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Abstract

Maniraptora is a clade of non-avian theropod dinosaurs comprising avians and several
“bird-like” groups with semilunate wrist bones. Maniraptorans tend to exhibit anterior migration
in centre of mass, enlargement of the pectoral region, and progressive decrease in tail length and
bulk. This culminates in birds with a habitually crouched posture, development of wings, and
radical reorganization of leg and tail musculature that caused profound changes in locomotion.
However, the evolution of these archetypal “avian” features is not entirely understood. Thus, a
desire exists to characterize how and when these adaptations were acquired, and the resultant
palaeobiological effects. Did these changes affect running ability (cursoriality)? Were similar
adaptations gained independently (convergence)? Did disentanglement of tail from hip
musculature (caudal decoupling) also proceed in a stepwise fashion, mirroring reduction of the
tail as a whole? Previous studies addressing these questions have tended to focus strictly on
osteology. However, soft tissue reconstruction affords a new perspective not possible using only
skeletal. Furthermore, does soft tissue evidence corroborate adaptations inferred from osteology?

Relatively recent fossil discoveries of caenagnathids, dromaeosaurids, therizinosaurians,
and troodontids permit reconstruction of maniraptoran locomotory musculature to infer
adaptations and compare to skeletal evidence. Major locomotory muscles moor to the pelvis,
which is also a junction between the leg and the tail. Direct observation of fossil pelvic material
for osteological correlates of muscle attachments was done with reference to the closest living
relatives to infer the presence or absence of major locomotory muscles. Extant conditions were
determined by dissection and supplemented by literature review on soft tissue morphology and
homology. Relative sizes of muscles and muscle groups allowed qualitative comparison within

and between theropod taxa.
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Skeletal and myological inferences are variably consistent. In the therizinosaurian
Falcarius, muscular reconstruction reveals reduction in major leg extensors. This is consistent
with therizinosaurian evolution but suggests that basal maniraptorans had a punctuated onset of
caudal decoupling. In Caenagnathidae, moderate reduction of major leg extensors contradicts
alleged high cursoriality inferred from limb proportions and metatarsus structure, but
corroborates gradual, progressive caudal decoupling preceding the evolution of birds. Troodontid
muscular reconstruction instead upholds postulated high cursoriality in derived members, an
adaptation gained secondarily and predominantly owing to intrinsic hip muscles. In
Dromaeosauridae, the microraptorine lateral pubic tubercle is considered homologous with other
osteological correlates of the pubogastralial ligament. The relationship between the tubercle and
the pubic apron, to which locomotory muscles attach, may explain why a pronounced tubercle or
process is unique to Microraptorinae. Reconstruction of maniraptoran pelvic musculature reveals
a complex relationship with skeletal data. However, this facilitates a reevaluation of locomotory
adaptations such as cursoriality, convergence, and caudal decoupling in non-avian

maniraptorans.
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submitted as Rhodes, M. M., Funston, G. F., and Currie, P. J., “New material reveals the pelvic
myology of Caenagnathidae (Theropoda, Oviraptorosauria)” to Cretaceous Research. G. F.
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of the microraptorine lateral pubic tubercle” to Journal of Vertebrate Paleontology. 1 conducted

data collection, analysis, and manuscript writing. P. J. Currie offered manuscript edits.
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Selected Quote
“Any one of the larger carnivorous dinosaurs would meet the case. Among them are to be found

all the most terrible types of animal life that have ever cursed the Earth or blessed a museum.”

~ Doyle 1912, p. 100, “The Lost World” (Professor Challenger simultaneously describing the

ferocity, public appeal, and enigmatic essence of non-avian theropod dinosaurs)
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Chapter 1. Introduction

1.1 General overview

The palaeobiology of theropod dinosaurs remains fascinating to researchers and public
audiences, partly due to their phylogenetic position and consequential bearing on the origin of
birds (Fig. 1.1) (Xu et al. 2014). Non-avian theropods attained global distribution by the Early
Jurassic and developed a wide range of forms and high species diversity (Hendrickx et al. 2015).
Some theropod lineages gave rise to dominant, large, terrestrial predators, including a recently
described specimen of Tyrannosaurus with an estimated mass greater than any other member of
its species (Persons et al. 2019). Other theropod lineages led to small, four-winged forms such as
Microraptor with debated aerial abilities (Chatterjee and Templin 2007, Alexander et al. 2010,
Evangelista et al. 2014b, 2014a, Palmer 2014, Sullivan et al. 2017, Segre and Banet 2018).
Traditional wisdom holds that feathers are an avian characteristic, but Microraptor and several
other non-avian theropods show that feathers evolved long before the divergence of birds (Foth
et al. 2014, Brusatte 2017, Sullivan et al. 2017). Research continues to illuminate whether or not
classically avian structures are in fact unique to this group. A backwards-pointing (retroverted)
pubis is one such structure (Barsbold 1979), which may be more strongly correlated with
ventilation than with diet in dinosaurs (Macaluso and Tschopp 2018). This study also highlighted
the variable nature of maniraptoran hips in that opisthopuby evolved convergently multiple times
within this clade, meaning that pubic retroversion is not exclusive to birds. Beyond the evolution
of “avian” features prior to the appearance of birds, features like pubic retroversion are tied to,

and thus have implications for, vital functions such as locomotion.



1.2 Locomotor modules

Like the evolution of feathers and opisthopuby, the acquisition of “bird-like” locomotion
seems to be a gradual, stepwise process that long preceded the evolution of birds (Hutchinson
and Allen 2009, Brusatte et al. 2014). Basal theropods were bipedal (Carrano 2000, Xu et al.
2014, Hendrickx et al. 2015), a condition inherited from their basal dinosaurian ancestors and
inherited by their avian descendants. Early theropods achieved terrestrial locomotion by pelvic
and caudal musculature that rotated the hind limb around the hip joint as a single module (Gatesy
and Dial 1996). Compared to maniraptorans, many of these more basal theropods have long tails
with large spaces available for leg extensor musculature (Gatesy 1990, Persons and Currie 2011).
Birds represent the opposite end of an evolutionary continuum, typified by a habitually crouched
posture and highly reduced tail (Gatesy 1995, Carrano and Biewener 1999, Hutchinson and
Gatesy 2000, Allen et al. 2013, Grossi et al. 2014, Xu et al. 2014). For terrestrial locomotion
with a sub-horizontal femur, birds rely only on intrinsic pelvic muscles that primarily rotate the
leg around the knee joint. Tail muscles are reduced and functionally detached from the leg, being
instead assimilated into the flight apparatus for tail control (Gatesy and Dial 1996, Dececchi and
Larsson 2013). Caudal decoupling describes the gradual process of functional separation
between caudofemoral muscles and the hind limb over the evolutionary history of theropods.
Although tail reduction was previously considered the main factor affecting posture, recent
studies suggest that development of the pectoral girdle was a stronger force (Allen et al. 2013).
Patterns in the arms, legs, and centre of mass suggest that all three are highly integrated in this
evolutionary transition, which resulted in steady, anterior migration in whole-body centre of
mass across much of Theropoda. This trend is more pronounced in Maniraptora and appears

linked to the evolution of flight. Nonetheless, adaptations of the leg and tail remained important.



1.3 Cursoriality

Discussion about cursoriality is a running theme throughout this thesis. Broadly defined,
cursoriality is the condition of being adapted for running, which can be recognized by a suite of
morphological features (Carrano 1999). In theropods, these features typically include reduced
arms, long distal leg and foot elements relative to femoral lengths, hinge-like joints, tightly
appressed or fused metatarsi, symmetrical feet, lateral pedal digit reduction or loss, and elongate
third toes (Lull 1904, Coombs 1978, de Bakker et al. 2013, Lovegrove and Mowoe 2014).
Without the ability to observe behaviour or directly measure other aspects of locomotor
performance (e.g. physiology) in non-avian theropods, recognizing cursoriality in these taxa
relies entirely on morphological features preserved in the fossil record. Because of this caveat,
this thesis is unable to differentiate types of cursors that share many of these features—such as
sprinters and endurance runners—and therefore collectively refers to them as well adapted for
running or “highly cursorial”. As noted by previous authors (Carrano 1999, Lovegrove and
Mowoe 2014), the complex relationship of variables that influence locomotion make it difficult
to explicitly define cursoriality but demonstrate that it is better represented as a spectrum than as
categories of locomotor performance. This thesis adopts these perspectives and uses muscle
reconstruction as an additional means to evaluate how well various groups were adapted for
cursoriality. High cursoriality is treated as interchangeable with strong running ability, although
elucidating specific cursorial styles (e.g. sprinting vs. endurance running) is beyond the scope of
this work.

Bipedalism tends to be associated with exacerbation of cursorial features (Coombs 1978),

which evolved alongside parasagittal hind limb posture prior to the evolution of dinosaurs



(Carrano 2000). Bipedalism in dinosaurs may in fact be functionally tied to cursoriality based on
advantages imparted by retention of the caudofemoral muscle complex (Persons and Currie
2017). Basal dinosaurs additionally gained other features that restricted mediolateral rotation and
abduction of the femur associated with bipedalism, erect postures, and parasagittal gaits
(Hutchinson and Gatesy 2000). The preacetabular and postacetabular portions of the ilium
gradually expanded in basal theropods, which also increased available area for musculature that
protracted (flexed) and retracted (extended) the hind limb (Carrano 2000). These adaptations in
turn may have enhanced the effectiveness of other cursorial adaptations already present. At least
in predatory theropods, there is a similar evolutionary trend of increasing cursoriality from more
basal to more derived members (Persons and Currie 2016). Locomotion was driven by both
pelvic and caudal musculature that rotated the hind limb primarily around the hip joint (Gatesy

and Dial 1996, Hutchinson 2006).

1.4 Locomotory adaptations

This section is arranged phylogenetically from basal to derived within Theropoda (Fig.
1.1) (Hendrickx et al. 2015). Theropods that attained large adult body sizes, such as
tyrannosaurids, may have consequently reduced their running abilities with age (Hutchinson and
Garcia 2002, Hutchinson 2004). However, accounting for allometric changes in limb proportions
maintains that tyrannosaurids were adapted for cursoriality (Paul 1998, Persons and Currie
2016). Allometry also relates to tyrannosaurid maneuverability as it minimizes increases in
rotational inertia with body size, simultaneously maximizing relative agility (Henderson and
Snively 2004). Additionally, the tyrannosaurid foot is modified into an arctometatarsus, a

structure in which the third metatarsal is proximally pinched and tightly interlocked between



adjacent metatarsals (Holtz 1994, Snively and Russell 2001, 2003). Acquisition of this feature is
generally associated with high cursoriality (Persons and Currie 2016), which may be due to its
increased efficiency at handling torsional forces and prevention of toe splaying (Snively et al.
2004). Although controversy surrounds adult tyrannosaurid running abilities (Farlow et al. 2000),
these adaptations in proportionately long limbed, lightly built juveniles reinforces inferences of
high cursoriality in young tyrannosaurids (Currie 1998, Hutchinson 2004).

The arctometatarsalian condition evolved convergently in alvarezsaurids, caenagnathids,
ornithomimids, and troodontids (Snively et al. 2004). A subarctometatarsalian condition may
have enhanced agility in some other theropods (White 2009). Continuing in phylogenetic
fashion, ornithomimids are widely recognized as impressively cursorial creatures. This is partly
because of their arctometatarsalian feet, but also due to overall gracile build and slender,
elongate hind limbs (Russell 1972, Paul 1998). The extent of caudofemoral musculature in
ornithomimids is intermediate between more basal theropods and maniraptorans (Gatesy 1990,
Gatesy and Dial 1996). A reduced, albeit raised, fourth trochanter on the femur indicates the
insertion site, complimented by a wide, deep brevis fossa and modest tail space as the origin sites
indicative of a moderately large muscle complex. The divergence of Maniraptora leads to a
strong reduction in caudofemoral musculature (Gatesy 1990). Convergent pubic retroversion
(Macaluso and Tschopp 2018) and resulting functional shifts in pelvic musculature followed
(Hutchinson and Gatesy 2000). Furthermore, concomitant changes in pectoral girdle and hind
limb development accelerated (Allen et al. 2013) as maniraptorans deviated from the typical
theropod bauplan. Although more basal theropods were morphologically restricted by bipedalism
and primarily terrestrial locomotion (Gatesy and Middleton 1997), maniraptorans began

occupying more diverse ecomorphospaces. Dromaeosaurids seem to secondarily lose several



cursorial adaptations in limb proportions, metatarsus structure, and caudofemoral musculature
(Carrano 1999, Persons and Currie 2012, 2016). In contrast, closely related troodontids retain
some of these adaptations (Holtz 1994, Carrano 1999, Snively et al. 2004, Persons and Currie
2016). Anterior migration in centre of mass throughout theropod evolution required postural
changes that imparted different loading regimes on leg elements (Carrano 1998, Bishop et al.
2018b). Living birds occupy a variety of ecomorphospaces that are reflected in hind limb
morphology (Gatesy and Middleton 1997, Zeffer et al. 2003). Changes in locomotor modules
and the evolution of flight made aerial locomotion viable (Gatesy and Dial 1996). However,
much research interest remains for grounded birds restricted to terrestrial locomotion. Ostriches
and emus are particularly well known as strong cursors, which is intriguing from musculoskeletal
and biomechanical perspectives, but also has implications for non-avian theropod locomotion
(Alexander 1985, Fowler 1991, Fuss 1996, Patak and Baldwin 1998, Smith et al. 2006, 2007,
Jindrich et al. 2007, Schaller et al. 2009, Rubenson et al. 2011, Chadwick et al. 2014, Lamas et

al. 2014, Hutchinson et al. 2015, Rankin et al. 2016, Daley et al. 2016).

1.5 Identifying muscle attachment sites

Romer (1923a, 1923b, 1923c¢, 1927) established foundational studies of muscle
reconstruction in dinosaurs in the early twentieth century by examining extant crocodylians and
avians. He noted similar bony landmarks could be identified in extinct taxa, and the musculature
reconstructed. Muscles connect to bone either directly, by fleshy attachment, or indirectly, by a
tendon or aponeurosis that bridges the gap via fibrous connective tissue (Romer 1962).
Tendinous or aponeurotic sites of attachment typically have scars or reasonably clear borders,

whereas fleshy attachments are usually smooth (Bryant and Seymour 1990). Due to the



locomotory importance of pelvic and hind limb muscles for bipedalism, a handful of studies
attempted to reconstruct archosaur pelvic and hind limb muscles during the twentieth century
(Russell 1972, Walker 1977, Tarsitano 1983, Perle 1985). Some studies note the low proportion
of former muscle attachment sites that can be positively identified based on surficial osteological
features alone, which even then does not often record specific muscle sizes or orientations
(McGowan 1979). Furthermore, the relationships between the sizes and strengths of muscles are
complex, even during in vivo experiments (Bamman et al. 2000, Jones et al. 2008). This limits
the inferences that can be made with any confidence about certain muscle properties and forces.
However, more recent studies emphasize the importance of phylogenetic context and ways of
categorizing confidence levels for inferring soft tissue in extinct taxa (Bryant and Russell 1992,
Witmer 1995). Surface microscopy has recently shown some promise in identifying both fleshy
and tendinous muscle attachment sites in extant and extinct specimens (Rothschild et al. 2015).
Shortly after the establishment of more rigorous and consistent methods, a thorough
study incorporating palaeontological and neontological data reconstructed the evolution of the
archosauromorph pelvis (Hutchinson 2001a) and femur (Hutchinson 2001b). Ascertaining the
evolution of the osteological correlates to which muscles attached was done with a homology
based approach and led to a subsequent summary of archosaur muscle evolution (Hutchinson
2002). Ever since, this revised framework, combined with more conservative means to constrain
and categorize speculation, has been a major reference for many dinosaur muscle reconstructions
in ornithischians (Maidment and Barrett 2011, 2012, Maidment et al. 2014a, 2014b),
sauropodomorphs (Langer 2003), and theropods (Carrano and Hutchinson 2002, Hutchinson et

al. 2005, 2008, Grillo and Azevedo 2011, Bates et al. 2012, Bates and Schachner 2012, Bishop et



al. 2018a). These types of studies can establish baselines for musculoskeletal changes in larger

clades and provide quantitative, dynamic models to infer aspects of stance, speed, and gait.

1.6 Gaps in knowledge

Despite this extensive knowledge base, the condition of locomotory musculature in many
dinosaur taxa is unknown. Many previous studies focus on a single species, sometimes on a
single well preserved specimen, to limit variables and speculation. Other broad studies often
encompass large clades to assess macroevolutionary trends. This framework not only establishes
a protocol to identify former soft tissue attachment sites in dinosaurs, but also provides an
opportunity to continue closing existing gaps in unexamined groups. In the wake of soft tissue
reconstruction, these new data can be placed in proper evolutionary context. It is then possible to
assess how well or poorly it aligns with previous interpretations based on other data, or add to
discussion on controversial issues. Tyrannosaurid cursoriality is one such example. Based on
skeletal features and morphological adaptations, adult tyrannosaurids should be expected to be
well adapted for cursoriality (Holtz 1994, Paul 1998, Snively and Russell 2001, 2003, Henderson
and Snively 2004, Snively et al. 2004, Persons and Currie 2016). However, accounting for
musculoskeletal and biomechanical demands, this may not have been biologically feasible
(Hutchinson and Garcia 2002, Hutchinson et al. 2005). At the same time, studies like this open
up discussion beyond speculation about the potential for highly cursorial abilities in
ontogenetically younger members of this family (Currie 1998, Paul 1998, Hutchinson 2004,
Persons and Currie 2016).

In some cases, muscular reconstruction was not possible until recently because of a lack

of well preserved fossils of certain taxa. Recent fossil discoveries provide material that can be



analyzed and amalgamated into the existing body of research. Understanding the conditions
present in more taxa, especially on the evolutionary continuum to birds, will increase resolution

and contribute to a richer discussion on the evolution of various locomotory adaptations.

1.7 Research design and hypotheses

The main goal of this thesis is to reevaluate inferences about locomotory adaptations in
select non-avian theropod dinosaurs based on pelvic musculature reconstruction. In other words,
how well do inferences garnered from muscle reconstruction reflect those based on skeletal data?
Given the controversies about locomotion in some theropods, myological and osteological data
may conflict. Maniraptoran theropods are of notable interest due to the rate and variety of
morphological changes that occur in this clade (Allen et al. 2013). The purported pattern of the
stepwise accumulation of “avian” features poses another point of interest (Hutchinson and Allen
2009, Brusatte et al. 2014). Locomotory muscle reconstruction—although dependent on
osteological data—offers a second perspective on skeletal adaptations. It also has the potential to
reveal whether or not the evolution of maniraptoran pelvic musculature also follows a stepwise
trend. Therefore, the null hypothesis is that locomotory inferences from myological
reconstruction are consistent with those gathered from osteology. Conversely, the alternative is
that myological and osteological data clash, meaning that one data set alone cannot be used to

explain locomotory adaptations in the focal taxon.

1.7.1 Pelvic musculature
Locomotory inferences are primarily gained from qualitative, comparative analysis of

muscles and muscle groups. Reconstruction is limited to the pelvis to focus on the effect of



flexors (protractors) and extensors (retractors) that move the entire hind limb. Proximal limb
muscles originating on the hip are primary to locomotory functions and adaptations (e.g. degree
of cursoriality), whereas lower limb muscles are secondary and predominantly control more
distal limb elements. The pelvis is also a junction between hind limb and tail locomotor modules,
which offers information on their level of interaction in the context of caudal decoupling. Lower
limb musculature is therefore not considered here. Soft tissue inferences depend on osteological
correlates, or morphological features of the bones. This effectively makes soft tissue inferences
second degree inferences in the ecological hierarchy as they rely on osteological data, which
itself must also be interpreted. This is summarized nicely by Witmer (1995: fig. 2.1) and
underscores the intimate association between bones and soft tissues. In the context of the Extant
Phylogenetic Bracket, dissection was performed on a savannah monitor (Varanus
exanthematicus), a spectacled caiman (Caiman crocodilus), and a common raven (Corvus corax)
to examine pelvic musculature. This was done to compliment literature review for pelvic
musculature in squamates (Russell and Bauer 2008, Dick and Clemente 2016), crocodylians
(Otero et al. 2010, Allen et al. 2015), and birds (Shufeldt 1890, Hudson et al. 1959, Halvorson
1972, Ghetie 1976, Jacobson and Hollyday 1982, Baumel et al. 1990, 1993, Mellett 1994, Patak

and Baldwin 1998, Verstappen et al. 1998, Gangl et al. 2004, Paxton et al. 2010).

