of the mPSTs (Clark
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et al., 2002): a sharp ridge runs posteromedially from the capitate process of the lat-
erosphenoid to the epipterygoid contact, forming the ventral boundary, and a vertical
ridge on the medial wall of the supratemporal fossa constrains the origin posterome-
dially, demarking it from the mAMEM. A triangular anterodorsal—posteroventral sloping
surface (where a clear frontoparietal fossa has been lost in derived oviraptorids) ex-
tends to the dorsotemporal fossa. The anterodorsal extent of the mPSTs origin site on
this surface is unclear. The frontoparietal fossa has been argued as a vascular space
in dinosaurs rather than a site of muscle attachment (Holliday et al., 2020), and we
place the mPSTs similarly (Holliday et al., 2020; Fig. 7 therein), extending into this
sloping triangular space but not wholly filling it. We do not reconstruct any attachment
of the mPSTs extending onto the frontal processes of the postorbitals.

In Khaan, the origin site is less well preserved (Fig. 4.1G). The mPSTs origin
is placed in a similar position to Citipati and may extend slightly onto the lateral surface
of parietals which contribute to the area. Similarly, in Conchoraptor (Fig. 4.1J), there is
more of a contribution of the parietal to the anterior wall of supratemporal fenestra, but
very little or no contribution of the frontal. In Conchoraptor, the whole origin site is more
anteromedially positioned, and exhibits a large smooth exposure of the laterosphenoid.
There are no obvious scars or ridges in the above-mentioned area of Khaan and Con-
choraptor. In Incisivosaurus, the anterior corner of the supratemporal fossa is narrow
and the mPSTs is more anteromedially positioned (Fig. 4.1A). The origin site likely
comprises the laterosphenoid and small parts of the frontal and parietal.

The insertion of the mPSTs is likely related to the medial aspect of the coro-
noid elevation and parts of the medial adductor chamber (Nabavizadeh, 2020b). As
the medial regions of the coronoid elevation are occupied by the mAMEP in our recon-
struction we position the mPSTs, as the deepest temporal muscle, inserting into the
anterior portion of the medial mandibular fossa (Holliday, 2009) and its anterodorsal

rim (Fig. 4.1C,F1L).
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m. pseudotemporalis profundus (mPSTp)

The mPSTp likely attached to the epipterygoid when present in dinosaurs (Holliday,
2009). When first described in detail, the epipterygoid of C. osmolskae (Fig. 4.1D)
was noted as the largest of any known theropod, with a unique strongly twisted body
and dorsal tip hosting robust muscle scars (Clark et al., 2002). We therefore locate the
mPSTp origin site on the epipterygoid of each taxon with confidence and reconstruct
its origin along the length of the epipterygoid, which is present in all four taxa (though
partially reconstructed in Khaan and Conchoraptor) (Fig. 4.1G,J).

The insertion site is problematic but based on extant taxa the muscle likely in-
serted along the medial surface of the coronoid process or surangular (Holliday, 2009).
As the coronoid process is occupied by the insertions of the mAMES and mAMEP,
we position the insertion of the mPSTp dorsomedially on the surangular, occupying
the dorsal rim of the mandibular adductor fossa, the position being largely constrained

dorsally by the insertions of the mMAMEM and mAMEP (Fig. 4.1C,FI,L).

m. pterygoideus dorsalis (mPTd)

The origin site of the mPTd is reconstructed as the linear dorsal surface of the ptery-
goid in all oviraptorids where a longitudinal concavity runs anteriorly along their length
anterior of the pterygoid flange (Khaan has a convex dorsal surface but the origin site is
modelled similarly (Fig. 4.1H), and possibly the anteriormost dorsolateral surface of the
pterygoid flange. The site is limited anteriorly and anterolaterally by the palatines and
ectopterygoids, onto which no attachment was modelled as they are relatively small
and delicate. In Incisivosaurus, the anterior extent of the origin site is constrained by
the level of the jugal ramus of the ectopterygoid anterolaterally and the main body of
the ectopterygoid laterally to around a longitudinal concavity on the dorsal surface of
the pterygoid (Fig. 4.1A)—there seems very little/no origination on the palatine.

The mandibular insertion of the mPTd is commonly regarded to be onto the

medial surface of the articular and retroarticular process (Holliday, 2009). We recon-
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struct the mPTd in this position (Fig. 4.1C,FI,L), inserting in the narrow medial surface
of the posterior aspect of the mandibular ramus, under the medial facet of the articular

glenoid and posteriorly onto the medial surface of the retroarticular process.

m. pterygoideus ventralis (mPTv)

The mPTv is well constrained through phylogenetic bracketing and we reconstruct it
in the oviraptorids as originating along the ventral surface of the pterygoid, probably
also extending onto the ventral aspect of the pterygoid flange (Holliday, 2009) and
posteriorly terminating before the contact with the quadrate. The anterior of the origin
is reconstructed as the level of the ectopterygoid contact, with the site entering the
longitudinal ventral concavity that is anteriorly confluent with the choanae. In Citipati,
the pterygoid flange is noted as reduced compared to typically carnivorous theropods,
maintaining a roughly consistent width throughout its length (Fig. 4.1E), as suggested
by Clark et al. (2002) to indicate a relatively small m. pterygoideus. However, the main
pterygoid body of oviraptorids is relatively elongate. This may be an adaptation to open
space for an expanded mAME group to insert onto the mandible, whilst maintaining
volume of the mPT. The pterygoids of Incisivosaurus are also elongate and reduced in
width (Fig. 4.1B), though not as extreme as in the derived oviraptorids (Balanoff et al.,
2009). The origin of the mPTv on the pterygoid ventral surface is interpreted as running
from the posteroventral margin anteriorly into a trough medial to the ectopterygoid, and
lateral of a ventral flange termed the accessory ventral flange by Xu et al. (2002),
terminating anteriorly before the palatine contact.

In all taxa, the mPTv wraps around the ventral surface of the mandibular rami
and inserts on the broad section of the lateral surface of the mandible (Fig. 4.1C,F,I,L),

predominantly comprising the angular.
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4.3.2 Bite force estimates

Measurements of the final volumetric muscle reconstructions are given in Table 4.1
along with the calculated muscle contraction force, resultant force acting on the mandible,
and relative contribution of each muscle. The oviraptorid oviraptorosaurians show
greater muscle volumes compared to the earlier diverging Incisivosaurus. This is
confirmed by greater muscle CSA values relative to cranial surface area in Citipati
(1.80x1072), Khaan (1.77x1072), and Conchoraptor (1.37x1072), compared to Inci-
sivosaurus (1.21x1072). Table 4.2 shows the inlever and outlever measurements used
to calculate bite force resulting from each cranial muscle (and their relative contribu-
tion) and the total estimated bite force in each species, for three different bite positions.
These range from 349-499 N in Citipati down in order of cranial size to 53-83 N in
Incisivosaurus. Complete calculations and values for Tables 4.1 and 4.2 along with
measurements for the cranial models are documented in Appendix B.

The condition of the oviraptorid oviraptorosaurian skull is characterised by
an increased volume for jaw adductor musculature and increased mechanical advan-
tage resulting from anteroposterior shortening, compared with the more conventional
theropod skull geometry of the earlier diverging Incisivosaurus. Estimated bite forces
conserve a greater proportion of the resultant force applied to the mandible (Fbite/Fres)
in the oviraptorids compared with Incisivosaurus. This results from greater mechanical
advantage in the oviraptorids’ jaw for all bite positions, though the difference relative
to Incisivosaurus is greatest anteriorly (see Table 4.3) These two factors result in their
comparatively stronger estimated bite forces, an increase of 17-84% greater (depend-
ing on species and bite position; see Table 4.2) than would be predicted by scaling by
cranial surface area. The increased relative bite force of the oviraptorids is not a re-
sult of more beneficial muscle insertion angles; there is no clear difference in the ratio
of resultant muscle force acting on the mandible to the actual muscle force produced
(Fres/Fmus) between Incisivosaurus (0.894) and the three later diverging taxa (Citipati,

0.856; Khaan, 0.851; Conchoraptor, 0.899).
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Table 4.1: Geometric measurements of reconstructed muscles and estimated contrac-
tion force (Fmus = (volume / length) x 0.3 N/mm? x 1.5 (Thomason, 1991; Wroe et
al., 2005)). Insertion angles of muscles measured in the sagittal (o) and coronal ()
planes used to calculate resultant vertical force acting on mandible (Fres = Fmus x
cosa. x cosB). Muscle volume, length, and insertion angles are average values for a
single side; Fmus and Fres are the total of both sides on the mandible.

Muscle Volume Length  Fmus Contribution o B Fres Contribution
(mm®)  (mm) (N) (%) (N) (%)
Incisivosaurus
AMEM 1492.1 43.4 30.9 123 276 4.4 27.3 12.2
AMEP 1393.8 44.4 28.2 112 30.0 4.2 24.4 10.9
AMES 2242.3 41.7 48.4 19.2 242 15 44 1 19.6
AMP 671.5 21.9 27.7 11.0 274 21 24.6 10.9
PSTp 379.0 31.1 11.0 44 266 53 9.8 4.4
PSTs 698.1 45.7 13.7 55 194 15 13.0 5.8
PTd 589.3 29.8 17.8 71 444 11.8 12.5 5.5
PTv 1695.8 20.7 73.7 29.3 13.3 15.6 69.1 30.8
Sum 9161.7 251.5 224.7
Citipati
AMEM 16130.0 69.2 209.9 156 23.8 4.0 191.6 16.6
AMEP 10122.5 59.9 1521 11.3 324 8.4 1271 11.0
AMES 19580.5 58.7 300.2 222 163 6.8 286.2 24.8
AMP 7221.5 43.8 1484 11.0 44.7 147 1021 8.8
PSTp 4876.0 50.9 86.2 6.4 33.6 27.2 63.8 5.5
PSTs 6962.5 64.9 96.6 72 259 59 86.5 7.5
PTd 3638.5 42.2 77.6 5.7 375 133 59.9 5.2
PTv 10858.0 35.1 278.8 20.7 19.0 25.1 238.8 20.7
Sum 79389.5 1349.9 1155.9
Khaan
AMEM 4032.0 48.5 74.9 121 289 1.2 65.6 12.4
AMEP 4398.0 45.8 86.5 139 355 7.1 69.9 13.2
AMES 6371.5 46.3 123.9 20.0 17.7 93 1164 22.0
AMP 1782.5 27.5 58.3 9.4 404 7.7 44.0 8.3
PSTp 1440.0 34.8 37.2 6.0 39.5 225 26.6 5.0
PSTs 2260.5 49.3 41.3 6.7 27.0 27 36.8 7.0
PTd 1679.5 30.4 49.7 8.0 472 127 33.0 6.2
PTv 3900.0 23.6 1489 24.0 149 192 13538 25.7
Sum 25864.0 620.7 528.0
Conchoraptor
AMEM 21415 46.9 411 94 269 20 36.6 9.3
AMEP 2950.5 44.5 59.7 13.7 334 7.0 49.5 12.7
AMES 4071.0 46.1 79.6 18.3 188 6.6 74.8 19.1
AMP 1573.0 27.9 50.8 117 249 1.6 46.0 11.8
PSTp 786.0 31.1 22.7 52 171 9.8 21.4 5.5
PSTs 1678.5 47.5 31.8 73 226 41 29.3 7.5
PTd 1096.5 34.2 28.8 6.6 38.6 8.0 22.3 5.7
PTv 3528.0 26.4 120.3 27.7 140 179 1111 28.4
Sum 17825.0 434.9 391.1
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Table 4.2: Bite force estimates (newtons) for each species, calculated (Fbite = (Fres
x Linlever) + Loutlever) for three points on their primary palate: the anterior tip of
the beak/teeth; the middle level of the palate/ toothrow; the tooth-like projection in
the posterior of the oviraptorid palate/the posteriormost teeth. Percentages in brackets
reported next to the bite force estimates for the oviraptorid taxa show how much greater
these estimates are compared to values that would be predicted by scaling up the bite
force estimates of Incisivosaurus by cranial surface area.