1.7.2 A note on homology

Homology is a fundamental, underlying notion of muscle reconstruction in extinct taxa.
Essentially, homology is a conceptual framework that allows evaluation of similar comparative
anatomical features. Homologous features are therefore characters considered as “equivalent” in

different taxa that were acquired by shared ancestry (Patterson 1982, de Pinna 1991). Muscle
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reconstruction not only relies on homologies of osteological elements among taxa, but also
between muscles and muscle groups (Witmer 1995). Homologies of muscles in the deep dorsal
group were historically perplexing, but more recent evidence suggests that archosaur muscles are
largely conserved (Rowe 1986, Hutchinson 2002). Considerable changes in the arrangement and
number of muscles among archosaurs have led some to treat such changes as essentially
multistate characters (Hutchinson 2001a). Similarly, this thesis follows an approach that
emphasizes transformational homology. Structures may be recognized as homologous if they
pass the three classic “tests” of homology (Patterson 1982), with congruence an important test of
the agreement between characters (Rieppel 1994). In this way, muscles and other soft tissues
must directly correspond to a feature on the skeleton (osteological correlate) and distinguish a
monophyletic group (Witmer 1995). However, changes in the arrangement and number of
muscles in a muscle group may simply be the result of muscles splitting into multiple heads (i.e.
crocodilian M. iliofemoralis into the avian M. iliotrochantericus caudalis and M. iliofemoralis
externus), or merging into one another (i.e. crocodilian Mm. iliotibiales 2—3 into the avian M.
iliotibialis lateralis) (Hutchinson 2002). In this way, a transformational approach (de Pinna 1991)
recognizes these modifications as character state changes rather than character gain or loss. The
latter perspective may erroneously lead to absence coding, non-additive binary coding, or other
problematic types of character creation (Simdes et al. 2017). Myological changes inferred in
extinct taxa are only used here to map onto preexisting phylogenies to glean comparative and
evolutionary changes. As muscle reconstruction ultimately relies on the osteology, this creates

potential for overweighting skeletal characters that are also a correlate for muscle attachment.
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1.7.3 Phylogenetic scope

Based on available maniraptoran pelvic material, caenagnathids, dromaecosaurids,
therizinosaurians, and troodontids were chosen to examine musculoskeletal data. Although these
essentially represent point samples rather than a broad collection of data, information gained can
be added to existing literature. Therizinosauria is an early branching clade within Maniraptora
with features suggesting a departure from the typical morphology of maniraptoran theropods
(Fig. 1.1) (Zanno 2006, 2010a, Hendrickx et al. 2015). Caenagnathidae diverged slightly later
and occupies an intermediate position within Maniraptora, and a basal position within
Pennaraptora (Fig. 1.1) (Foth et al. 2014). Anatomical features of the metatarsus and hind limb
are suggestive of cursoriality, but a reduced tail may have implications for caudal locomotory
input and overall running ability. Troodontidae is closely related to birds (Fig. 1.1) (Hendrickx et
al. 2015) and its members typically possess features associated with high cursoriality. However,
tail space was limited, and early troodontids have marked differences in pelvic morphology. The
microraptorine dromaeosaurid Hesperonychus elizabethae (Longrich and Currie 2009) possesses
a pair of wing-like lateral pubic processes. It shares this feature with other microraptorines, but
the identity and potential functional implications of this structure are unclear. Exploration of
these problems in the context of locomotory muscle reconstruction will address these questions

about the degree of cursoriality, convergence, and caudal decoupling.
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Chapter 2. Pelvic myology of the basal therizinosaurian Falcarius and evolution of

locomotion in Therizinosauria and Maniraptora

2.1 Introduction

Therizinosauria is a clade of theropod dinosaurs with a convoluted taxonomic history
(Paul 1984, Xu et al. 1999a, Clark and Xu 2009, Zanno 2010b), originally thought to have
affinities with turtles based on rib and hand fragments (Maleev 1954). Derived therizinosaurians
evolved a tetradactyl foot with a weight-bearing first digit evident in the skeleton (Barsbold and
Perle 1980, Clark and Xu 2009, Zanno et al. 2009) and trackways (Fiorillo and Adams 2012,
Gierlinski and Lockley 2013). Other features including an edentulous beak, lanceolate teeth
lacking wear facets, tooth occlusion, limited bite force, broad hips enabling enlarged gut
capacity, and a long neck with increased mobility at the expense of craniocervical musculature
indicate herbivory with some reliance on oral processing of food (Zanno and Makovicky 2011,
Smith et al. 2011, Lautenschlager 2013). Variability in jaws and claws also suggests some
dietary plasticity and related changes in food gathering (Lautenschlager 2014, 2017). The
combination of these features is atypical of most theropods, which led some to appropriately
describe Therizinosauria as “aberrant” (Barsbold and Perle 1980, Zanno 2010a). It also made
classification difficult until discovery of more basal members such as Beipiaosaurus (Xu et al.
1999a) and Falcarius (Kirkland et al. 2005). Therizinosauria is now recognized as an early
diverging clade within Maniraptora (Fig. 2.1) (Zanno et al. 2009, Turner et al. 2012, Hendrickx
etal. 2015).

The most basal therizinosaurian, Falcarius, retains a three-toed foot, distally positioned

first toe, and relatively high bite force (Clark and Xu 2009, Botelho et al. 2017, Lautenschlager
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2017). However, it also exhibits leaf-shaped teeth, broad hips with a laterally flared
preacetabular hook, tall ilia with long preacetabular and short postacetabular portions, a
relatively low tibia:femur length, a more robust shoulder with modified range of motion, and
dietary shift from hypercarnivory more similar to derived therizinosaurians (Barsbold 1979,
Barsbold and Perle 1980, Kirkland et al. 2005, Zanno 2006, 2010a, Zanno and Makovicky 2011).
Beipiaosaurus is relatively basal and retains a tridactyl foot, but developed a longer and deeper
preacetabular portion of the ilium and a robust first toe (Xu et al. 1999a). More derived species
tend to further exaggerate these features (Li et al. 2008a, Zanno et al. 2009, Pu et al. 2013, Yao
et al. 2019). Despite knowledge of dietary trends and morphological development, locomotory
adaptations remain unclear. This is underscored in Falcarius by its mix of features and
phylogenetic position among theropods with varying cursorial abilities (Carrano 1999, Persons
and Currie 2016) and caudofemoral musculature input (Gatesy 1990, Gatesy and Dial 1996).

Falcarius presents an intriguing opportunity to evaluate two aspects of theropod
evolution with one study. As the most basal therizinosaurian, its anatomy offers insight into the
early evolution of the group. Because this clade diverges early within Maniraptora (or earliest
sensu Zanno et al. 2009), it also closely approximates the common ancestor of maniraptorans.
Near this taxonomic intersection, Falcarius can reveal functional trends and conditions at early
stages of both Therizinosauria and Maniraptora, the latter of which has an accelerated rate of
body shape evolution (Allen et al. 2013). However, therizinosaurians are conspicuously absent
from this study, and functional studies of basal members are lacking (Zanno 2010a).

Inspection of Falcarius pelvic elements for former soft tissue attachment sites allows
reconstruction of locomotory musculature. This provides another perspective on locomotion and

therizinosaurian evolution aside from observations of skeletal data. It also fits into an existing
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framework of theropod locomotion for comparison to other taxa. Besides providing a reference
for reconstruction in other therizinosaurians, it also creates a reference for early maniraptorans.
The locomotory musculature of Falcarius allows us to create and assess functional inferences

that have implications for theropod locomotion and palaeobiology alike.

2.2 Materials and Methods

Pelvic material of Falcarius (Table 2.1) was examined for gross morphology and to
identify former soft tissue attachment sites. Reconstruction is limited to the pelvis to concentrate
on the effect of proximal limb muscles with a primary relationship to locomotion. Although
distal limb muscles also control leg movements, their actions are secondary and mainly to
manipulate the foot and toes. The pelvis also connects the tail and leg. This allows examination
of some tail muscles in the context of caudal decoupling during theropod evolution (Gatesy and
Dial 1996) and as a proxy for caudofemoral extensor musculature (Gatesy 1990). The latter may
contribute a substantial portion of leg extensor musculature, which could be important for
locomotory and other functional inferences (Persons and Currie 2011, 2012, Persons et al. 2014).
Origin or insertion area does not necessarily reflect muscle size or strength (Bryant and Seymour
1990, Barrett and Maidment 2017), but allows estimates to make general comparisons.

A detailed osteological description of Falcarius utahensis was previously done (Zanno
2010a) and applies readily to the material observed here. Nonetheless, a summary is provided to
emphasize osteological correlates of locomotory musculature and offer minor corrections to a
few features associated with muscle attachment sites. Additionally, CEUM material was
recovered from a different locality than UMNH material and may represent a different species of

Falcarius (Zanno 2010a, 2010b). However, the overall similarity of all observed material
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suggests limited interspecific variation, if any, which justifies reconstruction at the generic level.
Therefore, gross morphology and muscle attachment sites herein represent Falcarius. Although
all observed material is disarticulated, a reconstructed pelvis was created by scaling pelvic
elements to match based on contact surfaces, a CEUM cast, and published literature (Zanno
2010a).

Identification of former soft tissues relies on the Extant Phylogenetic Bracket to infer the
likelihood of presence or absence in the focal taxon based on osteological correlates and
conditions in the closest living relatives (Fig. 2.1) (Bryant and Russell 1992, Witmer 1995). This
study follows comparative methods of previous dinosaur locomotion studies to identify pelvic
muscle attachment sites (Hutchinson 2001a, Carrano and Hutchinson 2002, Hutchinson et al.
2005, 2008, Maidment et al. 2014a, 2014b). A savannah monitor (Varanus exanthematicus), a
spectacled caiman (Caiman crocodilus), and a common raven (Corvus corax) were dissected to
understand the relationship of tissues in members of the Extant Phylogenetic Bracket.
Comparative skeletal material of various squamates, crocodylians, and birds provided additional
data on osteological correlates in extant taxa (Table 2.1). Pelvic muscle homologies were also
reviewed (Romer 1923a, Ghetie 1976, Rowe 1986, Proctor and Lynch 1993, Hutchinson 2001a,
Carrano and Hutchinson 2002, Gangl et al. 2004, Hutchinson et al. 2005, 2008, Smith et al.
2006, 2007, Lamas et al. 2014) and summarized in Table 2.2. Inferences on muscle presence
were categorized following Witmer (1995) and restricted to those that met criteria for Level I, I,
IL, or II” to limit speculation (Table 2.3). Photographs were taken with a digital camera and

illustrations were generated using Adobe Photoshop CS6 and a Wacom drawing tablet.
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2.3 Morphology of the pelvic girdle

The ilia of Falcarius deviate from the typical dolichoiliac form of most theropods, being
instead characterized as altiliac based on their dorsoventrally tall and anteroposteriorly long
preacetabular portions (Fig. 2.2) (Zanno 2010a). In contrast, the postacetabular portions are
comparatively short in both anteroposterior length and dorsoventral height (Fig. 2.2). Although
the preacetabular portion is displaced dorsally relative to the acetabulum of other theropods
(Zanno 2010a), it is not quite as extreme in dorsoventral height as in derived therizinosaurians.
The preacetabular hook is flared laterally and ends in a blunt, ventrally directed point, best seen
in CEUM 77189 (Fig. 2.2A). Its medial side has a shallow concavity that is covered in subtle
striae. Contra Zanno (2010a), the cuppedicus fossa is interpreted as present in this space. It
occupies the medial side of the preacetabular hook (Figs. 2.2-2.3) and is delineated dorsally by a
low, arcuate ridge confluent with a narrow, medially projecting shelf (Fig. 2.3). The difference in
interpretation between here and Zanno (2010a) may stem from the shallowness of the cuppedicus
fossa and lack of a bony medial edge like that present in ornithomimids or tyrannosaurids. The
anterior iliac margin is gently convex, whereas its dorsal margin is approximately straight and
anterodorsal-posteroventrally inclined in lateral view (Fig. 2.2). Subtle, radiating striations are
present on the lateral sides of the anterior and dorsal edges of the iliac blade. The posterior iliac
margin is roughly squared off so that the postacetabular process appears subrectangular in lateral
view. Along the ventral margin of the postacetabular portion, the posterior half is straight and
sub-horizontal, whereas the anterior half is concave and curves ventrally into the ischiadic
peduncle. Most of the lateral surface of the ilium is smooth except for a triangular patch of
roughened texture on the postacetabular portion, its apices connecting the transition between

straight and concave ventral margin, posterodorsal corner, and posteroventral corner of the ilium.
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The brevis fossa is narrow and shallow, bound dorsally by the brevis shelf (Fig. 2.2). The
ischiadic peduncle is anteroposteriorly short and mediolaterally wide, whereas the opposite is the
case with the pubic peduncle (Fig. 2.2). The anterolateral surface of the pubic peduncle may have
a slight depression, but this feature is shallow when present.

Falcarius has a pubic shaft that appears sigmoid in both anterior and in lateral views (Fig.
2.4) (Zanno 2010a). On the proximal end of the pubis, the preacetabular tubercle forms a low,
proximodistally oriented ridge on the anterolateral edge of the shaft (Figs. 2.4-2.5). This tubercle
is best seen in CEUM 52424 and UMNH VP 14540 distal to the iliac contact and anterior to the
ischiadic contact (Fig. 2.4). A small, oval patch of rugose texture is preserved adjacent to the
preacetabular tubercle on its lateral side. The pubic apron (Fig. 2.4) is a transversely broad sheet
of bone that tends to curve posteriorly toward its medial edge. Striations are preserved on both its
anterior and posterior surfaces. Toward the proximal end of the apron, a broken medial edge
indicates where it was formerly attached to the contralateral pubis. However, distally, a smooth
medial edge that is concave in anterior view repersents part of the margin of the slit-like pubic
fenestra (Fig. 2.4). The pubic boot is often incompletely preserved, although seems to be intact in
CEUM 77195 with a short, rounded anterior projection and long posterior projection that tapers
to a rounded point (Fig. 2.4E-F).

The ischium of Falcarius is blade-like and boomerang-shaped in lateral view (Fig. 2.6).
The iliac and pubic peduncles at the proximal end surround about a quarter of the acetabulum. A
small, triangular obturator process is situated about midshaft, and merges proximally with the
ischial shaft and distally with the ischial apron (Fig. 2.6). Striations carpet the lateral side of the
obturator process, but do not encroach on the ischial shaft (Fig. 2.7C-D). Because of the pointed

obturator process and curvature of the ischium, the anterior and posterodorsal margins are both
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concave in lateral view. The ischial apron is convex ventrally, which makes the ventral margin of
the ischium sigmoid in the same view. The shaft tapers to a point at its distal end. A pair of small
tuberosities are preserved along the posterodorsal edge of the shaft, one at the proximal end and
the other at the distal end (Fig. 2.6). Accompanied by light scarring, the proximal ischial
tuberosity is slightly raised into a low, triangular eminence partially preserved here, but better
preserved in a previously described specimen (Zanno 2010a). The distal ischial tuberosity is less
conspicuous. Between these tuberosities, but closer to the proximal one, is a longitudinal groove

on the posterodorsal edge of the ischial shaft (Fig. 2.7A-B).

2.4 Myology of the pelvic girdle

2.4.1 Triceps femoris

Pelvic musculature belonging to the triceps femoris consists of the Mm. iliotibiales 1-3
(IT1-3) and M. ambiens (AMB). Light scarring with a radial pattern (striae perpendicular to the
edge of the bone) along the anterior margin of the preacetabular portion of the ilium indicates the
origin of IT1 (Fig. 2.8A). This scarring is continuous along the dorsal margin for the origins of
IT2 and IT3. Exact distinctions between the three heads of this muscle are unclear and divisions
are estimated based on other theropod pelvic muscle reconstructions (Carrano and Hutchinson
2002, Hutchinson et al. 2005, 2008, Bates et al. 2012) and the condition in extant birds and
crocodylians. The extent of these origins can be determined based on the extent of scarring,
which terminates around the anteroventral corner of the preacetabular hook for the IT1, and at
the posterodorsal corner of the ilium for the IT3. The narrow area for attachment along the lateral
side of the ilium is consistent with other theropods and suggests that the IT1-3 were similarly

broad, sheet-like muscles in Falcarius.
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Joining the IT1-3, the AMB originated on the pubis near the preacetabular tubercle from
a roughly oval patch of rugose texture (Fig. 2.8A). This contrasts with the findings of Zanno
(2010a), who did not find a defined origin for this muscle. Although faint, the patch of textured
bone surface near the preacetabular tubercle is identified here as the osteological correlate for the
AMB (Hutchinson 2001a). This interpretation is also consistent with other theropods

(Hutchinson et al. 2005, 2008, Bates et al. 2012).

2.4.2 M. iliofibularis (ILFB)

The origin of M. iliofibularis (ILFB) is on the lateral surface of the ilium (Fig. 2.8A). The
postacetabular portion of the ilium serves as the ILFB attachment site (Hutchinson 2002), but its
smooth texture hinders exact identification of its extent. Consideration of the Extant
Phylogenetic Bracket indicates that the ILFB does not extend anteriorly beyond the acetabulum
and is surrounded by other muscles. Therefore, the ILFB was likely restricted to a roughly

triangular area posterior to the centre of the acetabulum and ventral to IT2-3.

2.4.3 Deep dorsal group

Muscles of the deep dorsal group chiefly produce leg flexion and include the M.
iliofemoralis externus (IFE), M. iliotrochantericus caudalis (ITC), and Mm. puboischiofemorales
interni 1-2 (PIFI1-2). The origin of IFE is dorsal to the acetabulum on the lateral side of the
ilium (Fig. 2.8A). Like other muscles originating on the iliac blade, this muscle had a fleshy
attachment not clearly defined on the surface of the bone. Evidence from the insertion site at
least clarifies that the IFE and ITC became divided in basal dinosauromorphs such as

Lagerpeton, Lagosuchus, and Lewisuchus, and basal dinosaurs like Eoraptor and herrerasaurids
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(Hutchinson 2001b, 2002). This division is indicated by development of a prominent trochanteric
shelf on the proximal end of the femur. However, this does not help to elucidate the relative size
of the IFE. Its origin is tenuously reconstructed as being small compared to the ITC based on
inferred reduction in basal tetanuran theropods (Hutchinson 2001a, 2002) and observed small
size in extant birds.

Anterior to the IFE, the origin of ITC encompasses much of the preacetabular portion of
the ilium (Fig. 2.8A). This origin is restricted by surrounding muscles including the IT1
anteriorly, IT2 dorsally, and IFE and ILFB posteriorly. The ventral edge of the ilium constrains
the remaining border of the origin of ITC. Because of both anterior and dorsal expansion of the
preacetabular portion of the ilium, the origin of ITC was also enlarged relative to those of other
muscles. Faint scarring on the lateral side of the preacetabular hook dorsal to a small portion of
smooth bone toward its tip suggests that a small area was not covered by muscle.

The origin of PIFI1 is on the anterolateral edge of the pubic peduncle between the
preacetabular hook and acetabulum (Fig. 2.8A). Its general size can be approximated by the
shallow depression preserved in some specimens. The origin of PIFI1 is not inferred to extend
onto the base of the preacetabular hook or cuppedicus shelf, nor is there evidence for to suggest
that part of it occupied the medial side of the blade.

Inside the cuppedicus fossa, the origin of PIFI2 apparently covers the entire medial side
of the preacetabular hook based on muscle scarring (Fig. 2.8B—C). This texture, and the origin by
extension, is dorsally constrained by the cuppedicus ridge and shelf. The anterior and ventral
range is only limited by the edges of the bone. Surface texture is continuous across the origin,
indicative of a single, undivided head. This is more similar to the state in crocodylians, and

opposed to the divided and separated pair of homologous avian muscles (ITCR+ITM, Table 2.2),
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like that reconstructed in other theropods. However, the origin of PIFI2 in a crocodilian is on the

posterior dorsal vertebrae rather than the ilium.

2.4.4 Flexor cruris group

The tibial flexor group is comprised of the M. flexor tibialis internus 1 and 3 (FTII, 3)
and M. flexor tibialis externus (FTE). The correlate for the FTI1 is the distal ischial tuberosity
(Fig. 2.8A). At the distal end of the ischium along its dorsal edge, the origin is offset to the
lateral side. Much like the tuberosity from which the FTI1 originates, the muscle was likely
highly reduced.

The origin of FTI3 is on the proximal ischial tuberosity (Fig. 2.8A). This eminence is
more pronounced than its distal counterpart, but not as prominent or rugose as in more
plesiomorphic theropods such as tyrannosaurids (Carrano and Hutchinson 2002, Hutchinson et
al. 2005). Muscle scarring indicative of former FTI3 attachment is more distinct on the lateral
side of this process as opposed to the medial side.

On the ilium, the triangular patch of textured bone near the posteroventral corner of the
blade on its lateral side marks the origin of FTE (Fig. 2.8A). The muscle likely occupied about
the same area as indicated by scarring, which helps to constrain nearby muscles like the ILFB
and IT3. The origin of FTE occupies the remaining space on the lateral side of the ilium between

these other muscles and the edges of the iliac blade.

2.4.5 Mm. adductores femorum (ADD)
The Mm. adductores femorum 1-2 (ADD1-2) are a pair of pelvic muscles that originate

from the ischium. The origin of ADD1 can be identified by striae coating the lateral surface of
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the obturator process (Fig. 2.8A). The ischial shaft forms one boundary of this origin, which is
otherwise restricted by the extent of the obturator process. Distally, the exact limit of the origin
of ADDI1 is unclear as striae are continuous onto the ischial apron, from which another pelvic
muscle takes its origin. This division is estimated roughly at the junction between the obturator
process and ischial apron.

On the posterodorsal edge of the ischial shaft, the origin of ADD2 is demarcated by a
longitudinal groove (Fig. 2.8A,C). The origin of ADD?2 is proximodistally elongate and adjacent
to the origin of FTI3. Based on the extent of the longitudinal groove, it seems to terminate about

halfway between the proximal and distal ischial tuberosities.

2.4.6 Mm. puboischiofemorales externi (PIFE)

The Mm. puboischiofemorales externi 1-3 (PIFE1-3) share similar functions and
insertion points. Striations on the anterior surface of the pubic apron show the origin of PIFE1
(Fig. 2.8C-D). The anterior surface of the pubic shaft is largely devoid of this texture, which
indicates that the origin was restricted to only the pubic apron, typical of non-avian theropods
(Hutchinson 2001a). The origin of PIFE1 reaches the proximal end of the pubic apron and
around the distal end of the pubic fenestra. It is unknown whether the pubic fenestra was hollow,
filled with cartilage, covered by a membrane, or overlaid by another type of unpreserved soft
tissue underneath the skin, so it is also unknown if the origin of PIFE1 covered this area too.