Anterior Mid-palate Posterior
Inlever Outlever Fbite Inlever Outlever Fbite  Inlever Outlever Fbite Contribution
(N) (N) (N) (%)
Incisivosaurus
AMEM 19.8 90.4 6.0 19.8 716 75 19.8 58.1 9.3 11.3
AMEP 30.3 904 8.2 30.3 71.6 10.3 30.3 58.1 12.7 15.4
AMES 23.4 904 11.4 23.4 716 144 23.4 58.1 17.8 21.6
AMP 19.9 904 54 19.9 716 6.8 19.9 58.1 8.4 10.2
PSTp 26.0 90.4 238 26.0 716 3.6 26.0 58.1 4.4 5.3
PSTs 31.5 90.4 45 31.5 716 57 31.5 58.1 7.0 8.5
PTd 9.4 904 1.3 9.4 716 1.6 9.4 58.1 2.0 2.5
PTv 17.6 904 13.5 17.6 716 17.0 17.6 58.1 20.9 25.4
Sum 53.0 67.0 82.5
Citipati
AMEM 37.1 142.0 471 37.1 122.0 54.9 37.1 99.4 674 13.5
AMEP 61.9 1420 54.2 619 122.0 63.1 61.9 994 775 155
AMES 48.0 1420 944 48.0 122.0 109.9 48.0 99.4 134.9 27.0
AMP 47.2 142.0 331 472 122.0 385 47.2 99.4 47.2 9.5
PSTp 56.8 142.0 25.2 56.8 122.0 29.3 56.8 99.4 36.0 7.2
PSTs 66.7 142.0 39.7 66.7 122.0 46.2 66.7 99.4 56.7 11.4
PTd 18.1 1420 7.3 18.1 122.0 8.5 18.1 994 105 2.1
PTv 30.6 142.0 48.2 30.6 122.0 56.1 30.6 99.4 68.8 13.8
Sum 349.3 406.5 499.0
(84%) (69%) (69%)
Khaan
AMEM 18.6 103.6 11.8 18.6 88.7 13.7 18.6 72.0 16.9 8.6
AMEP 34.3 103.6 23.2 34.3 88.7 27.0 34.3 72.0 33.3 16.9
AMES 27.4 103.6 30.8 27.4 88.7 36.0 27.4 72.0 44.3 22.4
AMP 26.1 103.6 11.1 26.1 88.7 12.9 26.1 72.0 159 8.1
PSTp 36.5 103.6 94 36.5 88.7 10.9 36.5 72.0 135 6.8
PSTs 414 103.6 14.7 414 88.7 17.1 414 72.0 211 10.7
PTd 134 1036 4.3 134 88.7 5.0 13.4 720 6.1 3.1
PTv 247 103.6 32.3 24.7 88.7 37.7 24.7 72.0 46.5 23.5
Sum 137.3 160.4 197.6
(54%) (42%) (42%)
Conchoraptor
AMEM 16.8 85.8 7.2 16.8 76.9 8.0 16.8 58.3 10.6 6.7
AMEP 29.8 85.8 17.2 29.8 76.9 19.2 29.8 58.3 25.3 16.1
AMES 24.7 85.8 21.5 24.7 76.9 24.0 24.7 58.3 31.6 20.2
AMP 211 858 11.3 211 76.9 12.6 211 58.3 16.6 10.6
PSTp 26.5 85.8 6.6 26.5 769 74 26.5 58.3 9.7 6.2
PSTs 31.6 85.8 10.8 31.6 76.9 12.0 31.6 58.3 15.9 10.1
PTd 13.6 85.8 35 13.6 76.9 4.0 13.6 58.3 5.2 3.3
PTv 221 85.8 28.6 22.1 76.9 31.9 221 58.3 42.0 26.8
Sum 106.7 119.0 157.0
(32%) (17%) (25%)
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Table 4.3: Mechanical advantage values for the three different positions of the bite
force estimates.

Mechanical advantage

Anterior Mid-palate Posterior
Incisivosaurus  0.236 0.298 0.367
Citipati 0.302 0.352 0.432
Khaan 0.260 0.304 0.374
Conchoraptor  0.273 0.304 0.401

The relative contribution of the different cranial muscles to bite force is broadly
similar in each species (Fig. 4.4). The mPTv is typically the largest component, fol-
lowed closely by the mAMES, then the rest of the mAME complex. Citipati differs from
the others with a relatively stronger mMAMES and mAMEM, and a relatively low value
for the mPTv. The width of the Citipati cranium and mandible make the mPTv less
vertically orientated and the reconstruction of the mPTv (in all taxa) is less well con-
strained by bone and other muscle volumes—its volume could be underestimated in
all models. No clear difference emerges between Incisivosaurus and the later diverg-
ing oviraptorids in the relative contributions of cranial muscles to bite, apart from a
slightly relatively weaker mPSTp and mPSTs—reconstructed muscles are proportion-
ally similar but relatively larger in the oviraptorids. The bite force estimates of the four
oviraptorosaurians (including /ncisivosaurus) are significantly greater than estimates
(from similar digital methods) made for other putatively herbivorous theropods of much

larger body mass (Fig. 4.5) both relatively and absolutely.

4.3.3 Gape analysis

The early diverging oviraptorosaurian Incisivosaurus showed the highest estimates of
optimal (25.0°) and maximum gape limit (49.5°) compared with the oviraptorid ovirap-
torosaurians, though not by much; estimates for gape limit in Khaan were lowest (20.5°
and 40.0°), marginally less than Citipati (21.0° and 41.0°). Values for Conchoraptor
(23.0° and 46.0°) lie between Incisivosaurus and the others. Figure 4.6 shows these

estimates along with charts of the muscle cylinder strains that they are derived from.
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Figure 4.4: The relative contribution of each cranial muscle to total estimated bite force
by species. Note that the condition of Citipati appears the most dissimilar to all others
in its comparatively stronger mMAMEM, mAMES and weaker mPTv

The anteriormost cylinder representing the mPTv constrains optimal and maximum
gape in all but Citipati, in which it is constrained by the anteriormost regions of the
MAMES. In this taxon the postorbital half of the skull is particularly low, sloping poste-
riorly, and the relatively low upper temporal bar directs the strong mMAMES ventrome-
dially to a prominent coronoid process of the surangular of the mandible. This leads
to a shorter resting length for this muscle, causing its extension during jaw opening to
exceed our tension limits just before the mPTv (which is the next most extended). The
MAMEM is also relatively more extended in Citipati. The other three species are more
similar in relative muscular strain, reinforcing the finding that relative muscle strength
and arrangement in Citipati has more differences compared with other oviraptorids,
than between some oviraptorids (Khaan and Conchoraptor) and earlier diverging ovi-
raptorosaurians (/ncisivosaurus).

Acting antagonistically to the jaw closing muscles is the m. depressor mandibu-

lae (MDM), primarily responsible for jaw depression (opening). It originates from around
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Figure 4.5: Comparison of the estimated bite forces in multiple positions of Inci-
sivosaurus and three oviraptorid oviraptorosaurians with other likely herbivorous thero-
pod taxa that have had estimates made using similar digital volumetric methods (Laut-
enschlager, 2013; Cuff and Rayfield, 2015) show the oviraptorosaurians (oviraptorids
especially) are capable of much stronger bite forces both relative to body mass and
absolutely. Body mass values from Zanno and Makovicky (2013).

the paroccipital processes of the cranium, inserting onto the dorsal aspect of the
retroarticular process of the mandible (Holliday, 2009, Nabavizadeh, 2020b). During
the gape analysis, we checked mDM length change (from a shorter state at the max-
imum and optimal estimated gape angles to an elongated state at the 5° resting jaw
angle) was not unrealistic. Strain values of the mDM were all calculated to be below
the maximum strain limit (1.7) we modelled for the jaw adductors. From its shortest
(maximum gape limit) the mDM in Incisivosaurus was extended by a factor of 1.08 at
the estimated optimal gape limit and 1.20 the 5° resting jaw angle, Citipati reached
1.11 and 1.33 respectively, Khaan reached 1.16 and 1.48, and Conchoraptor reached
1.19 and 1.67.

The oviraptorosaurians show estimated gape limits much lower than those of

carnivorous theropods tested by Lautenschlager (2015), more like herbivorous thero-
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Figure 4.6: Estimates of the gape angle limit of optimal tension and the maximum
limit of gape for muscle tension in Incisivosaurus gauthieri (A), Citipati osmolskae (B),
Khaan mckennai (C), and Conchoraptor gracilis (D) from a muscle resting length at
a gape angle of 5°. Bar charts show the strain factors of individual modelled muscle
cylinders at optimal and maximum tension limit; anteriormost muscle cylinders suffixed
‘1’, posteriormost suffixed ‘2’. Muscle cylinders (and corresponding bars) are colour
coded yellow and red when exceeding 130% and 170% of resting length respectively,
otherwise green. Note that the anterior mPTv constrains gape in all species apart
from Citipati which is constrained by the anterior mMAMES. Scale bars 50 mm. Muscle
abbreviations given in results section.
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pod Erlikosaurus (optimal tension limit 24.0°;, maximum tension limit 49.0° resting
gape of 6°). It is noted that herbivorous species exhibit lower gape angles than car-
nivorous species (Herring and Herring, 1974; Lautenschlager, 2015), and thus our
estimates of gape angle may be further support for a herbivorous diet among ovirap-
torosaurians (when considered against other theropods). Lautenschlager (2015) notes
that experimental results document gape angle in modern birds can reach angles up
to around 40°. The maximum gape angles estimated for these oviraptorosaurians are
similar to experimental results of gape angle in birds among passerines and Galli-
formes, which can reach around 40° (Zusi, 1967; Lederer, 1975; Hoese and Westneat,
1996; Bout and Zweers, 2001) (though this can be greater in parrots, Carril et al.,
2015)—a functional similarity between the crania of birds and oviraptorids which, be-

yond superficial beaked appearance, are quite dissimilar.

4.4 Discussion

This study is the first attempt at quantifying oviraptorosaurian bite forces. Our esti-
mates show the Oviraptoridae were capable of producing greatly stronger bite forces
than other herbivorous theropods, and those of Incisivosaurus were roughly equal to
ornithomimids of body mass roughly 33 times its size. These results suggest that
oviraptorid oviraptorosaurians (and to a lesser extent earlier diverging oviraptorosauri-
ans such as Incisivosaurus) significantly differed in cranial function from other her-
bivorous theropod groups of both similar and larger size, potentially feeding on very
different foodstuffs. Oviraptorids shared an environment with both ornithomimosaurs
and therizinosaurs, and other additional herbivorous dinosaurs such as ankylosaurs,
hadrosaurs, and sauropods (Funston et al., 2018). The strong bite forces estimated
here could have allowed oviraptorids to acquire and process tougher plant material
than ornithomimosaurs and therizinosaurs. Herbivores of greatly larger body mass
and forms with adaptations towards complex jaw mechanisms or gut processing capa-

bilities (i.e. sauropods, hadrosaurs) could likely also cope with tough vegetation, but
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oviraptorids may have been able to focus on entirely different food sources purely from
the difference in their relative size (focussing on small tough items ignored by larger
forms) and height stratification of material (focussing low to the ground). Their jaw
strength would also feasibly allow them to handle small prey, to supplement a mostly
herbivorous diet, and generally broaden the range of possible food items as a use-
ful tool for both food procurement and initial processing. This adaptability could have
given them a competitive advantage among the potentially sparse vegetation of their
semi-arid environment (Funston et al., 2018).

Suggesting specific food sources is difficult as plant fossils are rare from the
formations associated with the oviraptorids studied here (Jeryzkiewicz et al., 2021).
A key dietary focus of oviraptorids may have been small tough stems, nuts or seeds,
similar to modern parrots (Benavidez et al., 2018). It is also, however, impossible to
satisfactorily compare the two groups as parrot bite forces and body mass differ from
those estimated for oviraptorosaurians by an order of magnitude (Carril et al., 2015).
High bite forces also do not necessitate dietary specialism (i.e. such specificity as mol-
luscivory)—instead, they widen the range of possible food sources with oviraptorosauri-
ans potentially being effective generalists or specialists depending on the environment.
The result that Incisivosaurus has the lowest jaw mechanical advantage, relative bite
force, and highest gape angle may suggest it more retained some plesiomorphic di-
etary adaptation to omnivory/non-herbivorous foodstuffs. Our gape analysis suggests
jaw clearance may limit potential prey items to around 6 cm in maximum transverse
dimensions.

The orbits are large in all four oviraptorosaurian species but the shortened
crania and more anteriorly positioned coronoid eminence of the mandibles in the ovi-
raptorids result in direct muscle paths between origin and insertion intersecting the
presumed space for the eyeball. The muscular reconstructions presented here, with
the mMAMEP, mMAMES, and mPSTs required to curve anteriorly around the presumed

ocular space, are reminiscent of a similar muscular condition in parrots (Hofer, 1950;
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Carril et al., 2015). We reject any parrot-like muscular attachments onto the jugal par-
rots (Hofer, 1950; Carril et al., 2015) as hypothesised in some non-avian dinosaurs
(Holliday, 2009) and assessed in the also superficially parrot-like Psittacosaurus (Tay-
lor et al., 2017); the jugals are very thin and delicate in oviraptorids.

Differences in bite force between Incisivosaurus and the oviraptorids are chiefly
due to different cranial geometries and available space for musculature, rather than
changes in muscular arrangement. The steady increase of bite force estimate with
size in oviraptorosaurians in this study (shown in Fig. 4.6) arises from a fairly consis-
tent muscular arrangement in our reconstructions, though there are some differences.
The only consistent difference of Incisivosaurus compared to the oviraptorids is a rel-
atively slightly weaker mPSTp and mPSTs. The most different in muscle arrangement
is Citipati, in which the mAMEM and mAMES are relatively stronger than the other
oviraptorids and Incisivosaurus. The increased relative contribution of these muscles
to bite force in Citipati is a result of its morphologically distinctive wide, anterodor-
sal-posteroventrally sloping occiput. This places the supratemporal fenestra more an-
teriorly and forms a platform for the mAMEM to be larger and better directed, more
efficiently orientating both the mMAMEM and mAMES to insert on a relatively larger
coronoid process. This is combined with a wider adductor chamber allowing relatively
larger musculature, especially expansion of the mAMES which originates from a more
robust and concave supratemporal bar with a large amount of space to fill between
this origin and its broad insertion on the mandible. Citipati shows the largest increase
in bite force (relative to cranial surface area, see Table 4.2) compared with the early
diverging Incisivosaurus out of the three oviraptorids, and therefore the greatest esti-
mated bite force due to its larger body mass. The increased size and efficiency of the
muscles within the adductor chamber in Citipati, especially the mAMEM and mAMES,
results in the comparatively lower contribution of the mPTv to bite force, with the mPTv
also positioned less vertically. However, the extent of the mPTv is more difficult to

reconstruct as it is less surrounded by bony constraints both medially and laterally
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around the mandible and is only in substantial contact with the volume of the mPTd.
The mPTv volume was reconstructed by growing the basic shrinkwrapped volume to
a similar degree as the other muscle volumes were able to be expanded before they
were constrained by adjacent muscles, without making the mPTv substantially thicker
than its origin area. This resulted in a realistic volume that we estimate as relative
strong but could feasibly have been even larger in size.

Oviraptorids (and caenagnathids) have a craniomandibular joint which would
have allowed anteroposterior sliding (Holliday, 2009; Ma et al., 2017; Ma et al., 2020b;
Nabavizadeh, 2020b). For anteroposterior movement of the mandible to take place,
the origin and insertion of the jaw adductor muscles must be off a vertical line (Funston
and Currie, 2014; Nabavizadeh, 2020b). Most adductor muscles (MAME and mPST
groups) have a posterodorsal line of action. The condition in Citipati differs from the
other oviraptorids as the mAME group, which contributes the most to bite force, is more
vertically orientated and the only muscles positioned off the vertical in an opposing an-
terodorsal line, the mPT group, are relatively much weaker than the other oviraptorids.
This positions the mAME less for palinal motion of the jaw and the mPT would produce
a weaker returning forward motion, potentially indicating Citipati had a stronger vertical
crushing bite with less emphasis on anteroposterior grinding jaw movement. In addi-
tion to body size, this could hint at an element of niche partitioning resulting from jaw
function between Citipati and co-occurring oviraptorids like Khaan.

No crania of the other key group within Oviraptorosauria, the Caenagnathi-
dae, are well enough preserved to undertake the same kind of digital myological and
biomechanical analyses possible for the species studied here. Essentially no mate-
rial representing the muscle origin sites identified in this study has been described for
caenagnathids but there is a good availability of mandibular specimens (Funston and
Currie, 2014; 2016; Lamanna et al., 2014; Ma et al., 2017; Funston et al., 2020a).
Caenagnathid mandibles are typically elongate and slender compared to oviraptorid

mandibles. The surangular and angular of caenagnathids are less tall and surround
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a large external mandibular fenestra which is less anteriorly positioned, providing rel-
atively less available space for musculature to insert. Any coronoid eminence is low
or absent, presumably reducing the mechanical advantage of the mAME and mPST
muscle groups in a condition contrary to the dorsally projecting coronoid eminence of
the oviraptorids which increases mechanical advantage. Nevertheless, the jaw adduc-
tor musculature of the caenagnathids mandible likely inserted onto similar positions
(Nabavizadeh, 2020b; Figure 4L of Holliday, 2009) as oviraptorids. The recognition
of a lateral flange on the dentary of Anzu and Gigantoraptor (Lamanna et al., 2014)
has been compared with a similar feature interpreted as an adductor insertion site in
dicynodonts (King et al., 1989) (which have mandibles similar to oviraptorosaurians, ca-
pable of anteroposterior sliding movement) but a similar attachment site laterally onto
the dentary of caenagnathids would position the mAMES insertion much more anteri-
orly than that reconstructed here in oviraptorids, likely unrealistically forward relative to
the orbit and adductor chamber.

The diet of caenagnathids has been suggested to be more carnivorous than
oviraptorids (Zanno and Makovicky, 2011; Funston and Currie, 2016; Ma et al., 2020a;
2020b). Several caenagnathids mandibles show a sharp, upturned tip and the lower
mechanical advantage of their jaws would result in a weaker but quicker jaw open-
ing/closure compared to oviraptorids, a possible adaption for catching mobile prey of
a small body size as part of a carnivorous or omnivorous diet (Zanno and Makovicky,
2011; Funston and Currie, 2016; Ma et al., 2020b). Herbivory focussing on softer
plant material than that consumed by oviraptorids (Longrich et al., 2013) has also been
suggested, though caenagnathids appear to lack features positively adapted towards
herbivory. However, exceptions such as the huge Gigantoraptor, the mandible of which
appears short and deep as in those of oviraptorids (the cranium is unknown) (Ma et
al., 2017), imply a mix of feeding styles and niche partitioning within Caenagnathidae,
with adaption among some caenagnathids towards high bite forces as in Oviraptoridae.

Lack of material makes clear statements difficult.
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It is worth noting that oviraptorid dinosaurs were toothless and likely pos-
sessed keratinous beaks. The morphology of rhamphothecae would affect our esti-
mates of bite force, changing bite position and mechanical advantage. The premax-
illa and dentary shape of Oviraptoridae is variable and beak shapes within the group
are also likely to have varied. However, it is uncertain how closely the rhamphotheca
would have followed underlying bone and reconstruction of this covering’s morphology

is problematic.

4.5 Conclusion

Muscular reconstructions show oviraptorosaurian dinosaurs were capable of produc-
ing relatively strong bite forces, potentially being predominantly herbivorous general-
ists or specialists depending on the environment. Cranial shortening and expansion
of muscle space in oviraptorids increased bite force compared with early diverging
oviraptorosaurians, but muscular arrangement remained fairly conservative, differing
more within Oviraptoridae itself (Citipati differed more from its fellow oviraptorids in the
relative contribution of different muscles to bite force than did Incisivosaurus).

Our results suggest herbivorous theropods (including oviraptorids) were niche
partitioned by both body size, but also clearly by cranial function. Bite forces vary
greatly more between oviraptorids and therizinosaurs (and ornithomimosaurs) than do
estimated gape limits, and thus were likely the more important niche partitioning com-
ponent of cranial function.

These results will serve as an ideal stepping off point for further investigation
into the cranial functional morphology of oviraptorosaurians, using the retrodeformed
specimens and reconstructed muscle force vectors to inform finite element analyses
to compare patterns of stress and strain. This is explored in the following chapter
and reveals more information about the specific ways oviraptorosaurian crania were

adapted to utilise their relatively strong bite.
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5 Diversity of cranial function in
Oviraptorosauria as revealed by
biomechanical analyses

My contribution to this chapter involved leading all parts of the research, including
data collection, analysis, interpretation of results, as well production of the manuscript,
figures, and tables. Feedback was given on interpretation of results and drafts of the

manuscript by S. Lautenschlager.

5.1 Introduction

The study presented in Chapter 3 has indicated that the cranial shape of Oviraptoridae
was a structure better adapted to resist bending forces when compared with crania
from other theropod dinosaurs of varying dietary guilds. Chapter 4 has shown that cra-
nial shortening and expanded space for musculature also suggests oviraptorids had
the ability to produce much greater bite force for their body size, compared with other
theropods suggested to be herbivorous (Meade and Ma, 2022). This chapter explores
further how they may have been using their powerful jaws and the influence of their
strengthened jaw adductor musculature on their crania by using finite element analy-
sis (FEA) in combination with the jaw muscle force estimates calculated in Chapter 4
(Meade and Ma, 2022).

Well-informed FEA scenarios using appropriate material properties, functional
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loading conditions, and accurate and detailed 3D meshes can replicate stress-strain
patterns resulting in bone from loading (Rayfield, 2007; Bright and Rayfield, 2011).
Operating under the framework that skeletal morphologies are adapted through evo-
lutionary shape change and bone remodelling (Wolff, 1892; Huiskes et al., 2000; Ruff
et al., 2006) towards energetic efficiency and strength in mechanical function, we can
use FEA to test hypotheses of function and compare functional morphology between
species (Richmond et al., 2005; Dumont et al., 2009). Feeding and diet in fossil taxa
have been explored by using FEA to model feeding forces on crania in a wide variety
of tetrapod groups (Rayfield, 2007). This has proved a useful method for comparing
palaeoecology, particularly in investigating and comparing feeding in extinct herbivo-
rous dinosaur groups (Button et al., 2014, 2016; Lautenschlager et al., 2016; Taylor et
al., 2017) and other herbivorous archosaurs (Bestwick et al., 2021).

As discussed in Chapter 2 (Section 2.1.1.), simplifications are a necessity of
modelling functional scenarios using FEA (Rayfield, 2007; Herbst et al., 2022). For
example, modelling of bone sutures and the chondrocranium, and variation in bone
material properties — including anisotropy and modelling of both cortical and trabecu-
lar bone — can affect FEA results (Herbst et al., 2022). Exact material properties of
bone in extinct taxa are unknown and we cannot use FEA to reliably predict absolute
stress-strain values (Rayfield, 2007; Bright and Rayfield, 2011). Instead, compara-
tive approaches can be taken with phylogenetically closely related taxa which can be
presumed to vary less in bony material properties and structure to test hypotheses of
function on relevant parts of their skeleton.

Here, | test the hypothesis that the oviraptorid cranium will be able to resist
the stresses produced by comparatively strengthened adductor musculature, and ex-
perience at least similar stress magnitudes as other theropod taxa undergoing muscle
driven bites. The loading scenarios of Chapter 3 were important from a perspective of
cranial architecture, revealing the comparative strength of the oviraptorid cranium (in

response to bending) and how their crania funnel stresses away from their most deli-
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cate areas, further evidencing their unique cranial functional morphology was adapted
for high bite forces. However, the tests were limited in ecological relevance. This
chapter will present FEA scenarios modelling muscle driven bites in three oviraptorid
species: Conchoraptor, Citipati, and Khaan. The early diverging oviraptorosaurian,
Incisivosaurus, is also tested, and all four oviraptorosaurians are compared with the
carnivorous theropod Allosaurus, and herbivorous theropods Erlikosaurus and Or-
nithomimus, each of which has a more conventional theropod cranial shape. The other
theropods the oviraptorosaurians are compared were limited to non-avian theropods.
This kept the comparison free of additional adaptations encountered in groups like birds
in which a substantial degree of cranial kinesis or bone adaptation for other functions
(bone reduction for flight) might impair a comparative akinetic approach using identical
material properties.

The FEA scenarios modelling different bite positions aim to reveal how dif-
fering muscle arrangements and strengths interact with the different theropod cranial
shapes to determine how the species studied may have actually used their jaws. Dif-
fering performance between bite positions may give clues towards comparative func-
tional ecology in Oviraptoridae. Comparatively lower stresses from a posteriorly posi-
tioned/palatal bite point may support the kind of crushing bite linked with durophagy
(Barsbold, 1976a; Currie et al., 1993). Lower stresses at anteriorly positioned/rostral
bite points may more suggest leaf eating (Smith, 1992) or a parrot-like ‘nipping’ bite
(Funston et al., 2018; Ma et al., 2020b). Equal performance across a range of bite
points may indicate more generalist function/diet.

In addition to intrinsic muscle driven biting scenarios, | test several extrinsic
loading scenarios simulating head movements related to feeding that would have been
driven by postcranial musculature (similar to Lautenschlager et al., 2013; McCurry et
al.,, 2015; and Montefeltro et al., 2020). These were designed to assess how the
oviraptorosaurian cranium responds to bending forces more beyond the sagittal plane,

in a similar directly comparative way to the bending tests in Chapter 3 using loads
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scaled to cranial surface area.

Comparisons will be drawn between each species’ cranium by qualitatively
comparing contour plots of von Mises stress, quantitatively comparing mean and peak
von Mises stress, and total strain energy, and through a holistic comparison of the
range of cranial deformation they experience from this array of biting and extrinsic
scenarios. The expectation is that species with more specialist cranial function may be
adapted to limit deformation in fewer scenarios and those feeding in a more varied or
generalist way will experience a lesser range of deformations.

Finally, the influence of a keratinous rhamphotheca covering the beak on
the strength and performance of the oviraptorid cranium is tested and its effects are
compared with other similar studies (Erlikosaurus, Lautenschlager et al., 2013; Or-
nithomimus, Bestwick et al., 2021). | assess if its stress-reducing effect is as limited as
in these other studies, and how much its effect may have influenced cranial morpho-

logical evolution in oviraptorids.