On the posterior side of the pubic apron, the origin of PIFE2 is similarly marked by striae
(Fig. 2.8). Muscle scars may cover posteromedial parts of the pubic shafts, but the origin is more
or less limited to the apron itself. Much like the first head of this muscle group, the second head

had a proximal extent that matches the proximal edge of the pubic apron, and a distal extent
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around the distal end of the pubic fenestra and base of the pubic boot. This condition is also
exhibited by most non-avian theropods.

The origin of PIFE3 occupies the lateral surface of the ischial apron (Fig. 2.8A).
Neighbouring the ADDI to its anterior, the PIFE3 would have been restricted by this other
muscle. Striations on the apron are continuous with those on the obturator process, making exact
boundaries unclear. The origin of PIFE3 does not appear to cover the ischial shaft and is

otherwise limited by the extent of the bone itself.

2.4.7 M. ischiotrochantericus (ISTR) and M. caudofemoralis brevis (CFB)

On the medial side of the ischium, the origin of M. ischiotrochantericus (ISTR) is at the
proximal end toward the posterior side (Fig. 2.8C). Fleshy attachment and resultant lack of clear
borders in extant relatives and non-avian theropods make it somewhat difficult to precisely
reconstruct this muscle. However, CEUM 74717 has a subtle rugose texture in this area that may
coincide with the origin of ISTR. Despite the inconsistency of the presence of this texture across
other Falcarius material, it is of appropriate location and size compared to the origin of ISTR
other theropods (Hutchinson 2001a, 2002, Carrano and Hutchinson 2002).

The shallow, narrow brevis fossa is the origin of CFB (Fig. 2.8B-C). Relative to more
plesiomorphic theropods, the area of attachment and available volume for musculature is
considerably reduced. However, the size of the brevis fossa is similar in some more derived
theropods, especially caenagnathids. The CFB likely filled the entire brevis fossa, but did not

encompass the lateral side of the ilium nor the posterior edge of the ischiadic peduncle.
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2.5 Discussion

2.5.1 General remarks

Future directions could include a more detailed assessment of pelvic musculature within
Therizinosauria. Identification and description of pelvic muscle attachment sites in the most
basal member establishes a template for more derived members, or for expansion within
Falcarius to include the entire hind limb for a more comprehensive study of locomotory
adaptations. This study is qualitative by nature and would also be complemented by quantitative
biomechanical analysis. Regardless, the data here create a framework for future research on
musculature reconstruction and locomotion. Some aspects of this study are phylogenetically
dependent and may change pending future discoveries. However, the inferences here are justified
as reasonable given the general stability of Therizinosauria at or near the base of Maniraptora
(Zanno 2010b, Pu et al. 2013, Xu et al. 2014, Hendrickx et al. 2015, Yao et al. 2019).

The pelvic musculature of Falcarius mimics its pelvic osteology, which deviates from the
typical maniraptoran theropod bauplan, but generally maintains a similar layout. This also falls
in line with other aspects of its anatomy, such as changes in the pectoral girdle (Zanno 2006),
skull (Lautenschlager 2017), and diet (Zanno and Makovicky 2011). Iliac muscle origins track
osteological changes in enlargement of the preacetabular portion and reduction in the
postacetabular region. In turn, muscle origins of the deep dorsal group and others responsible for
hip flexion and knee control are expanded, whereas those of extensors that drove locomotion
(e.g. ILFB, posterior portion of IT2, IT3) are shrunken. A similar pattern probably occurs in
caenagnathids with similarly proportioned ilia, but not in oviraptorids or ornithomimids with
different pelvic anatomy (Zanno 2010a). Emphasis on leg flexors and knee control, especially in

the face of extensor reduction, may indicate a change in posture and/or locomotory mode that
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focused on stability over speed. Furthermore, the narrow and shallow brevis fossa drastically
limits space available for the origin of the short head of the caudofemoral complex (CFB), which
indicates tail muscles that functioned as extensors were similarly reduced. The origins of PIFI1
and PIFI2 appear to be distinctly separate, which differs from closely related, more
plesiomorphic theropods. In ornithomimids, the cuppedicus fossa and PIFI2 origin are adjacent
to the origin of PIFI1. Additionally, both the fossa and its associated muscle origin are posterior
to—and separate from—the preacetabular hook. In contrast, the cuppedicus fossa of Falcarius
appears less distinct because it lacks a medial wall. Thus, only about one quarter of the fossa is
circumscribed by bone, which appears more like a concavity delineated by a low ridge rather
than a proper fossa with a distinct medial shelf or wall (Fig. 2.3). The origin of PIFI2 also
migrated anteriorly onto the medial side of the preacetabular hook and became further separated
from the origin of PIFI1. Perhaps this reorganization of the deep dorsal group is linked to gradual
changes in posture during theropod evolution and development of “knee-driven” locomotion
(Hutchinson and Gatesy 2000, Allen et al. 2013, Bishop et al. 2018a). Muscles originating from
the pubis are clarified with identification of the preacetabular tubercle and origin of AMB. The
transversely broad pubic apron inherently provided more space for the first and second heads of
the external puboischiofemoral muscle group. These muscles were primarily involved in femoral
flexion with some capacity for lateral rotation, although the latter is likely limited given the
propubic nature of Falcarius (Hutchinson and Gatesy 2000). On the ischium, crural flexor
origins seem to be reduced, but other muscle attachment sites are unremarkable. These
locomotory adaptations are not unexpected and in fact matches previously hypothesized changes

in locomotory adaptations tied to dietary and postural changes (Zanno 2010a). However, some
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aspects of locomotory musculature offer insight on the development of these changes both in

Therizinosauria and more broadly in Maniraptora.

2.5.2 Evolutionary trends in Therizinosauria

Pelvic musculature reveals another perspective on locomotory adaptations in Falcarius
along with other morphological features of therizinosaurians (Table 2.4). The clade exhibits a
steady decrease in the proportion of distal limb segments (Zanno 2010a). This pattern is
generally seen as an indicator of decreased running ability, which is emphasized when compared
to highly cursorial theropods such as tyrannosaurids and troodontids (Persons and Currie 2016).
Here, cursoriality is defined generally as running ability. High cursoriality can be identified by
anatomical features such as elongate distal limb elements (tibiae and metatarsi), tight
interlocking or fusion of metatarsal bones, and reduction of weight-bearing toes, among others
(Lull 1904, Coombs 1978, Carrano 1999, de Bakker et al. 2013, Lovegrove and Mowoe 2014).
This definition cannot discern running style as cursors that engage in either long-range running
or sprinting share many of these adaptations, although examination of these features still
provides insight on general running ability. Falcarius retains a tibia that is longer than the femur
and an elongate metatarsus relative to the tibia (Table 2.4). Despite a distally positioned first toe,
Falcarius also retains a tridactyl foot (Clark and Xu 2009, Botelho et al. 2017) as opposed to the
tetradactyl nature of therizinosaurids. The addition of a functional pedal digit and relative
shortening of distal limb segments in therizinosaurids both counter the expectation of adaptations
for high cursoriality (Coombs 1978). The ratio of metatarsal to femoral length may be more
closely related to home range (Carrano 1999), but a relatively long metatarsal still contributes to

distal limb length and higher cursoriality (Lovegrove and Mowoe 2014) and reduction in this
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ratio reflects a reduction in therizinosaurid cursoriality nonetheless. Two other features that
remain fairly consistent throughout Therizinosauria, however, are moderate development of the
fourth trochanter on the femur and lack of an arctometatarsus (Table 2.4) (Xu et al. 1999a, Zanno
et al. 2009, Zanno 2010a, Pu et al. 2013, Yao et al. 2019). The fourth trochanter is the insertion
site for the M. caudofemoralis longus, the counterpart to the CFB, which together formed the
caudofemoral muscle complex that functioned in leg extension (Gatesy 1990, Hutchinson
2001b). More plesiomorphic theropods tend to rely on these extensors for a considerable portion
of propulsion (Persons and Currie 2011). The estimated total number of caudal vertebrae and the
number of those with transverse processes in Falcarius are in line with ornithomimids and
dromaeosaurids (Gatesy 1990, Kirkland et al. 2005), but their morphologies vary considerably.
Contrasting the dorsally elevated and angled transverse processes in ornithomimid anterior
caudal vertebrae that provided more space for M. caudofemoralis longus attachment (Persons
and Currie 2011), the transverse processes of the squat anterior caudals of Falcarius extend
horizontally and are not dorsally elevated (Kirkland et al. 2005, Zanno 2010a). Therefore, the
origin of M. caudofemoralis longus was reduced in Falcarius compared to ornithomimids.
Modest development of caudofemoral musculature in therizinosaurians suggests it maintained a
role in locomotion, albeit reduced compared to more plesiomorphic theropods. This is
emphasized by reduction in the origin of CFB, represented by a narrow and shallow brevis fossa
(Figs. 2.2, 2.8), which reveals that both parts of the caudofemoral complex were reduced in basal
therizinosaurians. The arctometatarsus is considered an adaptation in animals well adapted for
cursoriality (Holtz 1994, Snively et al. 2004). Therizinosaurians lack this structure (Table 2.4),
which suggests they were not suited for fast running or high agility. A broad cnemial crest in

Falcarius is reasonably comparable to typical theropods and acts to increase the leverage of the
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triceps femoris group muscles that passed over it (Hutchinson 2002). Reduction of this feature
throughout Therizinosauria (Zanno et al. 2009, Zanno 2010a) likely also reduced the extensor
moment arm of such muscles and, consequently, running ability. This, combined with decreasing
distal limb proportions through evolutionary time, may also be related to postural changes
becoming more upright (Zanno 2010a). The distal displacement of the cranial tubercle of the
fibula—the insertion site of the ILFB—may be related to these changes as well. The ILFB
functioned to extend the leg and flex the knee (Hutchinson 2002). Reduction of its origin
qualitatively suggests decreased strength, but distal displacement of the insertion site presumably
also affected its moment arm. Perhaps this had a similar effect as the distal displacement of the
fourth trochanter in hadrosaurs relative to tyrannosaurids, which gave the caudofemoral muscles
more leverage for more efficient running in the former, but increased strength in the latter
(Persons and Currie 2014). The distally displaced ILFB insertion in Falcarius relative to other
theropods may have likewise increased its leverage at some expense of strength, although this
requires testing and likely has more implications for knee rotation than hip rotation given that the
ILFB inserted on the fibula. Combined with reduction of the CFB, ILFB, IT3, and other muscles
involved in leg extension, Falcarius does not seem well adapted for cursoriality. This ability is
progressively reduced even further throughout the evolutionary history of Therizinosauria.

A diminished cursorial ability leads to a discussion on predator avoidance strategies. If
escape by means of running was not a feasible option, alternative measures were likely
employed. Previous studies on inner ear length in therizinosaurians notes an increase in cochlear
length (Smith et al. 2011, 2018). In reptiles and birds, this is a proxy for hearing ability whereby
a longer cochlea is associated with more complex vocalizations and a higher degree of sociality

(Walsh et al. 2009). Extrapolating from this suggests an increased likelihood of larger social
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aggregations in therizinosaurians, which complements, but does not confirm, inferred sociality
based on the paucispecific Falcarius bonebed (Kirkland et al. 2005, Smith et al. 2018). Although
inferred gregarious behaviour in Falcarius is by no means unique among theropods (Currie
1998, Lockley and Matsukawa 1999, Roach and Brinkman 2007, Currie and Eberth 2010,
Funston et al. 2016), the lessened cursorial capacity and inferred herbivory of Falcarius, and
Therizinosauria by extension, may preclude pack hunting as the purpose of aggregation. Rather
than gathering to find food, therizinosaurians may have done so to avoid becoming food. A
putatively increased degree of vocal complexity and sociality would probably have been useful
to communicate among larger groups to find safety in numbers. This proposition is admittedly

tenuous, but would be consistent with reduced cursoriality.

2.5.3 Caudal decoupling and tail functional anatomy

Reduction in caudofemoral musculature also signals an intermediate stage in caudal
decoupling, a process by which the caudofemoral muscles became functionally separated from
extensive control of the hind limb during theropod evolution (Gatesy and Dial 1996). More
plesiomorphic theropods have integrated pelvic and caudal muscles that operated the hind limb,
whereas birds assimilate tail muscles into the flight apparatus (Gatesy and Dial 1996).
Maniraptoran theropods occupy a grade between these two ends in which the tail and its
musculature are intermediate, but still linked to the hind limb (Gatesy 1990). Changes in body
and locomotor modules also experienced radical changes during the evolution of non-avian
maniraptorans (Allen et al. 2013). Among these changes are an anterior shift in centre of mass
and concurrent reduction in caudofemoral musculature. The tail of therizinosaurids convergently

becomes reduced in the number and the anteroposterior length of caudal vertebrae (Zanno et al.
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2009, Zanno 2010a), thereby reducing available space for caudofemoral musculature. Although
transverse process length is not a good proxy for the size of the M. caudofemoralis longus,
haemal spine length may offer insight (Persons and Currie 2011). The haemal spines of
Falcarius (Kirkland et al. 2005, Zanno 2010a) appear reduced in relative length compared to
those of ornithomimids and more plesiomorphic theropods (Gatesy 1990), which also suggests
reduced space available for the M. caudofemoralis longus. Additionally, substantial reduction of
the brevis fossa and CFB apparent in Falcarius shows that this trend was already well underway
in basal therizinosaurians, and in both parts of this muscle group to boot. Falcarius also
“approximates” the conditions of basal maniraptorans due to its phylogenetic position; although
it does not represent the common ancestor of maniraptorans, it offers a reasonable interpretation
of the conditions near the base of Maniraptora. This is admittedly phylogenetically dependent
and warrants investigation of other closely related members, like alvarezsaurs, that were not
examined in this study. Substantial reduction of the caudofemoral musculature corroborates a
locomotor transition within Maniraptora, but reveals that it began well before Eumaniraptora as
conservatively reported previously (Allen et al. 2013). These morphological features are rather
similar to closely related caenagnathids but are in stark contrast to the condition of
ornithomimids and tyrannosaurids. Instead of a smooth, gradual transition, the state in Falcarius
suggests a more punctuated step in tail reduction and caudal decoupling near the base of
Maniraptora than previously reported. That being said, the conditions in Falcarius are still
largely consistent with the general model of caudal decoupling and the stepwise acquisition of
avian-like features (Hutchinson and Allen 2009).

Besides evidence of partial caudal decoupling, another aspect of therizinosaurian tail

functionality may be better elucidated by exceptional fossil preservation. To date, the closest
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relatives of Falcarius are the therizinosaurian Jianchangosaurus and the most basal
therizinosauroid Beipiaosaurus (Zanno 2010b, Pu et al. 2013, Yao et al. 2019). The latter two are
known from fossils that preserved impressions of elongate broad filamentous feathers (Xu et al.
2009, Pu et al. 2013). Due to their morphology and distribution, feathers of this type are inferred
to primarily function in display (Xu et al. 2009). Further to this, a pygostyle-like structure is
present in Beipiaosaurus (Xu et al. 2003a). Rectrices are not apparent and in this case lack of
fossilization may in fact represent true absence given the preservation of other, densely packed
integument on the tail. Curiously, the opposite condition—preserved rectrices but no
pygostyle—is present in the oviraptorosaurian Caudipteryx (Xu et al. 2003a). The inferred
function of this tail feather fan is also display, supported by adequate tail musculature to
manipulate such a structure (Persons et al. 2014). However, Falcarius lacks both a pygostyle-like
structure and direct evidence of feathers, so similarities in tail structure may be convergent
between therizinosaurians and oviraptorosaurians (Persons et al. 2014, Persons and Currie 2019).
Regardless, therizinosaurians and oviraptorosaurians exhibit similarities in potential tail function
that cannot currently be determined as either convergent or shared. Although modifications at the
distal end of the tail differ between these groups, reduction at the proximal end inferred from
reduction of the CFB offers some insight. Caudal muscles that were tightly integrated with
locomotion in earlier theropod groups are somewhat freed up for other functions—such as
display—in therizinosaurians and oviraptorosaurians. In this way, partial caudal decoupling may
have permitted other caudal adaptations in each clade. This does not necessarily mean that partial
caudal decoupling itself should be treated as evidence for tail functions such as display. Instead,
it simply suggests that the possibility was reasonable, and perhaps plausible if in tandem with

other structures more closely linked to a given function. In this case, the potential for tail use
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other than locomotion is also congruent with the presence of feathers likely used for display (Xu
et al. 2009). However, differences in Oviraptorosauria, such as the presence of a tail feather fan
in some taxa, require another explanation. Oviraptorosaurians are the most basal theropods with
evidence of pennaceous feathers, which united them and Paraves into the clade Pennaraptora (Xu
et al. 2010b, Foth et al. 2014). Therizinosaurians diverge prior to this group and remain without
evidence of pennaceous feathers even with good preservation in some specimens (Xu et al.
2003a, 2009). The presumed primary function is display for both elongate broad filamentous
feathers in therizinosaurians immediately prior to the divergence of Pennaraptora, and in
oviraptorosaurians immediately following (Xu et al. 2009, Foth et al. 2014). Persons and Currie
(2019) suggested that sexual selection drove the elaboration of feathers in coelurosaurians, which
is congruent with a primary function for display. Hence, therizinosaurians and oviraptorosaurians
may have exhibited similarities not only in tail display functions, but also in pelvic osteology,

partial caudal decoupling, and tail structure.

2.6 Summary of Falcarius pelvic myology

The pelvic myology of Falcarius is reconstructed with reference to other theropods and
the closest living relatives. Pelvic musculature of Falcarius represents expected conditions given
its phylogenetic position as a basal therizinosaurian and maniraptoran. For this reason, this
reconstruction also approximates the conditions of the common ancestor of Therizinosauria and,
to some extent, Maniraptora. Locomotory musculature tracks changes in pelvic proportions, hind
limb ratios, and other anatomical changes suggestive of decreased cursoriality. Derived
therizinosaurians experienced further reduction in cursorial ability, accompanied by exaggerated

features of the pelvis, hind limb, and other parts of the skeleton already divergent from the
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typical theropod bauplan in Falcarius. This is supported by simultaneous reduction in caudal
musculature, which also indicates that basal maniraptorans may have experienced a punctuated
onset of caudal decoupling that continued during their evolutionary history. This functional study
corroborates previously hypothesized changes in posture and locomotion of early
therizinosaurians and shows that locomotory musculature is not independent of other
palaeobiological changes. Modifications to locomotory adaptations are consistent with, but do
not themselves corroborate, the possibility that therizinosaurians may have employed anti-

predator strategies that relied more on social behaviours than on running ability.
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Figure 2.1. Simplified phylogeny of Falcarius among Archosauria. Phylogeny includes other
contemporaneous, extinct theropods and representatives of its Extant Phylogenetic Bracket

(Crocodylia and Aves).
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Figure 2.2. Falcarius ilia examined for muscle attachment sites. Limited to well preserved

material (see Table 2.1 for observed material). Left ilium of Falcarius sp. (CEUM 77189) in
lateral (A), medial (B), and ventral (C) views. Right ilium of Falcarius sp. (CEUM 53312) in
lateral (D) and medial (E) views. Left ilium of Falcarius sp. (CEUM 78223) in lateral (F) and
medial (G) views. Right ilium of Falcarius sp. (CEUM 74763) in lateral (H), medial (I), and
ventral (J) views. Scale bar is 10 cm and applies to all images. Abbreviations: ace, acetabulum;
bf, brevis fossa; brs, brevis shelf; cf, cuppedicus fossa; cr, cuppedicus ridge; isp, ischiadic
peduncle; pah, preacetabular hook; pos, postacetabulum; pre, preacetabulum; pup, pubic

peduncle.
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Figure 2.3. Cuppedicus fossa of Falcarius. Left ilium of Falcarius sp. (CEUM 77189) in
anterior view. Scale bar is 5 cm. Abbreviations: cf, cuppedicus fossa; cr, cuppedicus ridge; cs,

cuppedicus shelf; pah, preacetabular hook.
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Figure 2.4. Falcarius pubes examined for muscle attachment sites. Limited to well preserved

material (see Table 2.1 for observed material). Right pubis of Falcarius sp. (CEUM 52424) in
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anterior (A), posterior (B), lateral (C), and medial (D) views. Slightly taphonomically distorted
left pubis of Falcarius sp. (CEUM 77195) in lateral (E) and medial (F) views. Right pubis of
Falcarius sp. (CEUM 77233) in lateral (G) and medial (H) views. Right pubis of Falcarius
utahensis (Courtesy of Natural History Museum of Utah, UMNH VP 14540) in anterior (),
posterior (J), lateral (K), and medial (L) views. Scale bar is 10 cm and applies to all images.
Abbreviations: ace, acetabulum; apr, pubic apron; ilc, iliac contact; isc, ischiadic contact; pb,

pubic boot; pfen, pubic fenestra; ps, pubic shaft; pt, preacetabular tubercle.
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Figure 2.5. Proximal portion of the pubis of Falcarius. Right pubis of Falcarius sp. (CEUM
52424) in anterolateral view. Scale bar is 5 cm. Abbreviations: ilc, iliac contact; pt,

preacetabular tubercle.
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Figure 2.6. Falcarius ischia examined for muscle attachment sites. Limited to well preserved

material (see Table 2.1 for observed material). Right ischium of Falcarius sp. (CEUM 52482) in
lateral (A) and medial (B) views. Right ischium of Falcarius sp. (CEUM 74717) in lateral (C)
and medial (D) views. Left ischium of Falcarius utahensis (Courtesy of Natural History Museum
of Utah, UMNH VP 12374) in lateral (E), medial (F), posterodorsal (G), and anteroventral (H)
views. Scale bar is 10 cm and applies to all images. Abbreviations: dist, distal ischial
tuberosity; ilc, iliac contact; isa, ischial apron; iss, ischial shaft; op, obturator process; pist,
proximal ischial tuberosity; puc, pubic contact.
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Figure 2.7. Osteological correlates on Falcarius ischia. Left ischium of Falcarius sp. (CEUM

53243) in lateral view (A) with close-up of posterodorsal edge of ischial shaft (B) showing
shallow, longitudinal groove. Right ischium of Falcarius sp. (CEUM 52482) in lateral view (C)
with close-up of obturator process (D) showing striae. Scale bar is 10 cm for A—C, and 5 cm for

D. Abbreviations: Igr, longitudinal groove; op, obturator process.
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Figure 2.8. Pelvic myology of Falcarius. Pelvis in lateral view (A), ilium in ventral view (B),
pelvis in medial view (C), and pubes in anterior (D) and posterior (E) views. The reconstructed
pelvis is a composite based on Falcarius sp. (CEUM 77189, ilium; CEUM 74717, ischium) and
Falcarius utahensis (Courtesy of Natural History Museum of Utah, UMNH VP 14540, pubis).
Pelvic bones were scaled to match based on contact surfaces with reference to previous
reconstructions (Zanno 2010a) and a CEUM pelvis cast. Abbreviations: ADD1, M. adductor
femoris 1; ADD2, M. adductor femoris 2; AMB, M. ambiens; CFB, M. caudofemoralis brevis;
FTE, M. flexor tibialis externus; FTI1, M. flexor tibialis internus 1; FTI3, M. flexor tibialis
internus 3; IFE, M. iliofemoralis externus; ILFB, M. iliofibularis; ISTR, M.
ischiotrochantericus; IT1, M. iliotibialis 1; IT2, M. iliotibialis 2; IT3, M. iliotibialis 3; ITC, M.
iliotrochantericus caudalis; PIFE1, M. puboischiofemoralis externus 1; PIFE2, M.
puboischiofemoralis externus 2; PIFE3, M. puboischiofemoralis externus 3; PIFI1, M.

puboischiofemoralis internus 1; PIFI2, M. puboischiofemoralis internus 2.
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Table 2.1. Pelvic material examined for muscle attachment sites. Note: CEUM, College of

Eastern Utah Museum; RM, Redpath Museum; ROM, Royal Ontario Museum; UAMZ,

University of Alberta Museum of Zoology; UMNH VP, Utah Museum of Natural History.