5.2 Methods

The FE scenarios were created in Hypermesh and use the same models as described
in Chapters 3 (see Table 3.1 therein) and 4. The same material properties were used
as in Chapter 3 (bone: extant alligator mandibles (E = 20.49 GPa, v = 0.40; Zapata
et al., 2010; Lautenschlager et al., 2013); teeth: crocodile teeth (E = 60.40 GPa, v =
0.31; Creech, 2004; Reichel, 2010; Lautenschlager et al., 2013). Four nodes on each
quadrate articular surface and three nodes on the posterior of the occipital condyle
were constrained in all directions. One or two nodes (to model unilateral and bilateral
biting respectively) were constrained on the anterior, middle, or posterior of the palate
in the vertical (Z) axis (same locations as in the bending test of Chapter 3). The effect
of constraining different axes at the bite points was sensitivity tested and is presented
in Appendix C (Fig. C.1). Force vectors were applied for each cranial muscle modelled

in Chapter 4 (Meade and Ma, 2022), divided across eight nodes on their origin site
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totalling the estimated contraction force of each muscle on each side.

A number of further scenarios using extrinsic loading were created to model
a head-pull, head-shake, and a head-twist motion (similar to Montefeltro et al., 2020)
to additionally test the performance of the crania in ways that may be relevant to feed-
ing, driven by postcranial musculature. The pull scenario comprised two anteriorly di-
rected loads on the lingual surface of the beak tip/front teeth. The shake scenario com-
prised two loads directed right laterally, one on the medial edge of the right mid-palate
tooth/beak rim and one on the opposite lateral edge of the left. The twist scenario
comprised a dorsally directed load on the bottom of the right mid-palate tooth/beak
rim, and another load ventrally directed at a node corresponding to the region of the
premaxilla/maxilla directly above the same point on the opposite side. Models were
constrained at the quadrate and occipital condyle for these extrinsic scenarios. Extrin-
sic loads for pulling, shaking, and twisting scenarios were based on loads from Chapter
3, similarly scaled to cranial surface area but halved in value, as this produced mean
von Mises stresses in the pull, shake, and twist scenarios of similar magnitude to the
muscle driven intrinsic bite FEA scenarios. This was important so as not to have ei-
ther the intrinsic or extrinsic scenarios dominating when the deformations from each
scenario were compared using principal component analysis.

Additionally, cranial models assessing the influence of a keratinous rham-
photheca covering the beak of the oviraptorids on the distribution and magnitude of
stress in their crania were also tested using material properties from bird beaks (E
= 1.04 GPa, v = 0.40) (Chen et al., 2008; Lautenschlager et al., 2013). Keratinous
rhamphotheca were constructed for Citipati, Conchoraptor, and Khaan with a thickness
scaled to their cranial lengths (keratin thickness in Citipati was 2 mm; Conchoraptor 1.1
mm; Khaan 1.5 mm). These models were primarily tested with bilateral and unilateral
muscle driven bites at the anterior and mid-palate (as the posterior bite position would
not be covered by the keratin sheath). The effect of a different, longer rhamphotheca

morphology was tested for those oviraptorids with a pointed premaxilla (Conchorap-
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tor and Khaan) and the influence of the rhamphotheca on the pull, shake, and twist
scenarios was also tested but these will be presented in Appendix C (Fig C.2 and C.3).

The FE models were imported into Abaqus for solving. Contour plots showing
stress distribution are figured using the Viridis colour scheme to enhance interpretation
and accessibility (Lautenschlager, 2021). When comparing resulting von Mises stress
quantitatively through assessing peak stress and calculating means from exported re-
ports of the von Mises stress values at every element node for each FEA scenario,
the top 5% of nodal stress values were excluded to account for artificially high stress
values from point loads and nodal constraints, similarly to as described in Chapter 3
(see also Walmsley et al., 2013; Marcé-Nogué et al., 2016; Tseng and Flynn, 2018;
Montefeltro et al., 2020).

Cranial models of the resulting deformation (increased by a factor of 25 for all
models) from the anterior, mid-palate, and posterior muscle driven bites (bilateral and
unilateral), the pulling, shaking, and twisting scenarios (using extrinsic loads scaled
to cranial surface area), along with an undeformed cranial model, were exported for
each species (total of 10 per taxon). A comparison of the variance in deformation
each taxon experienced between the different FEA scenarios was then conducted.
A Python script imported each deformed cranial model mesh (and the original unde-
formed mesh for comparison) into Blender (version 2.79), uniformly scaled them based
on their longest dimension (length in all cases), and shrinkwrapped a subdivided spher-
ical mesh around their shape (Manning, 2021). The positions of the faces of this sphere
mesh, once shrinkwrapped, could be used as landmark coordinates to represent the
different deformed cranial model shapes they covered, exporting a set of coordinates
for each of the 70 cranial models.

This coordinate data was then subjected to a Procrustes superimposition in
PAST (Hammer et al., 2001). Using this Procrustes transformed data, the variance in
deformation within each taxon was plotted in PAST using principal component analysis

(PCA). This visualised which taxa were represented by a greater spread of deformation
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resulting from the different FEA scenarios. The range of deformations within each
taxon may indicate how well their cranial functional morphology is adapted to limit
deformation across multiple scenarios (or not) — the relative positions of the different

taxa on the PCA plot space has little function meaning.

5.3 Results

5.3.1 Muscle-driven bites

All oviraptorids show consistent stress hotspots across all bite positions in the supratem-
poral bar and squamosal, palatine, region of quadrate—pterygoid contact, and the ante-
rior half of vomer (Fig. 5.1). There are noticeable hotspots at the bite points on the pre-
maxilla in the anterior and mid-palate scenarios, exacerbated by the nature of a single
node being constrained; the main body of the premaxilla shows very little stress. The
oviraptorids show some degree of stress in the processes of the premaxilla above the
antorbital fenestrae. There is also some stress consistently in the anteroventral parts of
the braincase, near and including the epipterygoids, and in the thin parasphenoid ros-
trum of all oviraptorosaurians (including Incisivosaurus) — though this structure may
not have been well ossified.

The bottom of the lacrimal in the mid-palate unilateral and posterior bilateral
and unilateral biting scenarios in Conchoraptor and Khaan shows a similar stress
hotspot (Fig. 5.1C-F and 5.2B,C,E,F) (likely from parts of this region being recon-
structed from Khaan in the Conchoraptor retrodeformation). The nasal process of the
premaxilla generally shows very little stress in the oviraptorids, only to a small degree
in Conchoraptor under anterior and posterior biting (Fig. 5.1A,C). The parietals vary in
stress among the oviraptorids; low in Conchoraptor, medium in Khaan, higher in Citi-
pati, and consistent across bite point scenarios. The maxillae show fairly high stress in
all bite points for Citipati (Fig. 5.1G—l), unlike other oviraptorids. This is the area where

stress is especially exaggerated by unilateral mid-palate bites in Conchoraptor (Fig.
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Figure 5.1: Von Mises stress (MPa) contour plots from FEA using bilateral bite point
constraints and intrinsic muscle forces in cranial models of oviraptorosaurians Con-
choraptor (A—C), Khaan (D-F), Citipati (G—I), and Incisivosaurus (J-L). Constraints at
bite points shown by small blue arrows at the anterior of the beak/teeth (A, D, G, J), the
middle tooth/lateral edge of beak (B, E, H, K), or the posterior teeth/ tooth-like projec-
tion on oviraptorid palate (C, F, I, L). All scale bars on the right are 50 mm.
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5.2B) and especially Citipati (Fig. 5.2H), with essentially the entire region surrounding
the antorbital fenestrae experiencing high stresses. The unilateral mid-palate bite is
also the only scenario where an oviraptorid, Citipati, shows high stresses in the nasal
(Fig. 5.2H) (and the contribution of the premaxilla to the nares).

Stress is noticeably lower in Incisivosaurus (Fig. 5.1J-L) compared with the
oviraptorids but is likewise characterised by stress around the supratemporal bar and
squamosal, and the region of the pterygoid—quadrate contact. The nasals and lacrimals
show some degree of stress in anterior biting (Fig. 5.1J), while in mid-palate and pos-
terior biting stress is more present on the interfenestral bar of the maxilla, the lacrimal,
and the postorbital bar (Fig. 5.1K,L). Unilateral biting chiefly exaggerates stresses in
the interfenestral bar of maxilla and the lacrimal in the mid-palate and posterior scenar-
ios (Fig. 5.2K,L), but only by a small amount. Unlike the oviraptorids, the more robust
jugal consistently shows low stress. When constrained at the prominent front teeth for
an anterior bite, the teeth show fairly low stress (Fig. 5.1J and 5.2J). The premaxillae
show negligible stress in all bite scenarios.

Allosaurus shows consistent stress at the lacrimal, quadrate, pterygoid, small
regions of squamosal and parietal, palatine, jugal, and postorbital bar (Fig.5.3A-C).
Anterior biting also stresses the premaxilla and nasal around the anterior and dorsal
edge of the nares (Fig. 5.3A). Anterior and mid-palate biting stresses the maxilla near
its contact with the nasals at the dorsal edge of the antorbital fenestra (Fig. 5.3A,B).
Posterior biting creates an especially large stress concentration on lacrimal (Fig. 5.3C).
Stress increases between bilateral and unilateral scenarios are most noticeable in the
mid-palate bite, with increased stress surrounding all areas of the antorbital fenestra
(Fig. 5.4B).

Erlikosaurus shows consistent stress in the quadrate, supratemporal bar, pari-
etal, jugal, and maxilla (Fig. 5.3D—F). Anterior biting particularly also stresses the pre-
maxilla and nasal (Fig. 5.3D). Unilateral biting gives slightly more intense stress values

in the premaxilla in anterior biting (Fig. 5.4D), and in the maxilla with mid-palate and
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Figure 5.2: Von Mises stress (MPa) contour plots from FEA using a unilateral bite
point constraint and intrinsic muscle forces in cranial models of oviraptorosaurians Con-
choraptor (A—C), Khaan (D-F), Citipati (G—I), and Incisivosaurus (J-L). Constraints at
bite points shown by a small blue arrow at the anterior of the beak/teeth (A, D, G, J),
the middle tooth/lateral edge of beak (B, E, H, K), or the posterior teeth/ tooth-like pro-
jection on oviraptorid palate (C, F, I, L). All scale bars on the right are 50 mm.
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Figure 5.3: Von Mises stress (MPa) contour plots from FEA of bilaterally bite point con-
straints and intrinsic muscle forces in cranial models of Allosaurus (A—C), Erlikosaurus
(D—F), and Ornithomimus (G-I). Constraints at bite points shown by small blue arrows.
Note Ornithomimus is figured at a different stress scale magnitude due to much lower
stresses resulting from weaker jaw adductor muscle forces. All scale bars on the right
are 50 mm.

posterior bites (Fig. 5.4E,F). Stresses in Ornithomimus are much lower than the other
species, due to tiny jaw adductor muscle forces, hence is figured at a different stress
scale magnitude (Fig. 5.3 and 5.4). Areas of higher stress are localised to the quadrate
in all scenarios (Fig. 5.3G-l), the bite point and nasal arch in anterior bites (Fig. 5.3G),
and the region surrounding the antorbital fenestra in mid-palate and posterior bites (Fig.
5.3H,l). There are only minor differences between stresses from bilateral and unilateral
biting.

The oviraptorid oviraptorosaurians generally experience greater mean and
peak von Mises stress and total strain energy in all bite positions compared to the
other theropods (Fig. 5.5) (Table. 5.1). Mean stress is consistently greatest in Citipati
and then Khaan. The oviraptorid with the lowest mean stress is Conchoraptor which is

fairly equal to that of Erlikosaurus (though peak stress and total strain energy are gen-
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Figure 5.4: Von Mises stress (MPa) contour plots from FEA of a unilateral bite
point constraint and intrinsic muscle forces in cranial models of Allosaurus (A—C), Er-
likosaurus (D—F), and Ornithomimus (G—Il). Constraints at bite points shown by a small
blue arrow. Note Ornithomimus is figured at a different stress scale magnitude due to
much lower stresses resulting from weaker jaw adductor muscle forces. All scale bars
on the right are 50 mm.

erally higher in Conchoraptor); both experience greater mean von Mises stress under
biting than early diverging oviraptorosaurian Incisivosaurus. Allosaurus experiences
the second lowest mean stress while Ornithomimus is notably the least, the result of
comparatively very weak musculature.

Allosaurus is the only species to have notably less stress in the posterior bites
compared with the other locations. Citipati is unique in that the posterior bite point pro-
duced noticeably greater mean stress than the other bite points. Mean stress tends
to be slightly greater in unilateral biting scenarios compared with bilateral, though this
is mostly noticeable in mid-palate bites and more of an effect in the oviraptorids com-
pared with Incisivosaurus and the other theropods. The greatest difference between
a bilateral and unilateral bites occurs with the Citipati mid-palate bite position, where

unilateral biting causes a much-increased value of mean stress.
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Figure 5.5: Mean values (points) and whiskers showing first quartile, median, and third
quartile of von Mises stress (MPa) from FEA of three bilateral and unilateral biting
positions using intrinsic muscle forces on cranial models of oviraptorosaurians (white
background) Conchoraptor, Khaan, Citipati, and Incisivosaurus, along with other thero-
pod dinosaurs (grey background) Allosaurus, Erlikosaurus, and Ornithomimus. Note
the greater mean stress in the oviraptorosaurians, especially in Citipati, and the great
difference between bilateral and unilateral stress response in the Citipati mid-palate
bite. The top 5% of values were excluded in each dataset to account for artificially high
stress values from point loads and nodal constraints. Outlines of oviraptorosaurian cra-
nia are the same relative scale; other theropods are not.
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Table 5.1: Comparative von Mises stress and total strain energy results from the
analyses modelling bilateral and unilateral muscle driven bites and three extrinsic
scenarios modelling neck muscle driven feeding movement in cranial models of ovi-
raptorid oviraptorosaurians Conchoraptor, Khaan, Citipati, along with early diverging
oviraptorosaurian Incisivosaurus, and Allosaurus, Erlikosaurus, and Ornithomimus —
theropods with more conventional skull morphology. * The top 5% of values are ex-
cluded in each dataset to account for artificially high stress values from point loads and
nodal constraints. tTotal strain energy values reported have undergone an additional
correction factor as strain energy scales with volume rather than surface area (Dumont
et al., 2009).

Bilateral bite Unilateral bite Extrinsic loading
Mean Peak Total Mean Peak Total Mean Peak Total
element element strain element element strain element element strain
stress* stress™ energyt stress* stress™ energyt stress* stress* energyt
(MPa) (MPa) (mJ) (MPa) (MPa) (mJ) (MPa) (MPa) (mJ)
Conchoraptor
Anterior 1.39 4.39 210 1.39 4.43 2.20 Pull 0.39 1.92 0.85
Mid-palate 1.36 4.41 2.18 1.42 4.91 2.55 Shake 1.80 6.43 3.82
Posterior 1.41 4.85 2.70 1.40 4.86 2.87 Twist  0.51 2.01 0.34
Khaan
Anterior 1.53 4.54 3.43 1.53 4.58 3.54 Pull 0.34 1.79 0.43
Mid-palate 1.50 4.50 3.39 1.57 488 3.85 Shake 1.77 6.21 4.87
Posterior 1.54 4.90 3.98 1.53 4.91 4.16 Twist  0.43 1.49 0.32
Citipati
Anterior 1.89 5.92 4.00 1.91 6.02 4.20 Pull 0.35 1.67 0.28
Mid-palate 1.94 6.03 4.31 2.13 6.82 5.66 Shake 1.83 6.68 4.52
Posterior 2.02 6.47 4.93 2.00 6.46 5.28 Twist  0.62 2.04 0.44
Incisivosaurus
Anterior 1.16 3.26 1.61 1.15 3.27 1.62 Pull 0.69 2.65 0.70
Mid-palate 1.08 3.29 1.63 1.09 3.55 1.83 Shake 2.10 8.52 9.10
Posterior 1.13 3.55 1.87 1.15 3.90 2.21 Twist  0.46 1.75 0.36
Allosaurus
Anterior 0.78 2.33 1.28 0.78 3.35 1.31 Pull 0.51 2.15 0.79
Mid-palate 0.77 2.34 1.26 0.79 2.56 1.43 Shake 1.63 6.27 9.79
Posterior 0.63 2.26 1.18 0.67 2.63 1.60 Twist  0.50 1.53 0.47
Erlikosaurus
Anterior 1.430 4.20 1.58 1.42 4.29 1.63 Pull 1.00 3.96 0.89
Mid-palate 1.31 4.08 1.42 1.33 4.32 1.56 Shake 3.51 12.4 10.1
Posterior 1.44 4.60 1.73 1.39 4.89 1.99 Twist  0.86 3.61 0.82
Ornithomimus
Anterior 0.25 0.78 0.07 0.25 0.80 0.07 Pull 0.95 4.34 1.34
Mid-palate 0.24 0.78 0.06 0.24 0.83 0.07 Shake 3.36 13.0 14.3
Posterior 0.23 0.88 0.08 0.23 0.90 0.09 Twist  1.04 5.18 1.63

5.3.2 Extrinsic head-pull, head-shake, and head-twist loading

Under the head-pull scenario, oviraptorosaurians experience stress chiefly in the vomer,

palatine, pterygoids and jugal (Fig. 5.6A-D). Incisivosaurus differs from the oviraptorid
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oviraptorosaurians by having more stress at the site of the applied pulling loads (the
prominent front teeth, compared with the edentulous premaxilla of the oviraptorids) and
a more stressed premaxilla and nasal (Fig. 5.6D).

Allosaurus is also stressed at the teeth, palatines, pterygoids, and jugals dur-
ing pull, but also stressed at the ectopterygoids and quadratojugals (Fig. 5.6M). Er-
likosaurus experiences stress across all ventral cranial elements, especially premax-
illa, maxilla, jugals, palatines, and quadratojugals, and noticeable stress in the nasals
(Fig. 5.6N). Ornithomimus shows the greatest stresses, evidence its low stresses from
the bite scenarios are the result of weak jaw adductor musculature and not adapta-
tion towards cranial stress resistance. These are most concentrated on the premax-
illa, maxilla, vomer, palatines, jugals and quadratojugals of Ornithomimus (Fig. 5.60),
along with dorsal stresses around the nares and nasal.

In the head-shaking scenario, which generally causes higher stresses than
the other two extrinsic scenarios, the oviraptorids are typically most stressed at the
pterygoid, jugal, quadratojugal, palatine, vomer, and the anteroventral areas of the
braincase (Fig. 5.6E—G). Areas of the premaxilla dorsal to the antorbital fenestra are
also highly stressed but less so in Citipati (Fig. 5.6G). The postorbital bar is more
stressed in Khaan (Fig. 5.6F) than in Conchoraptor or Citipati. Incisivosaurus has
stress distributions similar to the oviraptorids but greater magnitudes in the squamosal
and lacrimal, and less on the vomer (Fig. 5.6H).

The non-oviraptorosaurian taxa are mostly stressed at the maxilla, jugal, vomer,
palatine, quadratojugal, and pterygoid (Fig. 5.6P—R). The skull roof is much more
stressed in Erlikosaurus and Ornithomimus (Fig. 5.6Q,R) than Allosaurus (Fig. 5.6P)
and the oviraptorosaurians (Fig. 5.6E—H); both Erlikosaurus and Ornithomimus expe-
rience high stresses over much of skull roof and the lacrimal (Fig. 5.6Q,R).

With the head-twisting scenario, the oviraptorids typically show elevated stress
at the contribution of the premaxilla to the dorsal edge of the antorbital fenestra and

near the contacts of the lacrimal, jugal and maxilla (Fig. 5.61-K). Citipati and Khaan
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Figure 5.6: Von Mises stress (MPa) contour plots from FEA modelling head pull-back
(A-D, M-0), head shaking (E-H, P-R), and head twisting (I-L, S—-U) feeding sce-
narios using extrinsic applied loads (scaled to cranial surface area) on cranial mod-
els of oviraptorosaurians Conchoraptor (A,E,l), Khaan (B,FJ), Citipati (C,G,K), and
Incisivosaurus (D,H,L), along with other theropod dinosaurs Allosaurus (M,P,S), Er-
likosaurus (N,Q,T), and Ornithomimus (O,R,U). All scale bars are 50 mm.
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(Fig. 5.6J,K) also show some stresses at the delicate bony struts of their nasals. Inci-
sivosaurus is similar to oviraptorids, but also with slightly elevated stress on the pos-
torbital bar (Fig. 5.6L).

In Allosaurus, the twisting load appears to slightly elevate stress in the maxilla
and lacrimal (Fig. 5.6S). Erlikosaurus also mainly experiences stress in the maxilla
and lacrimal but also the jugal, nasal, frontal, and supratemporal bar (Fig. 5.6T). Or-
nithomimus exhibits clearly increased stress around the entire region of the antorbital
fenestra, and some posteriorly around the braincase (Fig. 5.6U).

Oviraptorid oviraptorosaurians perform well in the head-pull scenario and to
a slightly lesser extent in the twist-scenario (reversed in Incisivosaurus), generally
displaying a lower mean stress in one or both scenarios compared with the other
theropods (Fig. 5.7). Pull is the lower of these two scenarios in the oviraptorids and
Ornithomimus, twist is the lower in Incisivosaurus and Erlikosaurus; the two are even
in Allosaurus. The lowest values for the pull and shake scenarios are found in Con-
choraptor and Khaan. All three oviraptorids, Citipati and Khaan especially, have very
low mean and peak stress with the pull scenario (Fig. 5.7) (Table. 5.1). Values for
pull and shake in Incisivosaurus are generally intermediate between the oviraptorids
and the other theropods (Fig. 5.7) and it performs second best in the twisting scenario.
The shake scenario produces by far the greatest mean von Mises stress of any of
the extrinsic scenarios in every species; it is lowest in Allosaurus, but only marginally
greater in the four oviraptorosaurians, and notably greater in Ornithomimus, followed

by Erlikosaurus (Fig. 5.7).

5.3.3 Deformation comparison and rhamphotheca stress reduction

The geometric range of deformation produced by the different FEAs for each of the
oviraptorosaurian taxa is typically greater than in each of the non-oviraptorosaurian
theropods (Fig. 5.8). Citipati displays the largest range of deformation as shown in the

PCA, the range of deformation in Conchoraptor is lesser, and deformations in Khaan
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Figure 5.7: Mean values (points) and whiskers showing first quartile, median, and third
quartile of von Mises stress (MPa) from FEA modelling head pull-back (red), head
shaking (yellow), and head twisting (blue) feeding scenarios using extrinsic applied
loads (scaled to cranial surface area) on cranial models of oviraptorosaurians (white
background) Conchoraptor, Khaan, Citipati, and Incisivosaurus, along with other thero-
pod dinosaurs (grey background) Allosaurus, Erlikosaurus, and Ornithomimus. The top
5% of values were excluded in each dataset to account for artificially high stress val-
ues from point loads and nodal constraints. Outlines of oviraptorosaurian crania are
the same relative scale; other theropods are not.
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Figure 5.8: Principal component plot showing the range of deformation seen in
FEA scenarios on cranial models of oviraptorosaurians Conchoraptor (purple), Khaan
(blue), Citipati (green), Incisivosaurus (yellow), and other theropods Allosaurus (black),
Erlikosaurus (grey), and Ornithomimus (brown). The FEA scenarios plotted comprise
anterior, mid-palate, and posterior muscle driven bites (bilateral and unilateral), the
pulling, shaking, and twisting scenarios (using extrinsic loads scaled to cranial surface
area), along with an undeformed cranial model (plotted with a square), for a total of ten
points per species. The position of taxa in relation to each other on the PCA has lit-
tle functional importance, only the degree of variance between the points representing
each taxon. Citipati exhibits the largest range of deformations. Principal component 1
explains 75.5% variance, principal component 2 explains 13.4% variance. Outlines of
oviraptorosaurian crania are the same relative scale; other theropods are not.
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Figure 5.9: The difference in mean values of von Mises stress (MPa) in cranial models
of Conchoraptor, Khaan, and Citipati which either did not (circle point) or did (triangle
point) include a keratinous rhamphotheca to the beak in FEA using bilateral (left graph)
and unilateral (right graph) bite point constraints and intrinsic muscle forces. Note
the small and consistent decrease in mean stress in all scenarios as the keratinous
covering only decreased stress in its immediate proximity in the cranium. The top 5%
of values were excluded in each dataset to account for artificially high stress values
from point loads and nodal constraints. Outlines of crania are the same relative scale
and show the extent of the reconstructed rhamphotheca.
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Figure 5.10: Von Mises stress (MPa) contour plots from FEA using bilateral bite point
constraints and intrinsic muscle forces in cranial models of oviraptorosaurians Con-
choraptor (A-D), Khaan (E-H), and Citipati (I-L) modelled without (A,C,E,G,|,K) and
with (B,D,F,H,J,L) a keratinous rhamphotheca covering the beak. Constraints at bite
points shown by small blue arrows at the anterior of the beak (A,B,E,FIl,J) and the lat-
eral edge of beak (C,D,G,H,K,L). All scale bars on the right are 50 mm.
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and Incisivosaurus show a similar degree of spread, less than the other two ovirap-
torosaurians. The taxa showing the smallest ranges in deformation are Erlikosaurus
and Allosaurus. Ornithomimus has a variance of deformation of a similar degree to that
of Conchoraptor. The position of taxa in relation to each other on the PCA has little
functional importance, only the variance among the points representing each taxon,
derived from the different FEA scenarios.