Taxon

Specimen number

Status and element(s)

Therizinosauria
Falcarius utahensis

Falcarius sp.

Nothronychus graffami

Aves
Apteryx haastii
Corvus corax
Dromaius novaehollandiae

Gallus gallus
Rhea americana

Struthio camelus

Crocodylia
Alligator mississippiensis
Alligator sp.
Caiman crocodilus

Osteolaemus tetraspis

UMNH VP 12370, 12371,
12374, 14540, 14659, no #
(juvenile pubis), UMNH VPC
639

CEUM 52424, 52482, 52520,
53243, 53252, 53305, 53312,
53349, 53361, 73681, 73709,
73963, 73964, 74706, 74717,
74727, 74739, 74763, 74794,
74842, 77035, 77037, 77045,
77051, 77053, 77081, 77114,
77173, 77189, 77194, 77195,
77233, 77241, 77290, 78223
UMNH VP 16420

RM 8369

UAMZ (uncatalogued)
ROM R6843, ROM R7654,
UAMZ B-FIC2014.260

RM 8355
RM 8499

ROM 1080, ROM 1162, ROM
1933, ROM 2136, ROM 2305,
UAMZ 7159

ROM R343
UAMZ HER-R654
RM 5242; UAMZ
(uncatalogued)

RM 5216
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Fossil (cast for UMNH VPC
639); disarticulated pubes and
ischia

Fossil; disarticulated ilia,
pubes, and ischia

Fossil; disarticulated pelvis
(ilia not seen)

Articulated skeleton mount
Dissected

Disarticulated, associated
skeletons (ROM); articulated
skeleton mount (UAMZ)
Articulated skeleton mount
Disarticulated, associated
skeleton

Disarticulated, associated
skeletons

Postcranial skeleton
Articulated skeleton mount
Disarticulated, associated
skeleton (RM), dissected
(UAMZ)

Articulated skeleton mount



Squamata

Tupinambis teguixin
Varanus albigularis

Varanus exanthematicus
Varanus jobiensis

Varanus komodoensis
Varanus niloticus

Varanus rudicollis
Varanus salvator

ROM R436
RM 5220

UAMZ (uncatalogued)
RM 5219

ROM R7565
RM 5221
ROM R7318

RM 5222, RM 5223, RM
5224

Semi-prepared skeleton
Disarticulated, associated
skeleton

Dissected

Disarticulated, associated
skeleton

Disarticulated, associated
skeleton

Disarticulated, associated
skeleton

Articulated skeleton mount
Disarticulated, associated
skeleton
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Table 2.2. Pelvic muscle homologies in crocodylians and avians. Modified from Carrano and

Hutchinson (2002) and Hutchinson et al. (2005).

Crocodylia

Aves

Triceps femoris
M. iliotibialis 1 (IT1)
M. iliotibialis 2, 3 (IT2, IT3)
M. ambiens (AMB)
M. iliofibularis (ILFB)
Deep dorsal group
M. iliofemoralis (IF)

M. puboischiofemoralis internus 1 (PIFI1)
M. puboischiofemoralis internus 2 (PIFI2)

Flexor cruris group
M. puboischiotibialis (PIT)
M. flexor tibialis internus 1 (FTI1)
M. flexor tibialis internus 2 (FT12)
M. flexor tibialis internus 3 (FTI3)
M. flexor tibialis internus 4 (FT14)
M. flexor tibialis externus (FTE)

Mm. adductores femorum
M. adductor femoris 1 (ADDI)

M. adductor femoris 2 (ADD?2)
Mm. puboischiofemorales externi
M. puboischiofemoralis externus 1 (PIFEI)
M. puboischiofemoralis externus 2 (PIFE2)
M. puboischiofemoralis externus 3 (PIFE3)
M. ischiotrochantericus (ISTR)
Mm. caudofemorales
M. caudofemoralis brevis (CFB)
M. caudofemoralis longus (CFL)

M. iliotibialis cranialis (IC)
M. iliotibialis lateralis (IL)
M. ambiens (AMB)

M. iliofibularis (ILFB)

. iliofemoralis externus (IFE) +

M. iliotrochantericus caudalis (ITC)

M. iliofemoralis internus (IFT)

M. iliotrochantericus cranialis (ITCR) +
M. iliotrochantericus medius (ITM)

(absent)

(absent)

(absent)

M. flexor cruris medialis (FCM)
(absent)

M. flexor cruris lateralis pars pelvica
(FCLP)

M. puboischiofemoralis pars medialis
(PIFM)
M. puboischiofemoralis pars lateralis (PIFL)

M. obturatorius lateralis (OL)
M. obturatorius medialis (OM)
(absent)

M. ischiofemoralis (ISF)

M. caudofemoralis pars pelvica (CFP)
M. caudofemoralis pars caudalis (CFC)
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Table 2.3. Pelvic muscles inferred as present in Falcarius. Muscles originating from the pelvis

are listed by functional/anatomical group. Modified from Carrano and Hutchinson (2002) using

levels of inference based on Witmer (1995).

Muscle Origin Level of inference
Triceps femoris
IT1 Lateral surface of anterodorsal margin of ilium (D
T2 Dorsolateral surface of dorsal margin of ilium (D
IT3 Dorsolateral surface of postacetabular margin of ilium ()
AMB Near preacetabular tubercle (D
M. iliofibularis
ILFB Lateral surface of postacetabular portion of ilium I)
between IFE and FTE
Deep dorsal group
IFE Lateral surface of ilium between ITC and ILFB (D
ITC Lateral surface of preacetabular portion of ilium (D
PIFI1 Shallow depression on anterolateral surface of pubic (IT)
peduncle of ilium
PIFI2 Cuppedicus fossa of ilium including medial side of (IT)
preacetabular hook
Flexor cruris group
FTI1 Tubercle on dorsal edge of ischial shaft at distal end (I1”)
FTI3 Faint scar distal to ISTR on dorsal edge of ischial shaft (II)
FTE Posterolateral corner of ilium, posterior to ILFB D
Mm. adductores femorum
ADDI1 Anteroventral portion of lateral surface of obturator )
process
ADD2 Faint scar distal to FTI3 on dorsal edge of ischial shaft (II)
Mm. puboischiofemorales externi
PIFE1 Anterior surface of pubic apron (1D
PIFE2 Posterior edges of pubic shafts II)
PIFE3 Ischial apron and posterior portion of obturator (1)
process, distal to ADD1
M. ischiotrochantericus
ISTR Medial side of ischium at proximal end, near iliac (ID)
contact
Mm. caudofemorales
CFB Brevis fossa of ilium (ID)
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Table 2.4. Morphological features associated with locomotion. Features are provided for

Falcarius representing basal Therizinosauria, Beipiaosaurus for basal Therizinosauroidea, and

generally for derived therizinosaurians. *Some data summarized from a previous description

(Zanno 2010a).

Feature State in Falcarius State in State in
(Therizinosauria) Beipiaosaurus Therizinosauridae

(Therizinosauroidea)

*Relative femoral Femur < tibia Subequal Femur > tibia

length to tibial length

*Proportion of 45% 39% 32-37%

metatarsus length to

tibial length

Functional pedal 3 3 4

digits

Fourth trochanter Moderately developed Moderately developed Moderately developed

Arctometatarsus Absent Absent Absent

*Cnemial crest Broad, prominent ? Reduced, laterally

deflected
*Cranial tubercle of ? Distally positioned

fibula (insertion of M.

iliofibularis)

?distally positioned
sensu Zanno (2010a)
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Chapter 3. Pelvic myology and locomotion of Caenagnathidae

3.1 Introduction

Caenagnathids were strikingly bird-like, oviraptorosaurian theropods that occupy a basal
position within Pennaraptora (Fig. 3.1) (Osmolska 1976, Hendrickx et al. 2015). Members of
Caenagnathidae are predominantly found in North America and characterized by an edentulous
beak with fused mandibles, a short tail, and elongate fingers and hind limbs. Caenagnathid
material is often fragmentary or isolated, but recent discoveries such as Anzu wyliei (Lamanna et
al. 2014) provide associated material that exemplifies these characters. In typical caenagnathids
the pelvis, an attachment site for many locomotory muscles and structural support for the entire
body, possesses ilia with longer preacetabular blades than postacetabular blades (Osmolska et al.
2004), nearly straight-shafted pubes, and plate-like ischia each with a triangular obturator
process.

Previous studies on caenagnathid locomotion have focused on relative limb proportions
or metatarsus anatomy (Holtz 1994, Carrano 1999, Snively et al. 2004). Muscles play a vital role
in locomotion, so reconstructing soft tissue can reveal adaptations otherwise unseen by strictly
observing osteology. Muscles anchor to bone directly or through tendons (Romer 1962), which
often leaves osteological correlates that indicate former attachment sites (Nicholls and Russell
1985, Rothschild et al. 2015). These correlates have been used to recreate theropod pelvic
musculature, with mixed success, for allosauroids (Bates et al. 2012, Bates and Schachner 2012),
dromaeosaurids (Perle 1985, Hutchinson et al. 2008), ornithomimids (Russell 1972, Bates and
Schachner 2012), troodontids (Bishop et al. 2018a), and tyrannosaurids (Romer 1923a, 1923b,

1923c¢, Tarsitano 1983, Perle 1985, Carrano and Hutchinson 2002, Hutchinson et al. 2005).
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Similar studies on archosaur pelvic and hind limb soft tissues are aimed toward macro-scale
evolutionary trends and include non-caenagnathid oviraptorosaurs (Hutchinson 2001a, 2001b,
2002). Additionally, caenagnathids occupy an intriguing taxonomic position with respect to
theropod locomotor module evolution and decoupling of pelvic and caudal musculature (Gatesy
and Dial 1996). However, caenagnathids cannot be placed in this context without locomotory
muscle reconstruction.

The long hind limbs and large feet of Chirostenotes pergracilis were suggested as
suitable for wading (Currie and Russell 1988). This proposition was supported with
sedimentological evidence for a preference toward wetter environments in caenagnathids based
on burial in sediments associated with mesic habitats (Lamanna et al. 2014). Conversely,
Osmolska et al. (2004) interpreted the slender hind limbs of oviraptorosaurs as a cursorial
adaptation. Caenagnathids were also interpreted as highly cursorial due to metatarsus structure
(Holtz 1994, Snively et al. 2004) and limb proportions (Carrano 1999). Although wading and
cursoriality are not mutually exclusive, the locomotion and lifestyle of this enigmatic clade
remains controversial.

To address these shortcomings, caenagnathid pelvic material is described to identify
general anatomical features and myological correlates. Pelvic morphology can give useful insight
into locomotor behaviour and lifestyle in living (Ibafiez and Tambussi 2012) and recently extinct
(Degrange 2017) theropods, and may provide a better understanding of their Mesozoic ancestors.
The first reconstruction of caenagnathid pelvic musculature is used to make functional inferences

on locomotion and forms a foundation for future biomechanical studies.
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3.2 Materials and Methods

Caenagnathid pelvic material (Table 3.1) was inspected for morphology and osteological
correlates of soft tissue attachment. Osteological descriptions summarize previous works on
caenagnathid pelvic anatomy (Currie and Russell 1988, Lamanna et al. 2014, Currie et al. 2015,
Funston et al. 2015, Funston and Currie 2016). Because caenagnathid species are poorly known
and there is minor variation in pelvic morphology across the family, the aim of this study is to
uncover general muscle arrangement and functional trends at the familial level. Although an
articulated caenagnathid pelvis has not yet been discovered, the reconstruction here is derived
from observation of well preserved, disarticulated elements and their contact surfaces with
reference to literature (Currie and Russell 1988, Sues 1997, Barsbold et al. 2000, Clark et al.
2001, Lii 2002, Lii et al. 2004, 2013, 2017, Sullivan et al. 2011, Xu et al. 2013, Lamanna et al.
2014, Funston et al. 2018).

Soft tissue inferences employ the Extant Phylogenetic Bracket, using the closest living
relatives of the focal taxon to offer the best evidence for the presence or absence of muscles
(Bryant and Russell 1992, Witmer 1995). Comparative techniques similar to those of previous
dinosaur pelvic muscle reconstruction studies are used to infer soft tissue attachment based on
osteological correlates (Hutchinson 2001a, Carrano and Hutchinson 2002, Hutchinson et al.
2005, 2008, Maidment et al. 2014a). Dissections of a savannah monitor (Varanus
exanthematicus), a spectacled caiman (Caiman crocodilus), and a common raven (Corvus corax)
were undertaken to observe soft tissue arrangement in extant relatives. Comparative crocodylian
and avian material was examined to identify osteological correlates in extant archosaurs,
additionally observing squamate material as an outgroup (Table 3.1). This was supplemented

with review of homology and reconstructions of archosaur pelvic musculature (Table 3.2)
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(Romer 1923a, Hutchinson 2001a, Carrano and Hutchinson 2002, Gangl et al. 2004, Hutchinson
et al. 2005, 2008, Smith et al. 2006, 2007). Inferences on soft tissue were categorized according
to Witmer (1995) and limited to include only those that meet a Level I, I, I, or II” inference to
reconstruct soft tissue in Caenagnathidae (Table 3.3). Level III and III”’ inferences were omitted
to avoid excessive speculation.

Soft tissue reconstruction is limited to the pelvis as the main objective is to understand
the effect of hind limb flexors (protractors) and extensors (retractors) on locomotion. These
proximal limb muscles have a primary relationship to locomotory function and adaptations as
they control the entire limb, whereas lower limb muscles serve mainly to manipulate more distal
elements within the limb. Although the area of muscle origin or insertion is variably reliable at
predicting muscle size or strength (Bryant and Seymour 1990, Barrett and Maidment 2017), it
provides a rough estimate that is useful to make comparative inferences between taxa.

Measurements of pelvic elements (Fig. 3.8) were recorded using a ruler or measuring
tape (Table 3.4). Photographs were taken with a digital camera and illustrations were generated

using Adobe Photoshop CS6 and a Wacom drawing tablet.

3.3 Morphology of the pelvic girdle

Examination of pelvic material of Chirostenotes pergracilis (Currie and Russell 1988,
Sues 1997), Epichirostenotes curriei (Sues 1997, Sullivan et al. 2011), and several indeterminate
caenagnathids (Table 3.1) reveals evidence of former muscle attachments. Observed material is
broadly similar to other caenagnathids such as Anzu wyliei (Lamanna et al. 2014) and
Gigantoraptor erlianensis (Xu et al. 2007). This material is also readily comparable to some

non-caenagnathid oviraptorosaurs like Nomingia gobiensis (Barsbold et al. 2000). Typical pelvic
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morphology is described by each pelvic bone to identify major features and osteological
correlates following those of other oviraptorosaurs (Barsbold et al. 2000, Lamanna et al. 2014).
Caenagnathid ilia are dolichoiliac in that each has a relatively long preacetabular process
(Fig. 3.2). The preacetabular process tends to be slightly anteroposteriorly longer and
dorsoventrally taller than the postacetabulum. Despite their incomplete nature, the ilia of
Chirostenotes pergracilis (Fig. 3.2A—C) and TMP 1992.036.0674 (Fig. 3.2]J-L) each have an
intact postacetabulum that is either equal to, or shorter than, the anteroposterior length of what is
preserved of the preacetabulum (Table 3.4). Therefore, if the rest of the preacetabular portions of
these ilia were preserved, each would be longer than the corresponding postacetabulum. In
UALVP 59791, the preacetabulum is mostly intact and preserves a rounded preacetabular hook
(Fig. 3.2S). This hook forms the lateral boundary of the cuppedicus fossa (Fig. 3.2). Much of the
cuppedicus fossa is smooth, although a small concavity and shallow ridge are present on the
medial side of the preacetabular hook. The iliac margin is gently convex along the anterior and
dorsal edges of the preacetabulum in lateral view. The dorsal margin of the postacetabulum is
relatively straight and oriented anterodorsal-posteroventral, and the postacetabular ala tapers
moderately toward the posterior edge when viewed laterally. Along the iliac margin are striae or
rugosities, which terminate just anterior to the posterior edge of the blade. In lateral view, the
posterior end of the blade may be triangular, as in Chirostenotes pergracilis (Fig. 3.2A) and
TMP 1998.093.0013 (Fig. 3.2M), rounded as in TMP 1992.036.0674 (Fig. 3.2J), or square as in
other Caenagnathidae indet. (Fig. 3.2D,G,P). The lateral surface of the blade is generally smooth.
Only at the posterolateral corner is a triangular to rectangular patch of slightly rugose texture.
This patch extends no further anteriorly than about halfway between the ischiadic peduncle and

posterior end of the ilium. The ischiadic peduncle (Fig. 3.2) is mediolaterally wide and
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anteroposteriorly short. It is typically triangular in medial or lateral view, and its contact surface
is semicircular in ventral view. Conversely, the pubic peduncle (Fig. 3.2) is mediolaterally
narrow and anteroposteriorly long. On its anterolateral surface is a shallow depression. Opposite
the acetabulum, the brevis shelf forms a concave dorsal boundary of the brevis fossa (Fig. 3.2).
Caenagnathids typically have a modestly sized brevis fossa compared to other non-avian
theropods. It is not as spacious as in more plesiomorphic theropods such as tyrannosaurids
(Hutchinson et al. 2005), but comparable to that of the basal therizinosaurian Falcarius utahensis
(Zanno 2010a). The caenagnathid brevis fossa is larger than in more derived theropods such as
dromaeosaurids (Hutchinson et al. 2008). Oddly, the brevis fossa of TMP 1992.036.0674 is
highly reduced, even compared to other caenagnathids. However, this is probably a pathological
artefact resulting from swelling of its brevis shelf (Fig. 3.2K).

The caenagnathid pubis is characterized by a fossa on the medial side of the proximal end
of the bone (Sullivan et al. 2011) (Fig. 3.3). In anterior view, the shaft is somewhat sinuous with
the proximal end bowed laterally, although TMP 1982.016.0275 (Fig. 3.3E-H) is nearly straight-
shafted. Viewed laterally, the proximal portion of the pubis is anteriorly concave, but straight
along its distal portion. The iliac contact is separated from the ischiadic contact by about one-
quarter of the acetabulum (Fig. 3.3). In UALVP 55638 (Fig. 3.30-Q), there is a low, rounded
eminence on the lateral side of the proximal end of the shaft. This preacetabular tubercle is not
clearly expressed in other specimens, possibly due to taphonomic damage in Epichirostenotes
curriei and to smaller size in the other specimens. It is sometimes associated with a nearby oval
patch of lightly rugose texture, which is also variably clear, anterior and ventral to the centre of
the acetabulum. The pubic apron is composed of a pair of shelves (Fig. 3.3) that together form a

transverse sheet of bone that spans the gap between the right and left pubes. In articulated pubes,
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the apron has a concave proximal margin and extends approximately one-third the total
proximodistal length of the shaft (Fig. 3.3LLK,P,Q). The apron is offset toward the anterior
surface of the shaft. This results in the anterior surfaces of the apron and shafts being nearly flat,
whereas the posterior surface of the apron forms an embayment. The anterior surface of the
apron is also covered with striations, but the posterior surface is smooth and untextured. Instead,
the posterior edges of the shafts are covered in similar striae and small rugosities.

As exemplified by the ischium of Anzu wyliei (Lamanna et al. 2014), caenagnathid ischia
are generally boomerang-shaped bones that are only about half the lengths of the pubes (Fig.
3.4). A triangular obturator process projects ventromedially from the shaft roughly halfway along
its proximodistal length. The apex of the obturator process is pointed anteroventrally in lateral
view (Fig. 3.4A,G), which gives the anterior margin of the ischium a concave outline.
Posteriorly, the obturator process is confluent with the ischial apron, a thin plate of bone that
extends to the distal tip of the ischium (Fig. 3.4). Striations and scarring are evident along parts
of the anterolateral margins of the ischia and the lateral surfaces of both the obturator processes
and ischial aprons in Chirostenotes pergracilis and Epichirostenotes curriei (Fig. 3.4F,I). The
ischial shaft is curved posterodistally and is mediolaterally compressed (Fig. 3.4). A reduced pair
of tuberosities on the posterodorsal edge of the ischium are accompanied by light scarring. The
proximal ischial tuberosity is a low, proximodistally elongate crest near the iliac peduncle. The
distal ischial tuberosity is a small tubercle near the distal end of the ischium. It protrudes slightly
from the ischial shaft which, if articulated with its counterpart, orients the distal ischial tuberosity
dorsolaterally. Between this pair of tuberosities, the posterodorsal edge of the ischial shaft has

another proximodistally elongate patch of light scarring.
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3.4 Myology of the pelvic girdle

Pelvic and hind limb muscles inferred as present in caenagnathids are described
according to anatomical/functional muscle group. This is summarized in Table 3.3 and mapped
onto a reconstructed articulated caenagnathid pelvis (Fig. 3.5). The organization of pelvic
muscles in caenagnathids is largely consistent with other theropods, but the M.
puboischiofemoralis externus 2 is a notable exception. Moreover, relative changes in muscle
origin size to more plesiomorphic and derived theropod taxa are recorded in the osteology that

allows for comparison to make functional inferences.

3.4.1 Triceps femoris

Concerning the pelvis, muscles of the triceps femoris group include the Mm. iliotibiales
1-3 (IT1-3) and M. ambiens (AMB). The origins of IT1-3 together occupy the lateral side of the
anterior and dorsal margins of the ilium (Fig. 3.5A). The origin of each part is indicated by striae
or rugose texturing, which reveals a narrow band available for attachment. Similar to birds
(Gangl et al. 2004), all parts of this muscle group were likely broad sheets of muscle based on
these narrow origins. Separation between the origin of each part along the iliac margin is less
clear. Although a small gap is visible dividing the origin of IT2 from that of IT3, the division
between the origin of IT1 and that of IT2 is estimated based on other non-avian theropod
reconstructions (Hutchinson et al. 2005, 2008). Striae or slight scarring along the anterior margin
of the iliac blade marks the origin of IT1. The IT2 attached along the dorsal rim of the blade
along a striated or rugose bone surface, most clearly seen in Chirostenotes pergracilis or
UALVP 59791. It probably terminated anteriorly near the anterodorsal corner of the ilium, and

posteriorly dorsal to the ischiadic peduncle. The origin of IT3 is a scarred region or small, rugose
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ridge along the dorsal edge of the postacetabular blade of the ilium. It is posterior to the IT2
origin and best visible in either Chirostenotes pergracilis or TMP 1998.093.0013. Its posterior
boundary is located immediately before the posterior tip of the ilium tapers to a rounded point.
A roughening or rugosity on the anterolateral surface of the pubis marks the origin of
AMB (Fig. 3.5A). This origin is associated with the preacetabular tubercle but does not
necessarily encompass it. The outline of the origin of AMB is oval and longer proximodistally
than anteroposteriorly. Whereas some crocodylians possess a double-headed AMB (Romer
1923a, Hutchinson 2002), it is usually single-headed in birds and non-avian theropods (Romer
1923a, 1927, Carrano and Hutchinson 2002, Hutchinson et al. 2005, 2008). This is also the case

in caenagnathids as only one origin is evident in any specimen.

3.4.2 M. iliofibularis (ILFB)

The origin of ILFB occupies most of the lateral surface of the postacetabular iliac blade
posterodorsal to the acetabulum (Fig. 3.5A). The postacetabulum is a general correlate for this
origin (Hutchinson 2002), although its borders are not entirely clear in many specimens due to
the smooth, untextured lateral surface of the iliac blade. However, it is constrained by
surrounding origins of other muscles—anteriorly by the ITC and IFE, posteriorly by the FTE,
and dorsally by the IT3. The ridge on the lateral surface of TMP 1981.023.0035 (Fig. 3.2G) may
indicate the approximate posterodorsal extent of the origin of ILFB, but other specimens lack
this feature. The ILFB origin extends anteriorly to a point no further than the centre of the
acetabulum, and posteriorly to around the midpoint of the brevis shelf. Dorsally, it extends to the
origins of IT2-3, and ventrally to the margin of the acetabulum and the postacetabular portion of

the ilium.
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3.4.3 Deep dorsal group

Mainly in control of flexing, or protracting, the femur, the deep dorsal group includes the
M. iliofemoralis externus (IFE), M. iliotrochantericus caudalis (ITC), and Mm.
puboischiofemorales interni 1-2 (PIFI1-2). The IFE attached to the lateral surface of the iliac
blade, dorsal and slightly anterior to the centre of the acetabulum (Fig. 3.5A). In crocodylians,
this muscle is not separated from the ITC, in contrast with the divided condition in avians (Table
3.2). The smooth lateral surface of the iliac blade and lack of clear origins makes the condition in
caenagnathids equivocal if only relying on the origin site and comparison with the closest living
relatives. Using the insertion site on the femur as a proxy, the ITC and IFE are inferred as
separate in basal dinosaurs, and the IFE reduced in size compared to the ITC in basal tetanuran
theropods (Hutchinson 2001b, 2002). Both of these states were achieved well before the
divergence of Caenagnathidae. Therefore, the origin of IFE is inferred as separate from the ITC
in caenagnathids. The origin is relatively small compared to surrounding muscle origins that
constrain it, namely, the IT2 dorsally, the ILFB posteriorly, and the ITC anteroventrally. Iliac
subdivision of preacetabular and postacetabular muscle groups is unclear, making it difficult to
precisely identify the posterior boundary of the IFE. The reconstruction here is based on those of
other theropods that bracket Caenagnathidae (Hutchinson et al. 2005, 2008).

Most of the lateral aspect of the preacetabular iliac blade was occupied by the ITC (Fig.
3.5A). The origin is bordered by the IT1 anteriorly, and the IFE and ILFB posteriorly. Dorsally,
the IT2 marks the edge of the origin, whereas the pubic peduncle and margin of the preacetabular

hook bound it ventrally. As the osteological correlate for the ITC, the preacetabulum, which is
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anteroposteriorly longer and dorsoventrally taller than the postacetabulum, provides a large area
for attachment of this muscle.

Indicated by slight scarring, the PIFI1 attached to the anterolateral surface of the pubic
peduncle of the ilium (Fig. 3.5A). Its origin is dorsal to the ilium-pubis contact. A shallow
depression on the anterolateral surface of the pubic peduncle generally marks the origin of PIFI1,
but does not precisely outline its extent.

The origin of PIFI2 occupies most of the cuppedicus fossa, including part of the medial
side of the preacetabular hook (Fig. 3.5B—C). Whereas a bird has a divided pair of muscle heads
(Table 3.2), the texture in the cuppedicus fossa lacks evidence of division, suggesting the muscle
had a single head. The ilio-pubic ligament attachment on the tip of the preacetabular hook
delimits the ventral edge of the PIFI2 origin. A medial shelf and subtle ridge that separates the
rest of the medial surface of the ilium from the excavated concavity forming the cuppedicus

fossa marks the dorsal boundary in medial view.

3.4.4 Flexor cruris group

Muscles of the tibial flexor group are typically found on the posterolateral surface of the
ilium and on the ischium. The M. flexor tibialis internus 1 and 3 (FTI1, 3) and M. flexor tibialis
externus (FTE) comprise muscles of the flexor cruris group originating from the pelvis. A small,
scarred tubercle at the distal end of the ischial shaft marks the origin of FTI (Fig. 3.5A). This
distal ischial tuberosity is oval in dorsal view, its proximodistal axis longer than its mediolateral
axis. The tubercle, and thus the origin of FTI1, is displaced slightly to the lateral side, and is
largely obscured in medial view. The distal ischial tuberosity is reduced, suggesting that FTI1

was similarly relatively small.
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Along the posterodorsal margin of the ischial shaft is the origin of FTI3 (Fig. 3.5A). The
proximal ischial tuberosity, a low, proximodistally elongate ridge, indicates the site of
attachment. Unlike the pronounced ischial tuberosity of tyrannosaurids indicating the origin of
FTI3 (Carrano and Hutchinson 2002, Hutchinson et al. 2005), this osteological correlate (and by
extension, the FTI3) was drastically reduced in size. The belly of this muscle was restricted
proximally by that of the ISTR passing around the ischial shaft and distally by the ADD2.

A small, approximately rectangular or triangular origin on the posterolateral corner of the
ilium provided attachment for the FTE (Fig. 3.5A). The origin is not consistently clearly
demarcated as some other muscles of the ilium, but in a few specimens, there is a rough patch of
textured bone on the posterior end of the postacetabulum that approximately outlines its shape. It
was constrained dorsally by the IT3, anteriorly by the ILFB, and both ventrally and posteriorly

by the edge of the ilium.

3.4.5 Mm. adductores femorum (ADD)

The ischium provides attachment space for a pair of hind limb adductors found on the
pelvis, namely, the Mm. adductores femorum 1-2 (ADD1-2). Muscle scars reveal the origin of
ADDI1 on the anterolateral side of the ischial obturator process (Fig. 3.5A). This sub-triangular
origin extends to the anterior and ventral margins of the obturator process and the ischial shaft.
The distal boundary is less clear as the entire surface of the adjacent ischial apron is similarly
blanketed in striae, a texture that is continuous with that found on the obturator process.

A proximodistally elongate scar on the dorsal edge of the ischial shaft indicates the

ADD?2 origin (Fig. 3.5A,C). It is confined by the origin of FTI3 at its proximal end. The origin of
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FTII limits its distal extent; however, a gap in the scarred texture on Chirostenotes pergracilis

(TMP 1979.020.0001) suggests that it did not completely fill this space.

3.4.6 Mm. puboischiofemorales externi (PIFE)

Three muscles comprise the Mm. puboischiofemorales externi 1-3 (PIFE1-3). Subtle
roughening of the entire anterior surface of the pubic apron and anteromedial edges of the pubic
shafts demarcate the origin of PIFE1 (Figs. 3.4C-D, 3.6). The proximal boundary of the origin
mirrors the proximal extent of the pubic apron, limited to the point at which the apron tapers into
the shaft. The origin did not extend further laterally than the most anterior edges of the pubic
shafts. The distal boundary is near the proximal end of the pubic boot around the pubic fenestra.

Striations restricted to the posterior edges of the pubic shafts indicate the origin of PIFE2
(Figs. 3.4A,C,E, 3.7). These striations generally form a pair of proximodistally elongate oval
attachment sites. Proximally, the origin terminates about halfway between the ischiadic process
and proximal edge of the pubic apron. Distally, the origin boundary is approximately equal to the
distal end of the pubic apron and pubic fenestra. The posterior surface of the pubic apron is
smooth and lacks evidence of muscle attachment.

The origin of PIFE3 covers the posterolateral portion of the obturator process and the
lateral surface of the ischial apron (Fig. 3.5A). It is posterior to, and constrained by, the origin of
ADDI. Like the ADDI, this muscle attachment extended ventrally to the margin of the obturator
process and ischial apron and dorsally to the ischial shaft. Posteriorly, the origin of PIFE3 tapers

with the ischial apron toward the distal end of the ischium.

62



3.4.7 M. ischiotrochantericus (ISTR) and M. caudofemoralis brevis (CFB)

The origin of ISTR is at the proximal end of the ischial shaft on its medial side (Fig.
3.5C). Small rugosities may indicate former muscle attachment. Its origin is largely estimated
from a shallow concavity on the iliac process.

The brevis fossa on the ventral side of the postacetabular portion of the iliac blade
provided attachment for the CFB (Fig. 3.5B,C). Slight scarring indicates that the CFB filled this
fossa but did not extend onto the lateral surface of the ilium. The CFB extended anteriorly as

much as the brevis shelf, but likely no further.

3.5 Discussion

3.5.1 General remarks

The extent of interpretations made here are limited by a few caveats and aspects outside
the scope of this study. An articulated caenagnathid pelvis has not yet been discovered, leaving
the exact angles and synarthroses between pelvic bones unknown. This reconstruction is based
mainly on contact surfaces between bones based on specimens, or parts thereof, not strongly
affected by taphonomy. Additionally, well preserved specimens of closely related, non-
caenagnathid oviraptorosaurians (Barsbold et al. 2000, Clark et al. 2001, Lii 2002, Lii et al. 2004,
2013, 2017, Xu et al. 2013, Funston et al. 2018) offer a reasonable idea of the morphology of an
articulated pelvis. Functional implications based on muscle action assume the same function in
other theropods. Biomechanical tests could be used to analyze the functions of these muscles at
different joint angles, or to assess the microstructure of cancellous bone within hind limb

elements with respect to posture (Bishop et al. 2018a). Lifestyle inferences are based on
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qualitative assessments; however, these data could be incorporated into an analysis using
quantitative comparison, such as morphometrics.

Pelvic musculature reconstruction reveals, for the most part, an expected intermediate
arrangement compared to theropods that bracket Caenagnathidae, such as tyrannosaurids
(Hutchinson et al. 2005) and dromaecosaurids (Hutchinson et al. 2008). However, the origin of
PIFE2 in Caenagnathidae does not match the condition in other theropods, nor does it occupy
any state previously scored for other archosaurs (Hutchinson 2001a, 2002). Theropods with a
pubic apron typically possess striae or roughening on the posterior surface of the apron that
indicate former attachment of this muscle. The avian homolog (M. obturatorius medialis)
originates from the medial surface of the puboischiadic membrane as the pubic apron is absent.
Both of these surfaces can be rejected as correlates for the PIFE2 in caenagnathids. Foremost, the
presence of muscle scars on the posterior edges of the pubic shafts indicate former muscle
attachments on the bone instead of a membrane. Secondly, the absence of scarring on the
posterior surface of the pubic apron is unusual and inconsistent with other theropods, which
suggests that muscle was not attached to this surface. Lastly, the morphology of the
puboischiadic membrane makes it unlikely to have anchored this muscle from the medial side.
Following Hutchinson (2001a), the puboischiadic membrane of non-avian theropods had paired,
lateral parts and a single, median part. The osteological correlate of the lateral membrane is a
proximodistal ridge on the medial side of the pubis that is continuous with the proximal margin
of the pubic apron. The median membrane attached along the pubic symphysis, extending from
the proximal end of the pubic apron to the distal end of the pubic boot along its posterior side
and midsagittal plane. Both of these correlates are present in caenagnathids (Fig. 3.3), and also

both medial to the origin of PIFE2 and pubic apron. Hence, attachment of the PIFE2 to the
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medial side of the puboischiadic membrane was rather unlikely given the lateral position of this
muscle with respect to the membrane. Although the pubic apron still serves as an osteological

correlate for the PIFEI, it cannot be used as a landmark for the PIFE2 in caenagnathids.

3.5.2 Comparisons with other theropods

The morphology of the pelvis and its associated musculature display additional features
that suggest increased reliance on hip flexors and knee control. The preacetabular portion of the
ilium is proportionally longer than the postacetabular portion, which contrasts with the typical
condition of more plesiomorphic theropods. Muscles originating from the preacetabular region
are largely involved in hind limb flexion (protraction) and have a relatively larger area to anchor
themselves than postacetabular muscles involved in hind limb extension (retraction). Notably,
the ITC occupied a large region of the pelvis compared to other muscles and also performed a
role in medial rotation of the femur. In extant birds, the ITC is likewise proportionally large and
counters the ground reaction force, which stabilizes the hip (Hutchinson and Gatesy 2000). The
PIFE2 (OM of birds, Table 3.2) is the antagonistic partner to the ITC and functions to extend
(retract) and laterally rotate the femur. Partial pubic retroversion (mesopuby) in caenagnathids
probably had a similar effect on the PIFE2 as in dromaeosaurids, in which this condition appears
to decrease the capacity for extension of the femur, but without restricting lateral rotation
(Hutchinson and Gatesy 2000, Hutchinson et al. 2008). The development of this antagonistic pair
of muscles in caenagnathids suggests that they required an increased degree of control for
mediolateral femoral rotation compared to earlier diverging theropod lineages. Additionally,
pennaraptorans have a reduced supraacetabular rim, as opposed to the laterally expanded

supraacetabular crest possessed by earlier diverging theropod lineages that resisted femoral
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abduction and axial rotation (Tsai et al. 2018). This could mean that a reduced supraacetabular
rim allows for greater femoral axial rotation. This adaptation is important for stability and distal
hind limb control in birds because of their crouched posture (Gatesy 1995, Carrano and
Biewener 1999, Hutchinson and Gatesy 2000, Allen et al. 2013, Grossi et al. 2014, Xu et al.
2014). Consequently, birds have a sub-horizontal femur and walk largely by rotation of the leg
around the knee joint. Furthermore, an increased capacity for axial rotation is congruent with the
co-development of the ITC and PIFE2 as paired, antagonistic, mediolateral rotators of the femur.
Altogether, reduction of the supraacetabular crest to a rim in conjunction with enlargement of the
ITC and PIFE2 may signal a change in posture from the more upright stance of more
plesiomorphic theropods to the more crouched stance of birds.

The brevis fossa housed the CFB, which was a hind limb extensor (Gatesy 1990). The
caenagnathid brevis fossa is reduced in size relative to that of more plesiomorphic theropods,
such as Ornitholestes, ornithomimids, and tyrannosaurids, that relied on caudal musculature for a
substantial portion of locomotive propulsion (Osborn 1903, Gatesy 1990, Carpenter et al. 2005,
Persons and Currie 2011). However, it is larger than the brevis fossa of dromaeosaurids (Persons
and Currie 2012), and the CFB probably maintained an important role in locomotion, as in other
oviraptorosaurs (Persons et al. 2014). In this context, an intermediate condition in caenagnathids
is unsurprising, but does corroborate the model of theropod locomotor module evolution put
forth by Gatesy and Dial (1996). Preceding the evolution of birds, a reduction in the brevis fossa
and, by extension, a reduction in caudal musculature, suggests that decoupling of pelvic and
caudal muscles began as early as the divergence of Pennaraptora. Basal oviraptorosaurians
Caudipteryx and Similicaudipteryx possess ilia with similarly reduced postacetabular regions

(Qiang et al. 1998, He et al. 2008) that limit the space available for hind limb extensors.
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Additionally, a reduced brevis fossa in caenagnathids corroborates the inferred reduction in
caudofemoral musculature in Caudipteryx based on the lack of a raised fourth trochanter (Jones
et al. 2000). Not only does this study show that the origin of CFB was reduced in
Caenagnathidae and likely also close relatives such as Caudipteryx, but that the insertion of
caudofemoral muscles (CFB included) was also reduced. Furthermore, this reduction is not new
to caenagnathids, but instead was inherited from more basal oviraptorosaurians that indicate
caudal musculature reduction was already well underway. A reduction in space available for
caudofemoral muscles at both the origin and insertion sites is shared among other pennaraptorans
such as dromaeosaurids, exacerbated even further in Archaeopteryx and avialans (Gatesy 1990,
Allen et al. 2013). The intermediate condition in caenagnathids among non-avian theropods
highlights the gradual nature of the loss of caudal musculature in locomotion as it became

decoupled from the pelvic module.

3.5.3 Considerations for inferred lifestyle

The muscular reconstructions presented here allow more detailed discussion of
caenagnathid lifestyle. Although wading and highly cursorial lifestyles are not mutually
exclusive, pelvic myological evidence argues more in favour of the former. The reduced
postacetabular portion of the caenagnathid ilium is a feature shared with modern wading birds,
whereas an elongate postacetabulum is a trait amongst cursorial and diving birds (Ibafiez and
Tambussi 2012, Stoessel et al. 2013, Degrange 2017). Although some morphological features of
the tail and pelvis vary substantially between caenagnathids and birds, the origins of many major
hind limb extensors are on the posterior portion of the hip. Because the postacetabulum provides

attachment for hind limb extensors that provide locomotory torque to propel the body forward
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(Picasso 2010), a reduced postacetabulum suggests that caenagnathids were less adapted for
cursoriality. Such a condition is reflected in the reconstruction of caenagnathid pelvic
musculature presented here (Fig. 3.5). This is supported by the high reduction in—or absence
of—a raised fourth trochanter on the femur in other caenagnathids (Currie and Russell 1988,
Funston et al. 2015) and oviraptorosaurs (Jones et al. 2000) as it is the insertion site for
caudofemoral musculature (Gatesy 1990). Discussion on cursoriality here is limited to inferring
general running ability because these results cannot elucidate finer aspects of locomotion.
Reduction in hind limb extensors presumably also diminished rapid acceleration and sprinting
ability, but could also relate to lessened endurance for sustained running over long distances.
Additionally, femoral orientation affects limb proportions, which complicates using this method
to infer cursoriality, at least in birds (Gatesy 1991). Wading birds were noted for having low
femur:tibiotarsus ratios, which more strongly reflects avian body plan constraints than it does
cursorial ability. Therefore, theropods approaching an avian-like posture that are categorized as
cursorial based on limb proportions may be an artefact of the relationship between femoral
orientation and constraint on femoral length (Gatesy 1991). Furthermore, wading birds have
characteristically long limbs (Zeffer et al. 2003) as a result of relatively elongate tibiotarsi and
tarsometatarsi (Barbosa and Moreno 1999a, 1999b). These long distal limb segments are
accompanied by small pelves, an apparent tradeoff reversed in most swimming birds (Stoessel et
al. 2013). Despite their elongate limbs, waders have relatively limited top speed compared to
ground dwelling birds of similar leg length, suggesting that the underlying selection pressure was
foraging, not cursoriality (van Coppenolle and Aerts 2004). Because of this, an inferred shift
toward a more bird-like body plan in the caenagnathid hind limb with increased reliance on hip

flexors and knee control raises skepticism about running ability determined on limb proportions
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alone. The morphology of the caenagnathid foot (Sternberg 1932, Currie and Russell 1988) may
also support wading over cursoriality. Whereas highly cursorial animals tend to reduce the
number of digits (Lull 1904, Coombs 1978, de Bakker et al. 2013), caenagnathids retain a
relatively large first toe. Their relatively flexible toes with curved unguals could be adaptations
for increased grip (Varricchio 2001, Longrich et al. 2010, 2013), which may have helped on soft
substrates, or at least improved stability. Despite limb proportions, metatarsus adaptations, and
potentially tail musculature consistent with enhanced running ability (Holtz 1994, Carrano 1999,
Snively et al. 2004, Pittman et al. 2013, Persons et al. 2014), pelvic muscle reconstruction
challenges these claims and suggests that caenagnathids were less cursorial than previously

thought.