A modelled keratinous rhamphotheca covering part of the premaxilla in Con-
choraptor, Khaan, and Citipati was shown to consistently reduce mean von Mises
stress in bilateral and unilateral bites at the anterior and middle of the palate (Fig.
5.9). However, this reduction appears to result from stress reduction only directly be-
neath the area covered by the rhamphotheca, and in some minor degree to areas
immediately posterior to it (no further posterior than the middle of the orbit), chiefly in
the premaxilla and lacrimal (Fig. 5.10). It appears stress in the posterior of the cranium
could be slightly increased in the squamosal by the presence of the rhamphotheca
(Fig. 10G—H,K-L) in Khaan and Citipati, an effect that is more pronounced when a
rhampotheca is modelled in unilateral biting scenarios (see Appendix C, Fig. C.4).

Results of including the rhamphotheca were similar between bilateral and uni-
lateral biting, and with the pull, shake and twist scenario. Only the von Mises stress
contour plots from the anterior bilateral biting scenario are figured here (Fig. 5.10), the

others in Appendix C (Fig. C.3 and C.4).

5.4 Discussion

The fact that oviraptorosaurian taxa in this study modelling biting display greater cranial
stress than the other theropods indicates that, despite the increased relative strength of
the oviraptorid cranial morphology (as shown in Chapter 3), it is not enough to compen-
sate entirely for the greatly increased relative force of their jaw adductor musculature
(Chapter 4; Meade and Ma, 2022). This interesting result raises questions as to how,

if accurate, this could be adaptive. It may be that functional or developmental pressure
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towards their unusual pneumatic cranial shape, while maintaining the musculature for
powerful biting, is strong enough that their cranium functions closer to structural safety
limits compared with other theropods.

Adaptations towards pneumaticity and reducing cranial mass may be related
to the long neck of later diverging oviraptorosaurians. This would obviously not be
an identical dynamic to the mass reduction of sauropod skulls in combination with
their lengthened necks (Taylor et al., 2009). Instead, a balance between keeping a
lightweight skull alongside adaptation towards cranial strengthening may have been
necessary for the overall body plan of later diverging oviraptorosaurians with regards to
locomotion and cursoriality. Keeping their dorsoventrally expanded crania light would
aid with stabilising the structure on their relatively long necks while running at high
speeds. Elongate arctometatarsalian hindlimbs have been interpretated as an adap-
tation for cursoriality and speed for predator avoidance (oviraptorosaurians shared an
environment with carnivorous dromaeosaurids, troodontids, and tyrannosaurs) in avim-
imid (Funston et al., 2018) and caenagnathid oviraptorosaurians, and pursuing small
prey (more so in Caenagathidae; Snively et al., 2004; Funston et al., 2015; Funston et
al., 2018; but see Rhodes et al., (2020) for alternate wading interpretation). Limbs may
be proportionally shorter in oviraptorids (Xu et al., 2013), but they have nevertheless
been reconstructed as having robust caudofemoral musculature (Persons et al., 2013)
and likely were also fast moving (Christiansen, 1999; Christiansen and Bonde, 2002;
Osmodlska et al., 2004; Persons et al., 2013).

Oviraptoridae retain a large circular orbit which, among the morphological
diversity of orbit shape in Mesozoic archosaurs, is particularly weak (Lautenschlager,
2022). Circular orbits are common in herbivores, but it is feasible that the increased bite
forces of oviraptorids may have triggered adaptation towards a different orbit shape,
similar to some carnivorous taxa (Lautenschlager, 2022), that provided extra cranial
stress resistance (see the elliptical shape of the Allosaurus orbit; Fig. 5.3). This is not

the case, so visual acuity or some other factor related to vision may have been a very

123



CHAPTER 5: DIVERSITY OF CRANIAL FUNCTION

important part of their cranial function.

Despite higher mean stresses in the oviraptorosaurians from the muscle driven
bites (for the muscle strength reasons discussed above), mean stress in the ovirap-
torosaurians (and then oviraptorids especially) were generally lower than the other
theropods in the extrinsic loading scenarios (which were scaled to surface area, not de-
rived from their comparatively strengthened jaw adductor musculature). This reiterates
the findings of Chapter 3 and expands on them suggesting that even in these other
scenarios (particularly head-pull) their crania are adapted towards greater strength
than herbivorous theropod crania, and to a similar or greater relative degree as the
cranium of carnivorous Allosaurus, which has been previously assessed as overengi-
neered (Rayfield, 2001).

The loading of the muscle driven FEA scenario is based on estimates as-
suming full contraction simultaneously of each jaw adductor muscle (Lautenschlager,
2013; Cuff and Rayfield, 2015; Meade and Ma, 2022). The results of the oviraptorids
experiencing the highest cranial stress during biting are in the context of this assump-
tion. This is likely a simplification of the feeding dynamic in oviraptorids (and the other
theropods) but such simplifications are necessary in FEA models (Herbst et al., 2022).
Additionally, the comparative method of using identical material properties for bone in
all FEAs and treating materials as isotropic and homogenous does not entertain the
possibility that the internal structure of oviraptorid cranial bone had some adaptation for
additional strength not seen in other groups that in reality would help to buffer cranial
stress. Sutures were also not modelled, which have been shown to relieve strain locally
(Moazen et al., 2009) but at the expense of elevated strain in other regions of the skull.
To accurately model sutures into all the FEA here would have been time consuming
and limited how directly comparative the models were.

The oviraptorosaurians were deliberately not compared using FEA with su-
perficially similar avian taxa (such as parrots) as these show substantial cranial kinesis

that is important to their cranial function during feeding (Carril et al., 2015). Results
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from FEA on bird crania modelled akinetically may not therefore be representative nor
a useful comparison for the extinct oviraptorosaurian taxa. Properties of cranial kine-
sis have been discussed within the oviraptorid cranium, but mobility like that seen in
birds appears impossible in the crania of oviraptorosaurians (Maryanska and Osmol-
ska, 1997). Nevertheless, several movable units were suggested by Barsbold (1977)
but seem highly unlikely. A more restricted moveable articulation between the quadrate
and quadratojugal was suggested by LU in Heyuannia huangi (LG, 2003) and Nemeg-
tomaia huangi (LU et al., 2004; LU et al., 2005). This would however require the
quadrate to be mobile, which is contrary to interpretations that the otic capitulum is
immovably fixed to the braincase wall and in tight extensive contact with the squamosal
(Maryanska and Osmolska, 1997; Osmélska et al., 2002; Hendrickx et al., 2015). Also,
the quadratojugal appears in tight elongate contact rostrally with the jugal (Clark et
al., 2002), and its contact with the quadrate is either fused or strengthened by a deep
quadratojugal cotyla on the quadrate and large quadrate condyle on the quadratojugal,
and thus likely immovable in oviraptorids (Maryanska and Osmdliska, 1997). Holliday
and Witmer (2008) interpret the quadrate of most nonavian Maniraptoriformes (includ-
ing oviraptorosaurians) as slightly kinetically competent (with synovial basal and otic
joints and protractor muscles), yet not kinetic because they lacked permissive kine-
matic linkages.

The increase in stress in a posterior biting position relative to the other loca-
tions in Citipati may suggest it was not adapted for crushing food with the posterior
of its palate. Though possessing the strongest bite forces of the oviraptorosaurians
studied here, both relatively and absolutely, it may have applied its powerful jaws to-
wards more anteriorly focussed functions with its wide premaxilla. The uniquely large
discrepancy between the mid-palate bilateral and unilateral bites in Citipati indicates
its cranial morphology was especially poorly adapted for uneven biting in this region
and symmetrical application of bite force was likely important to its cranial function.

This may indicate a need for controlled biting of static foodstuffs and may suggest the
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capture of moving/struggling prey was particularly unlikely/uncommon in Citipati. This
is also demonstrated by its higher stresses under the extrinsic twisting scenario com-
pared with the other oviraptorids.

Results of bites and extrinsic scenarios suggest Citipati was doing some-
thing very different to the other oviraptorids and was perhaps more specialist. Citipati
demonstrating the greatest variety of deformations over the scenarios tested (Fig. 5.8)
also suggests its cranial function was specialised rather than adapted to varied loading.
Specialisation for a ‘cropping’ bite at front of beak, which is blunter than other ovirap-
torids of this study, which would limit potential for instability and asymmetry in bite. In
the context of this, the result of the Chapter 4 muscle reconstructions, that suggested
Citipati muscle architecture was potentially more adapted for a vertical bite with less
emphasis on anteroposterior grinding jaw movement, can be clarified that this adapta-
tion for a strong vertical bite was not for ‘crushing’ purposes, but anteriorly ‘cropping’
functions. There remains uncertainty about the actual functional margin of the Citipati
jaws and how they occluded as the rhamphotheca shape is unknown.

It is worth noting that the palatal surface of the premaxillae and maxillae in all
oviraptorids (and also Avimimus portentosus and the caenagnathid Chirostenotes per-
gracilis) support four longitudinal parasagittal ridges (Barsbold, 1986; Kurzanov, 1981;
Maryanska and Osmolska, 1997; Sues, 1997; Elzanowski, 1999; Clark et al., 2001;
Balanoff et al., 2012). The function of these structures is unknown but may indicate
similarities in the soft tissue covering the region or that this topographic complexity in
some way assisted with durophagous feeding behaviours or palinal feeding movements
of the mandible. No similar ridges are present on the Incisivosaurus palate (Balanoff
et al., 2009).

The bony oral margin of the Citipati cranium may indicate a wider faceted beak
that may have been an effective tool for ‘nipping/cropping’ tough plant matter. A spe-
cialist herbivorous diet in Citipati would have differed from other herbivorous theropod

groups. Macronarian sauropods like Camarasaurus are likewise characterised by mor-
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phofunctional evolution towards robust crania, shortened snouts, and relatively power-
ful anterior bites, but Button and Zanno (2020) found no significant evidence of con-
vergence between sauropods and oviraptorids generally, only a slight overlap in their
cranial biomechanical morphospace; Citipati was further away from Sauropodomorpha
than Incisivosaurus and Conchoraptor which placed nearby (Button and Zanno, 2020).
Erlikosaurus, too, was found to be adapted to feeding at the jaw tip (Lautenschlager et
al., 2013) but in a way that may have more harnessed neck musculature to compensate
for lacking jaw adductor muscle power. Citipati did not lack jaw adductor muscle power
but has one of the best adapted cranial morphologies tested for the head-pulling sce-
nario; combined with its adaptations for a powerful front-beak bite, stripping or peeling
of plant material is a possible functional interpretation. As also mentioned in Chapter 4,
herbivorous feeding in oviraptorids would have greatly differed from other co-occurring
dinosaur groups with more adaption to oral processing of plant matter, such as cer-
atopsians and hadrosaurs which possessed dental batteries (Zanno and Mackovicky,
2011).

The other oviraptorids appear more suited towards crushing bites (if the pe-
culiar tooth-like projection of the maxillae and vomer could have been used for this)
and a more generalised cranial function and diet; they perform equally well at all bite
points of their palate. Conchoraptor and Khaan cranial function may have been very
similar. The two experience a very similar result in terms of mean von Mises stress
in all the bite and extrinsic scenarios (Fig. 5.5 and 5.7) and place fairly similarly in
the coordinate plot of general cranial deformation. They are of similar size and they
may have pursued similar diets but occurred in a different time and place — Khaan
and Citipati are from the Djadokhta Formation (Clark et al., 2001; Campanian age,
Dashzeveg et al., 2005; Dingus et al., 2008; Hasegawa et al., 2009); Conchoraptor
is from the slightly younger Nemegt Formation (Funston et al., 2018; upper Cam-
panian—lower Maastrichtian age, overlying the Djadokhta Formation, Gradzinski and

Jerzykiewicz, 1974a; 1974b). Khaan occurs with Citipati but seems to have a different
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cranial function as shown by FEA results here and the different relative jaw adduc-
tor muscle strengths and lines of action of Chapter 4. This is likely an example of
niche partitioning among Oviraptoridae which has previously been suggested to have
allowed a high diversity of oviraptorids coexist (Funston et al., 2018; Ma et al., 2020a).

The incisor-like elongated front teeth of Incisivosaurus bear prominent wear
facets on their lingual surface. This was interpreted by Xu et al. (2002) as a possible
indicator of herbivory. The smooth, rounded form of the wear facets may imply they are
the product of grinding or wear from repetitive contact, rather than the more traumatic
spalling that can occur on the teeth of carnivorous forms from feeding (Schubert and
Ungar, 2005). However, it is unclear what exactly the prominent teeth of Incisivosaurus
were wearing against; the anterior of the mandible is edentulous and appears correctly
positioned with the dentary tip posterior to the front cranial teeth, in order for the maxil-
lary and dentary tooth rows to occlude properly. It is possible the mandible terminated
with a beak-like keratinous covering, as the edentulous jaws of later diverging ovirap-
torids would have (Xu et al., 2002; Balanoff et al., 2009). The contact of softer keratin
producing wear facets on the harder enamel of the front teeth seems unlikely.

The comparatively good performance of the Incisivosaurus cranium under the
head-twisting scenario may somewhat suggest the elongate front teeth were used ro-
bustly as a tool, in such a way to create these wear facets, against foodstuffs and the
environment. The still relatively elongate skull (for an oviraptorosaurian), terminating in
the prominent front teeth, may have functioned as an adaptation for Incisivosaurus to
manipulate its environment more keenly than other species. Rather than utilising jaw
musculature, more powerful neck musculature could have driven the front teeth as a
tool for twisting away bark, stripping through plant material, or digging, as part of an
effective system for acquiring a variety of food in ways other animals were not equipped
to be able to. Wearing facets forming on the lingual surface of the front teeth seems
reasonable under these circumstances. The relatively long roots of the teeth may be

related to this — superficially similar long rooted mandibular teeth in rodent mammals
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do not reduce stress distribution across mandible but are driven by factors such as
rapid incisor wear (Morris et al., 2022), though tooth replacement is a factor in Inci-
sivosaurus and replacement teeth for both front teeth are present within the premaxilla
(Balanoff et al., 2009) (and included in the FEA models here). Nevertheless, the mod-
els here suggest pulling these front teeth against material/substrate with posteriorly
directed movement of the head would create more stresses (chiefly in the teeth them-
selves and the palate and pterygoids) than a twisting motion of the same force, though
less than comparatively experienced by the crania of Erlikosaurus and Ornithomimus.
In still retaining small maxillary teeth, Incisivosaurus may have had more capacity than
some of the oviraptorids for orally processing food. Experiencing the lowest stresses of
any bite position when modelling a mid-palate bite on this toothrow further suggest that
its cranium was adapted for biting/chewing in this way, either bilaterally or unilaterally.
Reconstructing a keratinous covering on the beak of the oviraptorids reiterates
the findings of other studies; that a rhamphotheca reduces mechanical stresses directly
under the areas it covers (Lautenschlager et al., 2013; Cuff et al., 2015; Bestwick et
al., 2021). However, unlike in Erlikosaurus and Ornithomimus, in which the premaxillae
and nasal arch experience high stresses in anterior biting scenarios (Lautenschlager,
2013; Bestwick et al., 2021), in Conchoraptor, Citipati, and Khaan the regions pre-
sumably covered by a rhamphotheca do not broadly experience high stress, other than
the immediate position of the bite point constraints themselves, especially compared
to the posterior half of the cranium. Stress reduction may, therefore, be less of a driv-
ing factor in the evolution of the rhamphotheca in Oviraptoridae, compared with these
other groups. My results show the more ornamented oviraptorid crania (Citipati most,
Conchoraptor least), though not elaborate by the standard of some other oviraptorids,
are experiencing the most cranial stress when biting. Though there is no evidence the
keratinous covering of the beak extended up the vertical premaxilla onto the crest-like
nasals of Citipati (and these areas actually experience relatively little cranial stress

in all biting tests), in elaborately crested species where keratin may have been more
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extensive (e.g. Corythoraptor jacobsi, LU et al., 2017; Rinchenia mongoliensis, Osmal-
ska et al., 2004), it is unclear whether stress reduction from overlying keratin may have
occurred across more of the cranial bone.

The elevated cranial stress under biting in oviraptorids, compared with the
other theropods, results from the comparatively strong jaw adductor muscles and high
mechanical advantage of their jaws, somewhat overtaking their adaptation towards
cranial strength. However, there is no reason this would necessarily be the case in
caenagnathid oviraptorosaurians. From what little we know of their jaws, they were
more characterised by a longer rostrum and lower mechanical advantage, interpreted
as adaption towards jaw closing velocity for prey capture as part of an omnivorous diet
with more carnivory than oviraptorids (Funston and Currie, 2016; Ma et al., 2020b). On
this theme, the thin rod-like jugal of the oviraptorids was one of the most highly stressed
regions of their cranium during both the biting FEA tests and also the extrinsic head-
shake scenario, the latter of which may replicate the capture and despatch of struggling
prey. The jugal is one of the few preserved cranial elements of the relatively large North
American caenagnathid Anzu wyliei and is more robust and of a conventional theropod
shape (Lamanna et al., 2014) compared to those seen in Oviraptoridae (Clark et al.,
2002; Funston et al., 2018). Perhaps this is indicative of cranial morphologies existing
among Caenagnathidae with plesiomorphic adaptations to deal with struggling prey as
part of a more carnivorous diet.

Initial selection for tooth loss in oviraptorosaurians was likely not related to
weight reduction (the effect is small: Lautenschlager et al., 2013; Zhou et al., 2019)
and may have been a side effect of selection for fast embryo growth and thus shorter
incubation (Yang and Sander, 2018). This would have been particularly advantageous
for clades like oviraptorosaurians which are known to have brooded nests of eggs
(Norell et al., 1995a; Norell et al., 2018; Bi et al., 2021; Yang and Sander, 2022);
reducing the time before embryo hatching would make this less energetically costly

behaviour. Although influences of developmental biology and dietary ecology are not
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mutually exclusive, selection towards a toothless beak purely linked with a dietary shift
or specialism seems unlikely. The subsequent lack of a mechanical benefit from a ker-
atinous rhamphotheca to cranial strength broadly (Fig. 5.9 and 5.10) in oviraptorids
may leave its morphology more readily adapted by other factors. Indeed, the diversity
of beak shapes in modern birds has been largely contingent on trade-offs and con-
straints (Navalon et al., 2018) rather than dominated by dietary effects. Functional
influences on the rhamphotheca in addition to those linked to diet in oviraptorosaurians
may include roles as a possible sensory organ (Crole and Stoley, 2017) or thermoreg-
ulatory organ (Tattersall et al., 2017; Eastick et al., 2019). This latter factor may apply
particularly in forms that possessed high vascularised crests (e.g. Corythoraptor ja-
cobsi, LU et al., 2017; Rinchenia mongoliensis, Osmélska et al., 2004), which may
have functioned as structures to offload heat at high temperatures or restrict heat loss

at lower temperatures.

5.5 Conclusion

Oviraptorosaurian taxa display greater cranial stress when modelling muscle driven
biting than other theropods indicating that, despite the increased comparative strength
of the oviraptorid cranial morphology, the strengthening is outweighed by the greatly
increased relative force of their jaw adductor musculature and may function closer
to structural safety limits. This situation is likely the product of competing functional
requirements on the cranium, to be strong but lightweight, beyond a purely food pro-
cessing function (e.g. locomotion, vision etc.). The oviraptorosaurian crania (ovirap-
torids especially) perform better than other herbivorous theropods (and similarly to
overengineered carnivorous Allosaurus) in extrinsic modelling of neck muscle driven
head-pulling, head-shaking, head-twisting scenarios, indicating the increased relative
strength of their crania apply to these other scenarios.

Citipati appears adapted for symmetrical rostrally positioned bites, an inter-

pretation of which could include a cropping use of its wider, blunter snout in a herbiv-
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orous diet. This differs in cranial function to Khaan, which appears suited for biting
in variable positions, perhaps as a more generalist herbivore with more inclination to
crush material and undertake durophagy. Differences in cranial function between Citi-
pati and Khaan may indicate niche partitioning in oviraptorids from the same ecosys-
tem. Conchoraptor appears to have a very similar cranial function to Khaan and oc-
curred in a different time and place. The prominent front teeth of Incisivosaurus may
represent an adaptive tool, useful not only in biting but for manipulating environment in
actions more driven with neck musculature.

A keratinous beak covering in oviraptorids mainly reduces stress in areas it
directly overlays, an important effect at immediate bite points, but less needed over
the premaxilla and area of the nares generally as stresses from biting are not particu-
larly high. Other herbivorous theropods (therizinosaurian Erlikosaurus and ornithomi-
mosaurian Ornithomimus) experience high stresses throughout the premaxilla and nar-
ial arch when biting. This suggests different functional driving factors in rhamphotheca
morphology in oviraptorids (with less need for structural support), compared with these

other groups.
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6 Summary and future directions

6.1 Summary

In this thesis, | created high quality digital 3D models of oviraptorosaurian dinosaur
crania. | employed digital functional analysis methods on these models to quantitatively
test hypotheses on oviraptorosaurian cranial functional morphology for the first time.
Results have implications on oviraptorosaurian diet and functional morphology, niche
partitioning among oviraptorids and with other herbivores, and functional trade offs in
the oviraptorosaurian cranial and body plan.

Through conducting this research, | developed an understanding of the tools
the freeware package Blender has to offer for the digital restoration of fossils along with
a sense of best practices to maximise accuracy and precision throughout the process.
| cover this briefly in Chapter 2 and at more length in my contribution to Herbst et al.
(2022) — | hope these may be of use to others.

Chapter 3 focused on investigating the assertion that the oviraptorosaurian
cranium was adapted for strength. | tested the hypothesis that the oviraptorosaurian
cranial morphology would undergo lower stress magnitudes and therefore perform
better and stronger under a comparable extrinsic bending load compared with other
herbivorous theropod dinosaurs. Using FEA with directly comparable scaled extrinsic
loads, | found oviraptorid crania were stronger (experienced lower stresses) and more
efficient (lower total strain energy) in the bending test compared with other herbivorous

theropods (therizinosaurian Erlikosaurus, and ornithomimosaurian Orthinomimus). The
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oviraptorid crania also performed equally well or better compared with a large car-
nivorous theropod (Allosaurus) in a number of scenarios. Cranial adaptations that
provide this comparative strength are primarily the shortening of their rostrum, and a
robust premaxilla with strong connections through its posterior processes and to the
palate via the maxilla connection the longitudinally rearranged palatine and ectoptery-
goid. Cranial strength to resist bending did vary among oviraptorids (with Citipati
being weakest). The intermediate cranial morphology of the early diverging ovirap-
torosaurian Incisivosaurus performed more like the crania of the oviraptorids than the
non-oviraptorosaurian theropods tested.

Chapter 4 addressed the related question, did the oviraptorosaurian cranium
have the space and arrangement to support greater jaw adductor musculature and gen-
erate powerful bite forces compared with other herbivorous theropods. Given previous
suggestions (e.g. Barsbold, 1976a; Currie et al., 1993; Funston et al., 2018; Ma et
al. 2020b; 2022) and the findings of cranial strengthening in Chapter 3, | hypothesised
this to be the case. Estimates of bite force were much greater in the oviraptorosauri-
ans compared with other herbivorous theropods (therizinosaurian Erlikosaurus, and
ornithomimosaurians Garudimimus, Struthiomimus, and Ornithomimus) both relative
to body mass and in some cases absolutely. Bite forces are increased in oviraptorids
compared with the early diverging Incisivosaurus primarily through cranial shortening
and expanded space for musculature, not more efficient muscular arrangement. Re-
constructed muscular arrangement remained fairly conservative from early diverging
Incisivosaurus to the later diverging Oviraptoridae, and differed more within Oviraptori-
dae itself (Citipati differed more from its fellow oviraptorids in the relative contribution
of different muscles to bite force than it did Incisivosaurus). Differences in relative jaw
adductor muscular strengths and angles may hint at differing cranial function in ovirap-
torids, with some better adapted for palinal jaw motion than others (less so in Citipati,;
more vertical muscle orientations). Reconstructed angles of maximum jaw gape are

relatively small in oviraptorids, further suggesting a predominately herbivorous diet.
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Chapter 5 extended the work of Chapters 3 and 4 by assessing how the rela-
tive strengthening of the oviraptorid cranial structure and and their powerful bite forces.
My results show that despite the increased comparative strength of oviraptorid cranial
structure, this is outweighed by the increased relative force of their bite and experiences
higher stresses than other theropod dinosaurs tested. This suggests the oviraptorid
cranium may have functioned closer to structural safety limits when using its maximal
bite force and the cranial structure was product of competing functional requirements,
to be strong but lightweight, beyond a purely food processing function. However, ovi-
raptorosaurian crania (oviraptorids especially) do perform better than other herbivorous
theropods (therizinosaurian Erlikosaurus, and ornithomimosaurian Orthinomimus) and
similarly to overengineered carnivorous Allosaurus under scaled extrinsic loading rep-
resenting head-pulling, head-shaking, head-twisting scenarios — the relative strength
of oviraptorid crania is more diverse than just the bending tested in Chapter 3.