3.6 Summary of caenagnathid pelvic myology

The description of muscle attachment sites in new pelvic material allows a reasonable
hypothetical reconstruction of caenagnathid pelvic musculature that provides insights into
locomotory adaptations. Pelvic myology is consistent with other theropods except for the PIFE2,
which occupies a previously unidentified state among Archosauria. Simultaneous expansion of
the preacetabular blade of the ilium and its musculature relative to the reduction of the
postacetabulum and caudal muscles suggests increased reliance on hip flexors and knee control.
Caudal musculature retained some locomotive importance but is reduced and indicates that
caudal decoupling was well underway as early as the divergence of Pennaraptora. Reduced hip
extensors, increased hip flexors, increased ability for femoral long axis rotation, and an enlarged
foot with a relatively large first digit offer evidence more consistent with wading than a highly

cursorial lifestyle.
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Figure 3.1. Simplified phylogeny of Caenagnathidae among Archosauria. Phylogeny
includes other contemporaneous, extinct theropods and representatives of its Extant Phylogenetic

Bracket (Crocodylia and Aves).
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Figure 3.2. Caenagnathid ilia examined for muscle attachment sites. Left ilium of

Chirostenotes pergracilis (TMP 1979.020.0001) in lateral (A), medial (B), and ventral (C)
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views. Left ilium of Caenagnathidae indet. (TMP 1981.023.0034) in lateral (D), medial (E), and
ventral (F) views. Right ilium of Caenagnathidae indet. (TMP 1981.023.0035) in lateral (G),
medial (H), and ventral (I) views. Right ilium of Caenagnathidae indet. (TMP 1992.036.0674) in
lateral (J), medial (K), and ventral (L) views. Right ilium of Caenagnathidae indet. (TMP
1998.093.0013) in lateral (M), medial (N), and ventral (O) views. Right ilium of Caenagnathidae
indet. (TMP 2002.012.0103) in lateral (P), medial (Q), and ventral (R) views. Left ilium of
Caenagnathidae indet. (UALVP 59791) in lateral (S), medial (T), and ventral (U) views. Scale
bar is 10 cm and applies to all images. Abbreviations: ace, acetabulum; bf, brevis fossa; brs,
brevis shelf; cf, cuppedicus fossa; isp, ischiadic peduncle; pah, preacetabular hook; pos,

postacetabulum; pre, preacetabulum; pup, pubic peduncle.
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Figure 3.3. Caenagnathid pubes examined for muscle attachment sites. Left pubis of
Caenagnathidae indet. (TMP 1980.016.2095) in anterior (A), posterior (B), lateral (C), and
medial (D) views. Left pubis of Caenagnathidae indet. (TMP 1982.016.0275) in anterior (E),
posterior (F), lateral (G), and medial (H) views. Pubes of Caenagnathidae indet. (TMP
1994.012.0603) in anterior (I), left lateral (J), and posterior (K) views. Pubes of Epichirostenotes
curriei (ROM 43250) in anterior (L), left lateral (M), and posterior (N) views. Pubes of
Caenagnathidae indet. (UALVP 55638) in anterior (O), left lateral (P), and posterior (Q) views.
Scale bars are both 10 cm; upper scale applies to A—K, lower scale applies to L—Q.
Abbreviations: ace, acetabulum; apr, pubic apron; ilc, iliac contact; isc, ischiadic contact; pb,
pubic boot; pf, pubic fossa; pfen, pubic fenestra; ps, pubic shaft; pt, preacetabular tubercle; rdg,

ridge.
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Figure 3.4. Caenagnathid ischia examined for muscle attachment sites. Right ischium of

Chirostenotes pergracilis (TMP 1979.020.0001) in lateral (A), medial (B), dorsal (C), and
ventral (D) views, plus close-up dorsal view of the distal end of the ischium (E) and lateral view
of the obturator process (F). Right ischium of Epichirostenotes curriei (ROM 43250) in lateral
(G) and medial (H) views, plus close-up lateral view of obturator process (I). Scale bar is 10 cm
and applies to A—D and G—H. Abbreviations: dist, distal ischial tuberosity; ilc, iliac contact; isa,
ischial apron; iss, ischial shaft; op, obturator process; pist, proximal ischial tuberosity; puc,

pubic contact.
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Figure 3.5. Pelvic myology of Caenagnathidae. Pelvis in lateral view (A), ilium in ventral view
(B), pelvis in medial view (C), and pubes in anterior (D) and posterior (E) views. The
reconstructed pelvis is a composite based on Chirostenotes pergracilis (TMP1979.020.0001,
ilium and ischium) and indeterminate caenagnathids (UALVP 56638, pubis; UALVP 59791,
preacetabular portion of ilium), the pubis scaled to match the ilium and ischium based on the
contacts between these bones. Abbreviations: ADD1, M. adductor femoris 1; ADD2, M.
adductor femoris 2; AMB, M. ambiens; CFB, M. caudofemoralis brevis; FTE, M. flexor tibialis
externus; FTI1, M. flexor tibialis internus 1; FTI3, M. flexor tibialis internus 3; IFE, M.
iliofemoralis externus; ILFB, M. iliofibularis; ISTR, M. ischiotrochantericus; I'T1, M. iliotibialis
1; IT2, M. iliotibialis 2; IT3, M. iliotibialis 3; ITC, M. iliotrochantericus caudalis; PIFE1, M.
puboischiofemoralis externus 1; PIFE2, M. puboischiofemoralis externus 2; PIFE3, M.
puboischiofemoralis externus 3; PIFI1, M. puboischiofemoralis internus 1; PIFI2, M.

puboischiofemoralis internus 2.
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Figure 3.6. Osteological correlate for M. puboischiofemoralis externus 1 (PIFE1). Pubes of
an indeterminate caenagnathid (UALVP 56638) in anterior view at proximal (A—B) and distal
(C-D) ends of the pubic apron. Striae are visible across the anterior surface of the pubic apron (A

including popout with detail, C), illustrated in line drawing of the same areas (B, D).
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Figure 3.7. Osteological correlate for M. puboischiofemoralis externus 2 (PIFE2). Pubes of
an indeterminate caenagnathid (UALVP 56638) in posterior view toward proximal (A—D) and
middle (E-F) portions of the pubic shaft. Striae are visible along the posterior edges of the pubic

shafts, but not the apron (A, C, E), illustrated in line drawing of the same areas (B, D, F).
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Figure 3.8. Measurement protocol. Reconstructed caenagnathid pelvis in left lateral view (A),
pubes in anterior view (B), ischium in dorsal view (C, anterior to left), and ilium in ventral view
(D, anterior to left). [lium and ischium based on Chirostenotes pergracilis (TMP 1979.020.0001)
and an indeterminate caenagnathid (UALVP 59791), and pubes based on an indeterminate
caenagnathid (UALVP 56638). Abbreviations: acel, acetabulum length; ail, antilium length;
hace, height above acetabulum; hpp, height above pubic peduncle; il, ilium length; isl, ischium

length; ispl, ischiadic peduncle length; ispw, ischiadic peduncle width; pbl, pubic boot length;
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pbw, pubic boot width; pl, pubis length; pol, postilium length; pos, postacetabulum length; ppl,

pubic peduncle length; ppw, pubic peduncle width; pre, preacetabulum length.
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Table 3.1. Pelvic material examined or referenced for muscle attachment sites. Note: CM,

Carnegie Museum of Natural History; RM, Redpath Museum; ROM, Royal Ontario Museum;

TMP, Royal Tyrrell Museum of Palaeontology; UALVP, University of Alberta Laboratory for

Vertebrate Palacontology; UAMZ, University of Alberta Museum of Zoology.

Taxon

Specimen number

Status and element(s)

Caenagnathidae
Anzu wyliei
Epichirostenotes curriei

Chirostenotes pergracilis

Caenagnathidae indet.
Caenagnathidae indet.
Caenagnathidae indet.
Caenagnathidae indet.
Caenagnathidae indet.
Caenagnathidae indet.
Caenagnathidae indet.
Caenagnathidae indet.
Caenagnathidae indet.
Caenagnathidae indet.

Aves
Apteryx haastii
Corvus corax
Dromaius
novaehollandiae

Gallus gallus
Rhea americana

Struthio camelus

Crocodylia
Alligator
mississippiensis
Alligator sp.
Caiman crocodilus

CM 78000
ROM 43250

TMP 1979.020.0001

TMP 1980.016.2095
TMP 1981.023.0034
TMP 1981.023.0035
TMP 1982.016.0275
TMP 1992.036.0674
TMP 1994.012.0603
TMP 1998.093.0013
TMP 2002.012.0103
UALVP 56638

UALVP 59791

RM 8369

UAMZ (uncatalogued)
ROM R6843, ROM R7654,
UAMZ B-FIC2014.260

RM 8355
RM 8499

ROM 1080, ROM 1162, ROM
1933, ROM 2136, ROM 2305,
UAMZ 7159

ROM R343

UAMZ HER-R654

RM 5242; UAMZ
(uncatalogued)
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Fossil; left ilium, pubes, ischia
Fossil; ilia, right ischium,
pubes

Fossil; left ilium, right
ischium

Fossil; partial left pubis
Fossil; partial left ilium
Fossil; partial right ilium
Fossil; partial left pubis
Fossil; partial right ilium
Fossil; nearly complete pubes
Fossil; partial right ilium
Fossil; partial right ilium
Fossil; nearly complete pubes
Fossil; partial left ilium

Articulated skeleton mount
Dissected

Disarticulated, associated
skeletons (ROM); articulated
skeleton mount (UAMZ)
Articulated skeleton mount
Disarticulated, associated
skeleton

Disarticulated, associated
skeletons

Postcranial skeleton

Articulated skeleton mount
Disarticulated, associated
skeleton (RM), dissected



Osteolaemus tetraspis
Squamata
Tupinambis teguixin

Varanus albigularis

Varanus exanthematicus
Varanus jobiensis

Varanus komodoensis
Varanus niloticus

Varanus rudicollis
Varanus salvator

RM 5216
ROM R436
RM 5220

UAMZ (uncatalogued)
RM 5219

ROM R7565
RM 5221

ROM R7318
RM 5222, RM 5223, RM 5224

(UAMZ)
Articulated skeleton mount

Semi-prepared skeleton
Disarticulated, associated
skeleton

Dissected

Disarticulated, associated
skeleton

Disarticulated, associated
skeleton

Disarticulated, associated
skeleton

Articulated skeleton mount
Disarticulated, associated
skeleton
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Table 3.2. Pelvic muscle homologies in crocodylians and avians. Modified from Carrano and

Hutchinson (2002) and Hutchinson et al. (2005).

Crocodylia Aves
Triceps femoris
M. iliotibialis 1 (IT1) M. iliotibialis cranialis (IC)
M. iliotibialis 2, 3 (IT2, IT3) M. iliotibialis lateralis (IL)
M. ambiens (AMB) M. ambiens (AMB)
M. iliofibularis (ILFB) M. iliofibularis (ILFB)
Deep dorsal group
M. iliofemoralis (IF) M. iliofemoralis externus (IFE) +
M. iliotrochantericus caudalis (ITC)
M. puboischiofemoralis internus 1 (PIFI1) M. iliofemoralis internus (IFI)
M. puboischiofemoralis internus 2 (PIFI2) M. iliotrochantericus cranialis (ITCR) +
M. iliotrochantericus medius (ITM)
Flexor cruris group
M. puboischiotibialis (PIT) (absent)
M. flexor tibialis internus 1 (FTI1) (absent)
M. flexor tibialis internus 2 (FT12) (absent)
M. flexor tibialis internus 3 (FTI3) M. flexor cruris medialis (FCM)
M. flexor tibialis internus 4 (FT14) (absent)

M. flexor tibialis externus (FTE)
Mm. adductores femorum
M. adductor femoris 1 (ADD1)
M. adductor femoris 2 (ADD?2)
Mm. puboischiofemorales externi
M. puboischiofemoralis externus 1 (PIFE1)
M. puboischiofemoralis externus 2 (PIFE2)
M. puboischiofemoralis externus 3 (PIFE3)
M. ischiotrochantericus (ISTR)
Mm. caudofemorales
M. caudofemoralis brevis (CFB)
M. caudofemoralis longus (CFL)

M. flexor cruris lateralis pars pelvica (FCLP)

M. puboischiofemoralis pars medialis (PIFM)
M. puboischiofemoralis pars lateralis (PIFL)

M. obturatorius lateralis (OL)
M. obturatorius medialis (OM)
(absent)

M. ischiofemoralis (ISF)

M. caudofemoralis pars pelvica (CFP)
M. caudofemoralis pars caudalis (CFC)
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Table 3.3. Pelvic muscles inferred as present in Caenagnathidae. Muscles originating from

the pelvis are listed by functional/anatomical group. Modified from Carrano and Hutchinson

(2002) and using levels of inference based on Witmer (1995).

Muscle Origin Level of inference
Triceps femoris
IT1 Lateral surface of anterodorsal margin of ilium (D
T2 Dorsolateral surface of dorsal margin of ilium (D
IT3 Dorsolateral surface of postacetabular margin of ilium ()
AMB Near preacetabular tubercle (D
M. iliofibularis
ILFB Lateral surface of postacetabular portion of ilium I)
between IFE and FTE
Deep dorsal group
IFE Lateral surface of ilium between ITC and ILFB (D
ITC Lateral surface of preacetabular portion of ilium (D
PIFI1 Shallow depression on anterolateral surface of pubic (IT)
peduncle of ilium
PIFI2 Cuppedicus fossa of ilium including medial side of (IT)
preacetabular hook
Flexor cruris group
FTI1 Tubercle on dorsal edge of ischial shaft at distal end (I1”)
FTI3 Faint scar distal to ISTR on dorsal edge of ischial shaft (II)
FTE Posterolateral corner of ilium, posterior to ILFB D
Mm. adductores femorum
ADDI1 Anteroventral portion of lateral surface of obturator )
process
ADD2 Faint scar distal to FTI3 on dorsal edge of ischial shaft  (II)
Mm. puboischiofemorales externi
PIFE1 Anterior surface of pubic apron (1D
PIFE2 Posterior edges of pubic shafts (II)
PIFE3 Ischial apron and posterior portion of obturator (1)
process, distal to ADD1
M. ischiotrochantericus
ISTR Medial side of ischium at proximal end, near iliac (ID)
contact
Mm. caudofemorales
CFB Brevis fossa of ilium (ID)
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Table 3.4. Measurements of caenagnathid pelvic elements. All measurements in millimetres

(mm) following system depicted in Fig. 3.8. Note: ROM, Royal Ontario Museum; TMP, Royal

Tyrrell Museum of Palaeontology; UALVP, University of Alberta Laboratory for Vertebrate

Palaeontology; ?, unknown/not measurable; *, preserved fragment; n/a, not applicable; “'R, paired

elements; a-p, anteroposterior; d-v, dorsoventral; m-1, mediolateral; p-d, proximodistal.

- = £ I & ¢ T g zZ 28 =7
F S = ) ) N o 2 = = g =
v S Q S S S < < < S w )
S S 2 & 8 =2 & = 2 B e
= AY RS Mo Ao Aa Md AT MR o 5 5
S =8 5% 5% 3% 5% 58 52 5% £ = =
Measurement Axis &~ i T A T = T — B B — R o B N — B B B B — P S ) o)
ILIUM
Length (il) a-p 255% 158% 138* 212% 145% 171%* 227%*
Antilium (ail) a-p 145%* ? ? 104* ? ? 179
Postilium (pol)  a-p 110 85*  90* 104 120 125 ?
Preacetabulum  a-p 125% ? ? 72% ? ? 145
(pre)
Postacetabulum  a-p 75 63* 62 73 92 78 ?
(pos)
Acetabulum a-p 55 45 46 60 ? 70 66
length (acel)
Height over d-v 120* ? 82* 90* ? ? 130
pubic peduncle
(hpp)
Height over d-v 91 ? 62 70 ? 84 81
acetabulum
(hace)
Pubic peduncle  a-p 34 28 25 30 ? ? 44
length (ppl)
Pubic peduncle  m-1 18 19 21%* 23 ? 23 35
width (ppw)
Ischiadic a-p 8 10 8 6 9 8 8
peduncle
length (ispl)
Ischiadic m-1 24 20% 23 20 29 32 35
peduncle width
(ispw)
PUBIS
Length (pl) p-d 418Y 195* 224% 219* 416*
418R
Pubic boot ap 55% ? ? 50%L/ 92
length (pbl) 45%R
Pubic boot m-l ? ? ? 18* 30
width (pbw)
ISCHIUM
Length (isl) p-d 190 138
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Chapter 4. Troodontid pelvic myology offers insight on the evolution of cursoriality in

Theropoda

4.1 Introduction

Theropod dinosaurs evolved a variety of locomotory adaptations to survive in their
environments. Birds as living theropods exhibit bipedalism and are usually restricted to
terrestrial movement using only the hind limbs, an adaptation inherited from their non-avian
ancestors. Despite this limitation, various bird groups became adapted to a range of
environments, reflected in leg morphology (Zeffer et al. 2003). Non-avian theropods also display
a range in hind limb morphology, albeit less than modern birds (Gatesy and Middleton 1997).
Musculature may provide insight into locomotory adaptations in extinct taxa, which can be done
by comparison using the Extant Phylogenetic Bracket (Witmer 1995), comprising crocodylians
and birds in the case of theropods. Troodontidae, a non-avialan paravian family closely related to
birds (Hendrickx et al. 2015), is an interesting candidate for locomotory muscle reconstruction.
This family is believed to be adapted for cursoriality and their close avian affiliation can provide
information about the condition in basal birds.

Variation in theropod body form seems to increase within Maniraptora (Allen et al.
2013). Theropods more basal to this clade tend to have ilia with longer postacetabula than
preacetabula, mirroring a reliance on hind limb extensors and tail muscles for locomotory power
(Gatesy and Dial 1996, Persons and Currie 2011). Some maniraptorans deviate strongly from
this trend (Zanno 2010a, 2010b) and exhibit reduction of the postacetabular ala and tail (Gatesy
and Dial 1996, Allen et al. 2013). Troodontids have longer postacetabula compared to the

preacetabula (Russell and Dong 1993, Currie and Dong 2001, Tsuihiji et al. 2014, van der Reest
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and Currie 2017, Pei et al. 2017), but are phylogenetically nested well within Maniraptora
(Hendrickx et al. 2015), which posits an interesting question as to their degree of cursoriality and
dependence on tail or hip muscles.

Troodontids are believed to be well adapted for cursoriality based on leg proportions
(Russell 1969, Wilson and Currie 1985, Carrano 1999, Persons and Currie 2016). Although they
resemble typical theropods in having three pedal digits, only two were probably functional (Li et
al. 2008b). Digit reduction is also associated with increased cursoriality (Coombs 1978). Derived
troodontids additionally possesses an arctometatarsus, an adaptation for agility whereby the third
metatarsal is proximally pinched between its neighbours to enhance stability and resistance to
shear and torsional forces (Wilson and Currie 1985, Holtz 1994, Snively and Russell 2003,
Snively et al. 2004). Pelvic muscles have been reconstructed in some theropods and offer insight
about their adaptations (Romer 1923b, Russell 1972, Tarsitano 1983, Perle 1985, Hutchinson
2001a, Carrano and Hutchinson 2002, Hutchinson et al. 2005, 2008, Bates et al. 2012, Bates and
Schachner 2012, Degrange 2017). The pelvic myology of a troodontid was recently modeled in a
phylogenetically derived taxon (Bishop et al. 2018a), but evolutionary patterns of musculature
within the family remain undocumented.

Examination of troodontid pelvic material allows identification of muscle scars. Although
derived, Late Cretaceous troodontids differ appreciably in pelvic morphology from their basal,
Early Cretaceous precursors, remarkable similarity exists within each of these groups. Muscle
reconstruction permits comparison of muscle groups to one another to make inferences about
locomotory adaptations and evolution in Troodontidae. Furthermore, these results can be
compared to other contemporaneous taxa to gain a better understanding of competition and

potential niche partitioning with other theropods. Beyond palaeoecological implications,
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troodontid pelvic musculature also offers information on the evolutionary timing of avian-like

muscle organization.

4.2 Materials and Methods

General methodology for identification of soft tissue attachment sites in extinct taxa
follows the Extant Phylogenetic Bracket methodology (Bryant and Russell 1992, Witmer 1995).
Using this method, the closest living relatives of the focal taxon are compared to provide
evidence for the likelihood of muscle presence or absence (Fig. 4.1). Comparative techniques
similar to previous dinosaur muscle reconstructions are followed to infer soft tissue attachment
based on osteological correlates, which are landmarks on the bone that anchor muscles or
tendons (Hutchinson 2001a, Carrano and Hutchinson 2002, Hutchinson et al. 2005, 2008,
Maidment et al. 2014b). Inferences of muscle presence or absence were categorized following
Witmer (1995), avoiding those that fulfill Level III and III” criteria leading to unwarranted
speculation. Besides literature review to understand associations between pelvic tissues in living
relatives, dissections of a lizard (savannah monitor, Varanus exanthematicus), a crocodylian
(spectacled caiman, Caiman crocodilus), and a bird (common raven, Corvus corax) were
completed. Relevant muscle studies of extant archosaurs (Gangl et al. 2004, Smith et al. 2006,
2007, Otero et al. 2010, Klinkhamer et al. 2017, Bishop et al. 2018a) and comparative skeletal
material were also reviewed for osteological correlates (Table 4.1). Archosaur muscle
homologies are listed in Table 4.2.

Troodontid pelvic material (Table 4.1) was examined for osteological correlates to
identify former muscle attachment sites. Osteological descriptions of troodontids with pelvic

material were reviewed (Russell and Dong 1993, Currie and Dong 2001, Norell et al. 2009,
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Zanno et al. 2011, Tsuihiji et al. 2014, Xu et al. 2017, van der Reest and Currie 2017, Pei et al.
2017). North American material was examined directly for this project, but unpublished
conditions in Asian material were assessed from photographs (Fig. 4.2). A recently published
musculoskeletal model of a derived, North American troodontid (Bishop et al. 2018a) was
compared to muscle scars observed on available material. Although more basal, Early
Cretaceous troodontids differ appreciably in pelvic morphology from derived, Late Cretaceous
species, each of these groups show strong resemblances within each time period. Henceforth,
‘more basal’ is used as approximately synonymous with ‘Early Cretaceous’ and ‘more derived’
is more or less equivalent with ‘Late Cretaceous’. The conditions in more plesiomorphic
members such as Jianianhualong tengi (Xu et al. 2017) and Sinovenator changii (Xu et al. 2002)
were primarily used as representatives of Early Cretaceous forms, whereas derived members
including Latenivenatrix mcmasterae (van der Reest and Currie 2017), Saurornithoides
mongoliensis (Norell et al. 2009), and Talos sampsoni (Zanno et al. 2011) were used to represent
Late Cretaceous species. The main goal of this study is to reconstruct pelvic muscles at both
early and late evolutionary stages in the family, which is possible by using a composite pelvis of
Early and Late Cretaceous troodontid material as muscle groups vary little within either of these
stages. Proximal muscles have a close relationship to hind limb flexors (protractors), extensors
(retractors), and locomotory function, whereas distal limb muscles mainly control the lower
portions of the limb and the foot. Attachment sites were determined primarily by observation of
available fossil material, and secondarily by reference to literature with detailed descriptions and
photographs. Descriptions of muscle attachment areas allow reconstructions and comparisons

with other theropod taxa. Measurements of pelvic elements (Fig. 4.10, Table 4.4) were recorded
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using a ruler or measuring tape. Photographs were taken with a digital camera and illustrations

were generated using Adobe Photoshop CS6 and a Wacom drawing tablet.

4.3 Morphology of the pelvic girdle

Troodontid pelvic material (Figs. 4.2—4.3) preserves muscle scars and other osteological
correlates indicative of former soft tissue attachment. More basal and more derived members of
this family show general morphological consistency within their respective groups. Observed
elements of Early Cretaceous troodontids compare well with other more basal forms such as
Sinornithoides youngi (Russell and Dong 1993, Currie and Dong 2001). Similarly, observed
material of Late Cretaceous troodontids mostly resembles the same elements in Almas ukhaa
(Pei et al. 2017) and are strongly evocative of Gobivenator mongoliensis (Tsuihiji et al. 2014).
General pelvic morphology is described by each pelvic bone and then divided into more basal
and more derived members of Troodontidae. Features are outlined following previous studies
(Russell and Dong 1993, Currie and Dong 2001, Xu et al. 2002, 2017, Norell et al. 2009, Zanno
et al. 2011, Tsuihiji et al. 2014, van der Reest and Currie 2017, Pei et al. 2017).

The ilia of more basal troodontids tend to be dolichoiliac and small relative to femoral
lengths (Currie and Dong 2001, Xu et al. 2002, 2017). However, this bone in Jianianhualong
tengi is badly crushed, and in Sinovenator changii it is missing parts of the preacetabular portion
of the blade (Fig. 4.2A,L,K). The iliac margin tends to be straight along its dorsal edge, although
is reported as slightly concave in Jianianhualong tengi (Xu et al. 2017). The dorsal margin of the
postacetabular portion of the ilium slopes anterodorsal-posteroventrally and has a slightly rugose
texture around the edge. Posteriorly, the postacetabulum tapers to a rounded point in Sinovenator

changii and appears to have a slightly textured surface (Fig. 4.2I,K). The ventral margin is
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roughly horizontal when the ilia are in life position. In lateral view, the ischiadic peduncle is
small and triangular, whereas the pubic peduncle is anteroposteriorly and proximodistally long
and squared-off (Fig. 4.21,K). Ventrally, the ischiadic peduncle is mediolaterally wider than it is
anteroposteriorly long, whereas the pubic peduncle has the opposite dimensions (Fig. 4.2J,L).
The anterolateral surface of the pubic peduncle has a shallow depression enclosed dorsally by a
circular rim confluent with the ventral margin of the preacetabulum. A shallow brevis fossa
(Russell and Dong 1993) is limited in both its mediolateral and dorsoventral extent (Fig. 4.2).
This is mirrored by the shallow cuppedicus fossa opposite the acetabulum from the brevis fossa
and enclosed by a modest preacetabular hook. More derived troodontids such as Almas ukhaa
(Pei et al. 2017), Gobivenator mongoliensis (Tsuihiji et al. 2014), and Latenivenatrix
mcmasterae (van der Reest and Currie 2017) reverse the trend in more basal species, in that each
has a postacetabulum that is longer than the preacetabulum. The preacetabular hook tends to be
ventrally rounded when preserved (Fig. 4.3A) (Pei et al. 2017). A shallow notch along the
anterior margin of the iliac blade interrupts an otherwise convex profile in Latenivenatrix
mcmasterae. The dorsal edge of the ilium is gently convex, causing the postacetabulum to taper
slightly towards the posterior end (Fig. 4.3A). Along the entire margin of the ilium from the
anterior edge of the preacetabular hook to the posterodorsal corner, striae are preserved where
muscles formerly attached. Striated regions are narrow at the anterior end, but gradually widen
posteriorly. A rugose, anteroposteriorly elongate ridge extends along the dorsal margin of the
iliac blade from mid-preacetabulum to mid-postacetabulum in Latenivenatrix mcmasterae (Fig.
4.3A). The posterior end of the ilium may be round (Tsuihiji et al. 2014) or square (Fig. 4.3A).
Laterally, a triangular patch of textured surface between the posterodorsal and posteroventral

corners of the iliac blade extends about halfway to the ischiadic peduncle. The ischiadic and
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pubic peduncles in derived troodontids are comparable to those of more basal forms. The pubic
peduncles in derived troodontids lack the circular depressions on their lateral sides seen in more
basal members, although some striae cover the anterolateral surface. A shallow cuppedicus fossa
is partly enclosed by the preacetabular hook. Opposite the acetabulum, a moderately large brevis
fossa is mediolaterally wider and dorsoventrally deeper than in any basal troodontid.

More basal troodontids have pubes about twice the length of the ischia (Currie and Dong
2001) with transversely broad pubic aprons (Fig. 4.2) (Currie and Dong 2001, Xu et al. 2017).
The proximal portions of the shafts generally appear round in Jianianhualong tengi and oval in
Sinovenator changii (Fig. 4.2) (Currie and Dong 2001). In anterior or posterior view, the lateral
margins of the pubes appear weakly sinuous. This is because of a slight lateral bulge about one-
third the distance from the proximal to the distal end of the apron. In lateral view, the shaft tends
to appear straight to slightly convex anteriorly. The anterior surface of the pubic apron is
confluent with the shaft, giving it an overall convex appearance. Posteriorly, the apron forms a
broad longitudinal trough (Fig. 4.2). This concavity extends laterally so that the posterior margin
of the pubic shaft is mediolaterally compressed into a rounded ridge. Striae are visible in this
embayment along virtually the entire posterior surface of the apron. The pubic boot is reduced to
a knob-like structure that is not expansive either anteriorly or posteriorly (Fig. 4.2G-H). In more
derived troodontids, the pubis appears slightly anteriorly concave to straight-shafted in lateral
view (Fig. 4.3A,D.K) (Tsuihiji et al. 2014, Pei et al. 2017). A prominent preacetabular tubercle at
the proximal end of the pubis is hypertrophied into an anterolaterally-projecting process (Fig.
4.3A) (Tsuihiji et al. 2014). In Latenivenatrix mcmasterae, the concave, anteroventral portion of
this process is mediolaterally compressed into a spine-like crest with striae. The proximal ends of

the pubic shaft in more derived troodontids is oval in cross section with an anteroposterior long
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axis (Fig. 4.3). Some troodontids such as A/mas ukhaa have a longitudinal groove on the medial
side of the shaft proximal to the pubic apron (Pei et al. 2017). However, others including
Latenivenatrix mcmasterae and Talos sampsoni have longitudinal depressions in these regions
(Fig. 4.3E,ILL), each partially bordered by a proximodistal ridge that merges distally with the
pubic apron. A small portion of the pubic aprons are preserved in Latenivenatrix mcmasterae and
Talos sampsoni, and in each it has a weakly concave proximal edge (Fig. 4.3). In these taxa,
texturing on the anterior surface of the pubes is limited to the apron, but striations cover the
posterior surfaces of the apron and shaft. The morphology of the pubic boot is well preserved in
Almas ukhaa and Gobivenator mongoliensis, which appear to possess both anterior and posterior
expansions, but differ as to which projection is larger (Tsuihiji et al. 2014, Pei et al. 2017).

The ischium of a more basal troodontid is mainly represented here by Jianianhualong
tengi (Fig. 4.2A-B). The ischia are relatively small, plate-like bones, only about half the length
of the pubes (Xu et al. 2002, 2017). A triangular obturator process at the distal end of the
ischium contributes to the concave anteroventral margin and straight distal edge of this bone.
Striae carpet the lateral surface of the obturator process. Two distinct dorsal tubercles are present
and accompanied by a slightly rugose texture (Fig. 4.2B) (Xu et al. 2002, 2017). The posterior
corner of the distal end of the ischium is triangular and slightly rounded. More derived
troodontids differ notably in the morphology of their ischia (Fig. 4.3F—-H,M—0), but share with
more basal species short, plate-like ischia only about half the length of the pubes (Tsuihiji et al.
2014). The obturator process is generally triangular (when preserved) and its lateral surface is
covered in striae (Fig. 4.3). That being said, Almas ukhaa and Gobivenator mongoliensis have
spike-like projections at the obturator processes (Tsuihiji et al. 2014, Pei et al. 2017). The apex

of the obturator process is one-half to one-third the length from the distal end of the ischium
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(Norell et al. 2009, Tsuihiji et al. 2014, Pei et al. 2017). A posterolateral ridge demarcates the
extent of the obturator process along the edge of the ischial shaft (Fig. 4.3). Along the
dorsolateral edge of the ischial shaft, the proximal and distal ischial tuberosities are reduced to
low eminences or are simply patches of rugose texture. The proximal dorsal tuberosity is
opposite a concave notch formed between the pubic peduncle and anterior edge of the obturator
process. The distal dorsal tuberosity is near the distal end of the shaft. Between these
tuberosities, a proximodistally elongate region of light scarring occupies the dorsolateral edge of

the ischial shaft.

4.4 Myology of the pelvic girdle

Pelvic myology can provide information about locomotory adaptations and capabilities.
Pelvic musculature in Troodontidae—described separately for more plesiomorphic and derived
taxa—can be interpreted through dissection of extant animals, literature review, and observation
of fossil material. In turn, muscle groups (flexors, extensors, abductors, adductors, rotators) can
be reconstructed to qualitatively assess variation among taxa and infer the degree of cursoriality
in troodontids. This provides information on the condition and arrangement of pelvic muscles as
an outgroup to birds. Troodontid pelvic musculature was found to be generally consistent with
that of other theropods, but with notable differences regarding muscle group sizes and

osteological correlates compared to other maniraptorans (Table 4.3, Figs. 4.44.5).

4.4.1 Triceps femoris
The triceps femoris muscles that attached to the pelvis include the Mm. iliotibiales 1-3

(IT1-3) and the M. ambiens (AMB). The origins of IT1-3 occupy the lateral surface of the iliac
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margin on its anterior and dorsal edges (Figs. 4.4A, 4.5A). Although the area of attachment for
IT1 is not well preserved in more plesiomorphic troodontids, it does not vary much between
disparate theropod families and is not expected to vary extensively within Troodontidae.
Furthermore, the extents of the origins of IT2 and IT3 do not differ considerably between more
basal and more derived troodontids. The origin of IT1 is visible on the anterodorsal corner of the
ilium in Latenivenatrix (UALVP 55804), best seen in right lateral view. Light striae along the
anterior edge are bordered by small rugosities a few millimeters away from the margin,
following the gently sinuous curve of the anterior edge of the preacetabular blade. Dorsally,
these striae become oriented obliquely, terminating dorsal to the cuppedicus fossa around the
anterior edge of the pubic peduncle. This gives the origin of IT1 an overall L-shaped outline. The
origin of IT2 is adjacent and posterior to that of IT1 and continues posteriorly along the
dorsolateral edge of the ilium. In Latenivenatrix, the origin of IT2 becomes dorsoventrally
expanded and texturally rougher in the same direction. This morphology is unusual compared to
all other non-avian theropods observed in that the origin is embossed on the surface of the blade.
Similarities in the origin of IT2 have been noted in the dromaeosaurid Saurornitholestes (MOR
660) and troodontid Latenivenatrix (van der Reest and Currie 2017). However, this origin in
Latenivenatrix is embossed on an otherwise vertical iliac blade, whereas in Saurornitholestes the
entire dorsal edge of the iliac blade is laterally deflected. The posterior edge of this origin is
directly dorsal to the most anterior point of the brevis fossa along the horizontal part of the
ventral margin of the postacetabular portion of the iliac blade. The origin of IT3—indicated by
oblique striations along the dorsolateral edge of the postacetabular portion of the blade—is

posterior to that of IT2. This origin ends at the posterodorsal corner of the iliac blade.
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The origin of AMB is adjacent to the preacetabular tubercle. Its morphology in more
basal troodontids is unremarkable. However, derived forms such as Latenivenatrix preserve a
spine-like preacetabular tubercle that projects anterolaterally. In this case, the origin of AMB
extends along a proximodistally elongate crest at the ventral edge of the preacetabular tubercle
(Fig. 4.5A). This crest, and area for AMB attachment, appears anteroventrally concave in lateral
view, distal to the iliac contact but proximal to the pubic apron. This appearance is shared with
Saurornithoides (Norell et al. 2009) and Gobivenator (Tsuihiji et al. 2014). Overall morphology
of the preacetabular tubercle generally resembles that seen in certain paleognath birds as the
tubercle is similarly mediolaterally compressed in both Apferyx and Struthio. The preacetabular
tubercle is a straight finger-like projection in Apteryx, and curves dorsally toward its anterior into
a hooked process in Struthio (Gangl et al. 2004). Some crocodylians and paleognath birds are
noted to have, or appear to possess, a double-headed AMB (Hutchinson 2002, Allen et al. 2015,
Hutchinson et al. 2015). The AMB is inferred as being present with a single head in
Troodontidae as a second origin cannot be identified on either the pubis (like some crocodylians)

or the ilium (as in some paleognaths).

4.4.2 M. iliofibularis (ILFB)

Much of the lateral surface of the postacetabular portion of the iliac blade is the origin of
M. iliofibularis (ILFB; Figs. 4.4A, 4.5A). The exact boundaries of this muscle origin are not
clear, but can be estimated using osteological landmarks and adjacent muscle attachment sites.
The anterior edge of the origin of ILFB is approximately mid-acetabulum. Its posterior margin is
indicated by a change in bone surface texture about halfway between the ischiadic peduncle and

posterior edge of the ilium. The dorsal border of the origin of ILFB is adjacent to the origin of
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IT2-3, and its ventral edge follows the contour of the brevis shelf. These boundaries remain the
same between more basal and more derived troodontids, but the area available for attachment in

later forms appears larger.

4.4.3 Deep dorsal group

The deep dorsal group is primarily responsible for hip flexion and is comprised of the M.
iliofemoralis externus (IFE), M. iliotrochantericus caudalis (ITC), and Mm. puboischiofemorales
interni 1-2 (PIFI1-2). The origin of IFE is dorsal to the acetabulum (Figs. 4.4A, 4.5A). The site
of attachment is marked by a triangular area in which weak striae are oriented anteroventrally-
posterodorsally. Similar to other muscles on the lateral surface of the ilium, it would have been
constrained by surrounding muscles (ILFB, IT2, and ITC). Derived members each appear to
have an anteroposteriorly elongate origin of IFE based on observed muscle scars.

The origin of ITC occupies much of the lateral surface of the preacetabular region of the
iliac blade (Figs. 4.4A, 4.5A). Its fleshy attachment in phylogenetically bracketing taxa suggests
it would have likewise been anchored directly to the ilium, leaving no clear trace on the bone.
However, neighbouring muscle origins delineate the origin of ITC, which is encircled anteriorly
by IT1, dorsally by IT2, posteriorly by IFE, and ventrally by PIFI2 and the ventral margin of the
iliac blade.

A shallow depression on the anterolateral surface of the pubic peduncle indicates the
origin of PIFI1 (Figs. 4.4A—C, 4.5A—C). In more basal troodontids, this depression is circular
and distinct on the lateral side of the pubic peduncle. In derived forms, it is relatively small and

dorsoventrally elongate, situated on the anterior margin of the pubic peduncle and visible in both
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medial and lateral views. The dorsal extent of the origin of PIFI1 approximately matches that of
the acetabulum, and its ventral limit lies just dorsal to the ilium-pubis contact.

Within the small cuppedicus fossa, a rough texture denotes the origin of PIFI2 (Figs.
4.4B—C, 4.5B—C). This texture covers the medial surface of the preacetabular hook and appears
to extend close to the edges of the iliac blade. In the ventral view of Latenivenatrix (UALVP
55804), the posterior perimeter of the patch of rugosity can be seen to occupy the posterior end

of the cuppedicus fossa about halfway between the preacetabular hook and pubic peduncle.

4.4.4 Flexor cruris group

The flexor cruris group includes several hamstring muscles such as M. flexor tibialis
internus 1 and 3 (FTII1, 3) and M. flexor tibialis externus (FTE). The origin of FTII is on the
dorsal side of the distal end of the ischium (Figs. 4.4A,F, 4.5A). A distinct distal dorsal
tuberosity denotes this site in troodontid specimens that are Early Cretaceous in age such as
Jianianhualong (DLXH 1218) or Sinovenator (IVPP V12615). Late Cretaceous troodontids
either have a reduced distal dorsal tuberosity as in Saurornithoides (AMNH FR 6516) or lack a
distinct one like Talos (UMNH VP 19479), but a roughened patch of striations in the same
region are at the distal ends of the ischia.

A proximodistally elongate tuberosity situated on the proximal part of the dorsal edge of
the ischium indicates the origin of FTI3 (Figs. 4.4A,F, 4.5A). This proximal dorsal tuberosity is
pronounced in plesiomorphic troodontids. Although not as prominent in derived members as in
other maniraptorans (Novas and Puerta 1997), the proximal dorsal tuberosity is still clear on the
ischia of Saurornithoides (AMNH FR 6516) and Talos (UMNH VP 19479). The edge of this low

crest is offset toward the medial side of the ischium, resulting in the origin of FTI3 being visible
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only in lateral or dorsal view. In an articulated pelvis, this crest would be more or less dorsally
aligned due to the ventromedially angled orientation of the ischia.

Near the posterior end of the ilium, the origin of FTE occupies the lateral surface of the
postacetabular process (Figs. 4.4A, 4.5A). Its anterior extent is limited by the origin of ILFB, and
dorsally it meets that of IT3. The margin of the ilium itself forms the ventral and posterior
boundaries of the origin of FTE. A rugose texture indicating former muscle attachment covers
part of the ventral region of the postacetabular portion of the ilium here. The ilia of Sinovenator
(IVPP V12615) each appear to have a rounded prominence in this area, whereas it is flat but

scarred in Latenivenatrix (UALVP 55804).

4.4.5 Mm. adductores femorum (ADD)

Two muscles make up the Mm. adductores femorum 1-2 (ADD1-2). On the ischium, the
origin of ADDI1 covers part of the lateral surface of the obturator process (Figs. 4.4A,F, 4.5A).
Striations carpet the lateral side of the ischium and the concave, ventral portion of the
posterolateral ridge in Talos (UMNH VP 19479) (Zanno et al. 2011). This muscle would have
attached to the anterior edge of the obturator process and extended dorsally up the striated
surface to the posterolateral ridge. However, the posterior border of its origin is unclear.
Neighbouring ADDI1 is PIFE3, which occupied the posterior portion of the obturator process and
restricted ADDI1 coverage of the obturator process (see M. puboischiofemorales externi).