Results presented in this thesis suggest that members of Oviraptoridae were
adapted for powerful bites (though with the caveat of competing functional require-
ments in the cranium) as part of a predominately herbivorous diet. Cranial function
differed in co-occuring oviraptorids like Citipati and Khaan. The two species differed in
size (and therefore bite force) and in muscular arrangement (better for palinal jaw move-
ment in Khaan than Citipati). The muscle driven FEA suggests Citipati was adapted
for symmetrical application of high forces at front of beak for a cropping style func-
tion, while Khaan (and the functionally similar Conchoraptor) were more equally well
adapted for multiple bite points and a more generalised function that may have in-
cluded crushing behaviours. These results better define the kind of niche partitioning
that may have allowed for high diversity of oviraptorosaurians in ecosystems (Funston
et al., 2018; Ma et al., 2020a. The early diverging Incisivosaurus may have retained
more plesiomorpic adaptations for incorporating a degree of dietary omnivory (lower
jaw mechanical advantage, higher jaw gape) and had a cranial functional morphology

that performed intermediately between oviraptorids and other theropods in a number

136



CHAPTER 6: SUMMARY AND FUTURE DIRECTIONS

of circumstances. The elongate front teeth of Incisivosaurus may represent an effec-
tive tool for both biting and manipulating its environment in movements more driven by
neck musculature.

Different adaptive factors may have shaped the keratinous covering of the
beak in Oviraptoridae compared with other herbivorous beaked theropods. Unlike
other groups (therizinosaurians and ornithomimosaurians), the majority of the premax-
illa and the nasal arch do not experience elevated stress under feeding in oviraptorids
and require structural support of the rhamphotheca; elevated stress only occurs at the
immediate bite point.

It is difficult to extend these findings away from the oviraptorids towards their
sister group Caenagnathidae. Previous work on caenagnathid mandibles suggest a
longer rostrum and lower jaw mechanical advantage, interpreted as adaption towards
jaw closing velocity for prey capture as part of an omnivorous diet with more carnivory
than oviraptorids (Funston and Currie, 2016; Ma et al., 2020b). Chapter 5 of this thesis
may somewhat suggest the more robust jugal preserved of some caenagnathids (Anzu
wyliei; Lamanna et al., 2014) may be indicative of cranial morphologies existing among
Caenagnathidae with plesiomorphic adaptations to deal with struggling prey. Better
insight into the functional morphology of the caenagnathid cranium will have to wait for

more complete fossil material to come to light.

6.2 Future directions

This thesis has provided valuable insight into the palaeoecology of several key ovi-
raptorosaurians through 3D biomechanical analyses. Further investigations of diet on
the same species studied may include assessment of geochemical proxies for diet
(Zhao et al., 2022) or the serendipitous discovery of new informative fossil material
(e.g. stomach contents). ldeally, a better understanding of floral components of the
palaeoenvironments represented by the Nemegt and Djadokhta Formations could give

a more complete insight into the ecosystems that supported the oviraptorids studied
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here (Fastovsky et al., 1997) and their diet.

Chapter 4 has shown that, though time consuming and user intensive, use-
ful information can be gleaned through the reconstruction of musculature in studying
extinct taxa. | am hopeful that recently developed methods focussing on free software
like Blender (Herbst et al., 2022) will improve the accessibility and speed of volumet-
ric muscle reconstruction in extant and fossil models, without compromising accuracy
and reproducibility (as examined in Broyde et al., 2021; Bates et al., 2021). Emerging
work has focussed on alternative approaches to predict functionally relevant parame-
ters (such as muscle physiological cross-sectional area) from measurements of fossil
specimens and phylogeny (Sakamoto, 2022), and may represent a powerful and ex-
pansive tool to investigate any relevant single continuous variable correlated with os-
teological measurements. An untested example may perhaps include predicting mean
von Mises stress (in response to some specific functional load), using a training set of
data from FEA studies, to broadly assess structural competence over a phylogenetic
framework.

Time, effort, and breadth of study are also at odds when it comes to detailed
3D FEA on biological structures. Finite element analysis is no longer the newest tech-
nique in palaeontology. There is an emerging suite of work concerning what level of
simplification is acceptable (e.g. Herbst et al., 2021) and whether as much care needs
to be taken to derive digital models from CT-data (Rowe and Rayfield, 2022) that may
facilitate broader and more expansive studies. Nevertheless, one of the best possibili-
ties to use FEA to study aspects of morphology comparatively across larger biological
groups is using theoretical models to test the functional significance and variance of
specific parts of an anatomical structure (Rayfield and Milner, 2008; Lautenschlager,
2022) — more studies of this sort or novel set-ups that begin to leverage non-linear
FEA models (see Marcé-Nogué (2022) and suggestions therein) are avenues for FEA

studies with a lot of potential promise.
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A Bending test sensitivity tests and

stress data

The figures and tables in this appendix are supplementary to Chapter 3: "Strength and

comparative performance of the oviraptorid cranium in response to bending".
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Figure A.1: Comparison of von Mises stress contour plots for different constraint points
on the FEA scenarios modelling bilateral loading in Conchoraptor (A—C), Khaan (D—F),
Citipati (G-), and Incisivosaurus (J—L). Note constraining only the quadrate (A,D,G,J)
produces vast stress hotspots on the quadrate and pterygoid, and there is compar-
atively little stress difference when the paroccipital processes (POP) are constrained
(C,EL,L; minor increase in cranial roof, minor decrease in quadrate) in addition to the
occipital condyle and quadrate (B,E,H,K). Scale bars 50 mm
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Figure A.2: Calculated means and medians, and maximum values of stress (during
bilateral loading) from both 95% and 100% of data produce a very similar pattern
but are dissimilar to the to 100% values, due to artificially high stresses from point
loads/constraints, justifying using the 95% quantile for data analysis.
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Table A.1: Table of mean, median, and maximum values of stress (MPa) (during bilat-
eral loading) from both 95% and 100% of von Mises stress data.

Anterior bilateral
95%Med 100%Med 95%Mean 100%Mean 95%Max 100%Max

Conchoraptor 215 2.27 2.56 3.08 8.05 672.71
Khaan 2.76 2.90 3.27 3.89 10.04 569.86
Citipati 2.82 3.00 3.67 4.49 13.14 672.00
Incisivosaurus 3.35 3.51 3.88 4.59 11.78 745.36
Allosaurus 2.59 2.74 3.11 4.04 11.84 781.74
Erlikosaurus 6.97 7.28 7.87 9.36 23.36 1280.00
Ornithomimus 6.74 7.06 7.86 9.11 23.33 1678.28

Mid-palate bilateral
95%Med 100%Med 95%Mean 100%Mean 95%Max 100%Max

Conchoraptor 1.82 1.92 2.19 2.65 713 586.64
Khaan 2.36 2.49 2.81 3.36 8.81 483.56
Citipati 2.59 2.75 3.35 4.09 11.82 588.40
Incisivosaurus 2.66 2.80 3.04 3.65 9.98 579.94
Allosaurus 1.91 2.01 2.31 2.99 8.83 588.71
Erlikosaurus 4.65 4.89 5.36 6.57 17.33 1939.00
Ornithomimus 4.71 4.94 5.44 6.43 17.18 1221.29

Posterior bilateral
95%Med 100%Med 95%Mean 100%Mean 95%Max 100%Max

Conchoraptor 1.44 1.52 1.82 2.25 6.39 484 .47
Khaan 2.12 2.24 2.53 3.04 8.19 396.57
Citipati 2.19 2.32 2.81 3.45 10.17 472.11
Incisivosaurus 2.41 2.54 2.78 3.33 9.10 527.69
Allosaurus 0.93 1.01 1.29 1.72 5.65 411.65
Erlikosaurus 3.97 417 4.76 5.82 15.84 866.47
Ornithomimus 3.64 3.84 4.67 5.98 18.74 742.48
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Figure A.3: Calculated means and medians, and maximum values of stress (during
bilateral loading) from both 95% and 100% of data produce a very similar pattern
but are dissimilar to the to 100% values, due to artificially high stresses from point
loads/constraints, justifying using the 95% quantile for data analysis. justifying this ap-
proach in the FEA scenarios modelling bilateral loading.
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Table A.2: Table of mean, median, and maximum values of stress (during unilateral
loading) from both 95% and 100% of von Mises stress data.

Anterior unilateral
95%Med 100%Med 95%Mean 100%Mean 95%Max 100%Max

Conchoraptor 2.16 2.28 2.58 3.10 8.08 650.87
Khaan 2.77 2.91 3.28 3.91 10.09 592.39
Citipati 2.86 3.05 3.73 4.55 13.24 666.50
Incisivosaurus 3.34 3.49 3.87 4.58 11.79 755.27
Allosaurus 2.63 2.78 3.17 410 11.92 800.01
Erlikosaurus 6.93 7.24 7.92 9.45 24.26 1263.00
Ornithomimus 6.71 7.02 7.91 9.25 24.56 1593.28

Mid-palate unilateral
95%Med 100%Med 95%Mean 100%Mean 95%Max 100%Max

Conchoraptor 1.95 2.05 2.37 2.84 7.70 552.69
Khaan 2.48 2.61 2.99 3.55 9.43 491.42
Citipati 3.02 3.19 3.78 4.53 12.64 598.40
Incisivosaurus 2.73 2.87 3.14 3.78 10.49 1103.00
Allosaurus 2.07 2.18 2.51 3.20 9.41 853.43
Erlikosaurus 4.83 5.07 5.70 6.98 18.89 2403.00
Ornithomimus 4.81 5.06 5.78 6.98 19.79 1014.08

Posterior unilateral
95%Med 100%Med 95%Mean 100%Mean 95%Max 100%Max

Conchoraptor 1.44 1.53 1.82 2.25 6.40 478.97
Khaan 2.12 2.24 2.54 3.05 8.20 473.98
Citipati 2.19 2.32 2.81 3.46 10.22 753.55
Incisivosaurus 2.49 2.62 2.92 3.53 9.73 1055.00
Allosaurus 1.08 1.16 1.49 1.96 6.35 524.74
Erlikosaurus 412 4.34 5.05 6.37 17.88 1733.00
Ornithomimus 3.96 4.18 5.15 6.77 21.47 603.56
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B Muscle reconstruction calculation

tables

The tables in this appendix are supplementary to Chapter 4: "Cranial muscle recon-

structions quantify adaptation for high bite forces in Oviraptorosauria”.

Original Excel files can be found in Supplementary Information 2 of the published

manuscript.

Meade, L. E. and Ma, W. 2020. Cranial muscle reconstructions quantify adaptation for

high bite forces in Oviraptorosauria. Scientific Reports, 12, 3010.
https://doi.org/10.1038/s41598-022-06910-4

The datasets, including 3D models in the format of Blender projects for the retrodefor-
mations, muscular reconstructions, and gape analyses, along with associated python
scripts, generated and analysed during the current study are available from the Zenodo

data repository and available for download at: https://doi.org/10.5281/zeno0d0.5585305.
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C Additional FEA figures

The figures in this appendix are supplementary to Chapter 5: "Diversity of cranial func-

tion in Oviraptorosauria as revealed by biomechanical analyses".
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Figure C.1: Comparison of von Mises stress contour plots when different axes are
limited at constraint points in FEA scenarios modelling anterior bilateral biting for Con-
choraptor (A—C), Khaan (D—F), Citipati (G-Il), and Incisivosaurus (J-L). Note constrain-
ing the bite point in the X and Y axes (B,E,H,K) produces eleveated stress hotspots on
the quadrate, pterygoid, and squamosal. There is comparatively little stress difference
when all three axes are constrained (C,F,I,L; minor stress decrease in premaxilla) as
opposed to just the Z axis (vertical) (A,D,G,J). Scale bars 50 mm.
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Figure C.2: FEA using anterior bilateral bite point constraints and intrinsic muscle
forces in cranial models of oviraptorosaurians Conchoraptor (A—D) and Khaan (E—H)
with a shorter (A,C,E,G) or longer (B,D,F,H) modelled keratinous beak coverings. Note
very little difference in cranial von Mises stress between the morphologies. Constraints
at bite points shown by small blue arrows at the anterior of the beak/teeth. Scale bars

50 mm.

Figure C.3: Von Mises stress (MPa) contour plots from FEA modelling head pull-back
(A,D), head shaking (B,E), and head twisting (C,F) feeding scenarios using extrinsic
applied loads on the cranial models of oviraptorid Khaan. Note the effect on von Mises
is essentially identical whether the cranial model has a modelled keratinous rham-
photheca (D—F) or not (A—C). Scale bars 50 mm.
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Figure C.4: Von Mises stress (MPa) contour plots from FEA using unilateral bite point
constraints and intrinsic muscle forces in cranial models of oviraptorosaurians Con-
choraptor (A-D), Khaan (E-H), and Citipati (I-L) modelled without (A,C,E,G,|,K) and
with (B,D,F,H,J,L) a keratinous rhamphotheca covering the beak. Constraints at bite
points shown by small blue arrows at the anterior of the beak (A,B,E,F,,J) and the lat-
eral edge of beak (C,D,G,H,K,L).
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