Both ischia of Talos (UMNH VP 19479) viewed dorsally show the origins of ADD?2 as
proximodistally elongate scars immediately distal to the proximal dorsal tuberosities and origin
sites of FTI3 (Figs. 4.4A,C, 4.5A,C,F). A rugose texture with proximodistally oriented striae

outlines the extent of this origin. The origin of ADD?2 is about 3 cm on 7alos along its long axis,
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preserved entirely on both ischia. This origin does not appreciably differ among plesiomorphic or

derived troodontids.

4.4.6 Mm. puboischiofemorales externi (PIFE)

The Mm. puboischiofemorales externi 1-3 (PIFE1-3) are on the pubis and ischium,
wrapping around to insert on the posterior side of the femoral head in extant reptiles. On the
pubis, the origin of PIFE1 covers the anterior surface of the pubic apron (Figs. 4.4C-D, 4.5C-D).
The right pubis of Talos (UMNH VP 19479) is missing the surface of this portion of bone, but
the left pubis of this specimen and both pubes of Sinovenator (IVPP V12583) and Latenivenatrix
(UALVP 55804) are intact enough to discern the attachment sites. Proximodistally oriented
striations restricted to the anterior surface of the pubic apron indicate the attachment of PIFE1 in
troodontids, as in other non-avian theropods.

The origin of PIFE2 is on the posterior surface of the pubis (Figs. 4.4C.E,G, 4.5A,C,E).
Both Jianianhualong (DLXH 1218) and Sinovenator (IVPP V12583) preserve striae covering
the posterior surfaces of the pubic aprons and medial edges of the pubic shafts. The muscle scars
of PIFE2 in more basal troodontids cover this embayment on the posterior surfaces of the pubes,
but do not encroach on the lateral surface of the bone. In derived troodontids, the morphology is
unusual even when compared broadly to other archosaurs. Latenivenatrix (UALVP 55804) and
Talos (UMNH VP 19479) each have clear striations engraved into the posterior surfaces of both
the pubic apron and the pubic shafts, the lateral extent of which is visible in lateral view. These
striations indicate that the origin of PIFE2 extends proximally to a point about halfway between
the ischiadic peduncle of the pubis and proximal edge of the pubic apron, including a small

depression on the medial side of the pubis. The PIFE2 in a crocodylian arises from the posterior
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surface of the pubic apron only, as is the typical case in non-avian theropods (Hutchinson 2001a,
2002). Its avian homolog, the M. obturatorius medialis, arises from the medial surface of the
puboischiadic membrane (Hutchinson 2002, Gangl et al. 2004). Derived troodontids appear to
occupy a state in between these two conditions. The morphology is more similar to that of non-
avian theropods than to birds, but clearly encompasses the posterior and lateral surfaces of the
pubic shaft in addition to the pubic apron as indicated by obliquely oriented muscle scars (van
der Reest and Currie 2017). However, it is doubtful that the PIFE2 origin was located on the
medial side of the puboischiadic membrane in troodontids. Muscle scars clearly indicate the
origin on the bone surface (Fig. 4.3C—E,J-L). Furthermore, the osteological correlate for the
lateral parts of the membrane along the proximal edge of the pubic apron is continuous with the
correlate for the median portion along the pubic symphysis (Hutchinson 2001a), which are both
medial to the scarred areas. A complicated transformation would be required for the origin of
PIFE2 to migrate onto the medial side of the puboischiadic membrane given this morphological
arrangement.

Posterior to the origin of ADD1 on the ischium, the origin of PIFE3 occupies the
remainder of the available area on the lateral surface of the obturator process (Figs. 4.4A,
4.5A,F). Its exact anterior extent is unclear, but ventrally it was limited by the edge of the
ischium, and dorsally by the posterolateral ridge representing the edge of the ischial shaft. As the
osteological correlate for this origin is the posterior edge of the obturator process, both the
process and origin of PIFE3 are distally positioned in more plesiomorphic troodontids and

appear closer to the midshaft in derived members.
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4.4.7 M. ischiotrochantericus (ISTR) and M. caudofemoralis brevis (CFB)

The origin of the M. ischiotrochantericus (ISTR) can be found on the medial side of the
ischium at its proximal end (Figs. 4.4C, 4.5C). Exact boundaries are unclear, but a slight
depression toward the dorsal edge of the ischium between the iliac contact and proximal dorsal
tuberosity gives an idea as to the size of the origin. The ISTR in troodontids seems typical of
other non-avian theropods and is limited to the medial surface of the ischium.

The brevis fossa houses the origin of the M. caudofemoralis brevis (CFB), and is visible
in medial and ventral views (Figs. 4.4B—C, 4.5B—C). Whereas more basal species have a
mediolaterally narrow brevis fossa, derived members each possess a modestly wide brevis fossa.
However, it is still not as mediolaterally extensive as in plesiomorphic theropods such as
tyrannosaurids (Fig. 4.6), nor as wide as in ornithomimids (Fig. 4.7). In fact, the brevis fossa in
Early Cretaceous troodontids appears similar to, or smaller than, those in caenagnathids (Figs.
4.8-4.9). The CFB filled the brevis fossa and was dorsally constrained by the brevis shelf,
consistent with other non-avian theropods (Hutchinson et al. 2005, 2008) and not yet in a lateral

position as seen in birds (Lamas et al. 2014, Hutchinson et al. 2015).

4.5 Discussion

4.5.1 General remarks

Certain aspects of this study unavoidably introduced limitations. Although identification
and description of pelvic muscle attachment sites are necessary to establish a framework for
subsequent research, it is qualitative by nature and should be complemented by a more rigorous
test of muscle actions. The hip is a system comprising a dynamic joint with the hind limb and the

roles of some pelvic muscles can change drastically under different circumstances (e.g. highly
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flexed versus highly extended). The muscles themselves are dynamic as well, and may have
multiple roles depending on the axis about which the leg rotates. Another caveat of this study is
that reconstruction was performed at the family level. Although this offers general clues about
the ecology of the family, it does not fully represent each species, nor does it account for
potential changes in ontogeny. Other analyses of particular species or growth stages are restricted
primarily by the availability of such fossils and may be difficult or impossible to execute until
more troodontid material is discovered. These limitations, however, do not destroy the value of
this study. Description and reconstruction of troodontid pelvic musculature provides a scaffold
for future studies on locomotion or myology. Additionally, it presents new evidence supporting
previous hypotheses and inferred palacoecology. Lastly, it catalogues the conditions of pelvic
muscles in a non-avian family closely related to basal birds that offers a point of comparison to
other maniraptorans and avialans alike.

Pelvic muscle reconstruction supports the hypothesis of troodontids as highly adapted for
cursoriality, at least in derived members of the family. Troodontid hips have an expanded
postacetabular region for hip extensor muscles responsible for locomotory torque. Notably,
derived members of this family each possess a large origin of ILFB and a moderately large
brevis fossa for the origin of CFB (Fig. 4.9). The caudal muscles of troodontids are linked to the
hind limb and operate as a single locomotor module (Gatesy and Dial 1996). However, the
contribution of the tail muscles to hind limb extension appears reduced. Pelvic muscles such as
the ILFB appear to have taken over more of this role than in more ancestral non-avian theropods,
which tend to have wide brevis fossae to accommodate tail musculature and modest origins of
ILFB. Altogether, this suggests that troodontids relied more on intrinsic muscles of the pelvis

and hind limb for locomotion than muscles of the tail compared to other non-avian theropods.
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The proportionately long postacetabular region compared to the preacetabular region of the hip
(Fig. 4.9) also increases the moment arm of these extensors. The same principle applies to the
IT2 (posterior portion), IT3, and FTE due to the posterior displacement of the origin relative to
its position in other maniraptorans such as Velociraptor (Hutchinson et al. 2008). Anterior to the
acetabulum, the ITC is large compared to other hip flexors and had an additional role in medial
rotation of the hind limb. The PIFE2 probably functioned similarly in hip flexion and occupied a
larger region on the pubis than if the origin was limited to the posterior surface of the pubic
apron. Although the preacetabular tubercle itself is unusually large as in Gobivenator (Tsuihiji et
al. 2014), the origin of AMB is slightly, but not exceptionally, larger than those in other theropod
taxa. This may have slightly increased the capacity for force generation of this muscle, although
it remains the smallest muscle of the triceps femoris group that shares a common tendon for
insertion. Muscles arising from the ischium follow the same layout as in other non-avian
theropods. Interestingly, the arrangement of pelvic muscles in derived troodontids shows
incipient resemblances to those of some paleognath birds. In Struthio, the fastest extant biped,
the AMB, ILFB, and ITC have the largest moment arms of the pelvic muscles (Smith et al. 2007,
Hutchinson et al. 2015). The AMB and ITC are the strongest hip flexors, whereas the ILFB is the
strongest hip extensor and knee flexor (Smith et al. 2006, 2007). Troodontids also possess large
origins of ILFB and ITC, relative to the total available area for muscle attachment on the hip
(Fig. 4.4A). The arrangement and relative sizes of the locomotory muscles provide support for
troodontids as speedy, cursorial creatures that depended more on extensor muscles originating

from the hip than from the tail compared to other non-avian theropods.
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4.5.2 Comparisons with other theropods

Comparison of troodontid locomotory muscle arrangement with contemporaneous
cursors highlights interesting similarities and differences. Other dinosaurs inferred as cursorial
by Carrano (1999) that may have lived alongside troodontids include caenagnathids, dryosaurids,
hypsilophodontids, ornithomimids, and tyrannosaurids. All theropod families listed here also had
members that each have an arctometatarsus, a structure associated with increased cursoriality
(Holtz 1994, Carrano 1999). Ornithischians are of limited relevance to this discussion due to
differences in the evolution of their hips and resultant radical changes in associated musculature.
Non-avian theropods are overall fairly conservative in pelvic morphology, with similar layouts
of locomotory muscles in distantly related members like Tyrannosaurus (Hutchinson et al. 2005)
and Velociraptor (Hutchinson et al. 2008). Of the more cursorial taxa, tyrannosaurids possess
relatively wide brevis fossae (Fig. 4.6)—among other features of the hip and tail—indicative of
large caudal muscles with substantial roles in hind limb extension (Persons and Currie 2011).
Ornithomimids likewise possess wide brevis fossae (Fig. 4.7) and have rather similar pelvic
morphologies to those of tyrannosaurids, evocative of the shared cursorial ancestry put forward
by Carrano (1999). In each of these families, muscles associated with both the pelvis and tail
played a substantial role in locomotion, which is different from the condition in caenagnathids.
Although skeletal data suggest a cursorial nature for Caenagnathidae, members of this family
have postacetabula that are proportionately shorter than the preacetabula and reduced brevis
fossae (Fig. 4.8) that in turn provide only limited space for hind limb extensors and caudal
musculature. Caenagnathids relied more on muscles within the pelvis and hind limb for
locomotive torque than did plesiomorphic theropods. However, tail muscles were still integrated

into a shared locomotor module with the hind limb (Gatesy and Dial 1996) and were useful in
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locomotion as in other oviraptorosaurs (Persons et al. 2014). Troodontids are more similar to
caenagnathids than to the other two taxa in this respect, reflecting increased reliance on intrinsic
pelvic muscles for locomotion. On the other hand, these taxa show stark differences in the
preacetabular to postacetabular length ratios of their ilia (Fig. 4.9), indicating a clear disparity in
the amount of area available area for hip flexors and extensors originating on the pelvis. Note
that incomplete preservation of one Sinovenator changii specimen (IVPP V12583) prevents
accurate preacetabulum:postacetabulum comparison (Fig. 4.9D). Among cursorial dinosaurs,
these patterns suggest that several lineages achieved high cursoriality in different ways. With this
in mind, the question of competition amongst cursorial Cretaceous creatures must be addressed.
Was the Mesozoic big enough for them all, or did some degree of ecological separation between
taxa allow them to coexist?

Besides locomotive adaptations, other aspects of palaeobiology may provide information
about competition amongst these dinosaurs. Whereas hypsilophodontids and dryosaurids were
herbivorous, highly cursorial theropods varied in dietary preference. Tyrannosaurids exhibit
overwhelming evidence for carnivory (Zanno and Makovicky 2011) in their teeth and in tooth
marks on herbivores that succumbed to the jaws of Tyrannosaurus (Erickson and Olson 1996,
Erickson et al. 1996, Carpenter 1998, Barrett and Rayfield 2006, Zanno and Makovicky 2011,
DePalma et al. 2013). Ornithomimids tend to ally with herbivores based on the presence of a
rhamphotheca and gastroliths (Kobayashi et al. 1999, Norell et al. 2001, Barrett 2005).
Caenagnathids have been treated as highly cursorial by some (Carrano 1999) and are tentatively
inferred as herbivorous, but may have been suited for omnivory (Zanno and Makovicky 2011,
Funston and Currie 2014). In contrast, troodontids appear suited neither for herbivory nor

hypercarnivory and probably sought smaller or softer prey items for a diet of omnivory or
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carnivory (Ryan et al. 1998, Zanno and Makovicky 2011, Hendrickx et al. 2015, Torices et al.
2018). Thus, competition for food was probably limited between troodontids and
contemporaneous cursorial dinosaurs.

However, the carnivorous nature of derived troodontids is shared with tyrannosaurids.
Torices et al. (2018) suggest that troodontids were not well suited to handle prey that was large,
hard, or otherwise risked tooth damage, clearly differing from direct evidence of such behaviour
in tyrannosaurids (Erickson and Olson 1996, Erickson et al. 1996). Despite the capability of
adult tyrannosaurids for bone-crushing feeding, some studies suggest that they may not have
been well suited for running due innate biomechanical limitations and lack of necessary extensor
musculature (Hutchinson and Garcia 2002, Hutchinson 2004). Also, apparent changes in relative
limb proportions between juvenile and adult tyrannosaurids may be controlled by allometry
(Persons and Currie 2016). However, compared to adults, these proportionately long distal leg
segments and lower body masses in juveniles may reflect higher cursoriality (Currie 1998, Paul
1998, Hutchinson 2004). Perhaps this indicates niche partitioning between speedier juveniles and
larger-bodied adults. Young tyrannosaurids may have sought smaller prey items that were easier
to handle due to limitations of small body size or preference, but gregarious behaviour
documented in Albertosaurus challenges this position (Currie 1998, Currie and Eberth 2010).
Overlap in cursorial ability and potentially diet between troodontids and young tyrannosaurids
may have put these two groups in competition with one another for resources, at least during
certain times of the year. Other differences in behaviour, such as habitat preference, may have
restricted the amount of interaction experienced between these families. Regardless, some
overlap between the two families does not exclude them from coexisting. Furthermore,

differences in tooth performance between troodontids and other theropods suggests that specific

109



diets varied among carnivorous dinosaurs, even ones that employed the same feeding
mechanisms. Studies of dental biomechanics and the like are better suited to shed light on
feeding behaviour and niche partitioning, but this is only part of the challenge of food
acquisition; animals must be able to pursue and catch prey, or escape predators, in order to

survive. This is where locomotory adaptations offer some insight.

4.5.3 Theropod cursoriality

Of the diverse forms evolved in Maniraptora, those suggesting high cursoriality curiously
evolved several times. Additionally, this occurred during an interval of theropod evolution
marked by the steady reduction of caudal musculature involved in locomotion (CFB and its
counterpart), which seemed only to amplify within Maniraptora (Allen et al. 2013). In spite of
wide divergence in dietary adaptations and stepwise exclusion of hind limb extensors originating
from the tail, adaptations for agility and fleetness arose repeatedly. Unfortunately, this does not
resolve much more about predator-prey relationships discussed in Carrano (1999). Predation on
young tyrannosaurids by troodontids is as much a possibility as vice versa. Cursorial adaptations
likewise may have evolved to catch prey as well as to avoid becoming prey, and these options
are not mutually exclusive. In fact, enhanced running ability imparts benefits to both of these
behaviours. Locomotory muscle reconstruction does, however, demonstrate that high cursoriality
is not tightly tied to dietary preference or gradual loss of tail musculature. Troodontidae
represents a family of maniraptorans that appeared to accommodate this loss of locomotory
power from the tail by regaining it from the pelvis. An enlarged ILFB (among other hind limb
extensors) provides this strength, but also has a role in knee flexion. Allen et al. (2013) remarked

that this may reflect a stage in the gradual transition from a “hip-driven” to “knee-driven” mode
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of locomotion in which hamstring muscles acting about the knee progressively replace femoral
extensors like the CFB. The cancellous bone anatomy in the proximal and distal ends of theropod
hind limb bones (Bishop et al. 2018b) and both musculoskeletal and finite element analysis
models (Bishop et al. 2018a) corroborate the transition from hip- to knee-driven locomotion
hypothesis. Internal bone microstructure of the troodontid femur is intermediate between that of
plesiomorphic theropods and birds (Bishop et al. 2018b). Whereas a tyrannosaurid femur is
similarly adapted to a human femur to bending-dominated loading and a bird femur is adapted to
torsional loading, a troodontid femur is suited for an intermediate condition with a mixture of
these regimes. Additionally, biomechanical models reflect the inferred mid-stance posture of
troodontids as intermediate between the more upright stance with a subvertical femur in
tyrannosaurids and the more crouched posture with a sub-horizontal femur of birds (Bishop et al.
2018a). Therefore, evidence from bone microstructure, musculoskeletal models, and finite
element analysis suggests that troodontids had a mid-stance femoral posture somewhere between
subvertical, like plesiomorphic theropods, and sub-horizontal, as in birds. The increased size of
the origins of knee flexor muscles may be linked to this transition in femoral posture, but
comparison to extant birds suggests otherwise. Relatively large origins of muscles involved in
hind limb extension and knee flexion (e.g. ILFB) compared to muscles involved in opposing
actions (e.g. ITC) are apparent in emus (Lamas et al. 2014) and ostriches (Smith et al. 2006). On
the other hand, less cursorially adapted chickens (Paxton et al. 2010) show the reverse in that the
origin of muscles that flex the hind limb are larger. With this in mind, an enlarged ILFB and
moderately sized CFB in troodontids is consistent with an intermediate position in the transition
from hip- to knee-driven locomotion, simultaneously supportive of increased reliance on muscles

acting about the knee with respect to plesiomorphic theropods and enhanced cursoriality.
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4.5.4 Evolution of locomotory adaptations within Troodontidae

Reconstructions of locomotory muscles at both early and late stages in troodontid history
offer a glimpse at evolutionary patterns in their family history (Figs. 4.4—4.5). The triceps
femoris group changed slightly in that the origins of AMB and IT2 became more pronounced in
later members, but overall retained a comparable arrangement. In a similar manner, the CFB and
ILFB did not change dramatically, but enlarged as the postacetabular ilium expanded and brevis
fossa widened. This increase in area available for attachment of hind limb extensors may indicate
increasing cursoriality through evolutionary time, suggesting that high cursoriality was
secondarily developed in Troodontidae. The trajectory of increasing cursoriality through
evolutionary time based on pelvic musculature corroborates similar patterns in foot morphology
and development of a subarctometatarsus into a full-fledged arctometatarsus (Fowler et al. 2011).
Selection pressure(s) for secondarily increased cursoriality remain enigmatic, but secondarily
lost volancy may be a major factor. Although the closely related paravian Anchiornis probably
had some capacity for flight, basal troodontids such as Jinfengopteryx have relatively small arms
unsuitable for volancy (Evangelista et al. 2014a, Sullivan et al. 2017). Causal mechanisms for
secondarily lost flight adds another degree of separation from the evolution of pelvic
musculature, but if a major factor, may be attributable to another means of niche partitioning
with dromaeosaurids (Fowler et al. 2011). Without aerial locomotion as a means of transport,
troodontids may have reinvested in terrestrial locomotion and secondarily enlarged leg extensor
musculature. Deep dorsal group muscles stayed much the same throughout the Cretaceous, as did
those of the flexor cruris group, Mm. adductores femorum, and the ISTR. The osteological

correlates of the FTI1 and FTI3, respectively the distal and proximal dorsal tuberosities, were
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reduced over evolutionary time. Two likely explanations for this trend are that it is an artefact of
body size, or a signal of reduction in flexor cruris muscles and associated pelvic ligaments. The
troodontids examined here include more plesiomorphic species with smaller body sizes and
pronounced ischial tuberosities compared to derived members that tend towards larger body sizes
and reduced ischial tuberosities, which might support the argument for an inverse relationship to
body size. However, Talos is a more derived, Late Cretaceous taxon with reduced ischial
tuberosities and histological evidence for smaller adult body size than other troodontids of the
time (Zanno et al. 2011). This might be interpreted as support for gradual reduction in these
muscles and ligaments, maybe functionally replaced by other muscles performing similar roles.
However, it is unclear whether Talos represents a trend or an anomaly, making it difficult to rule
out either explanation. Alternatively, the increased length of the ischial shaft over troodontid
evolution probably increased the moment arm of the FTII that arose from the distal end of the
bone. It is possible that an increase in moment arm—and consequently, an increase in leverage—
compensated for a reduction in muscle size or strength, similar to the tradeoff between leverage
and strength for caudofemoral muscles in hadrosaurids and tyrannosaurids (Persons and Currie
2014). Within the Mm. puboischiofemorales externi, the origin of PIFE2 changed radically in
that it expanded both proximally and laterally to encompass a large area of the pubic bones.
Early in troodontid evolution, the origin of PIFE2 expanded laterally, reflected in the embayment
of the posterior side of the pubes. This resulted in concomitant mediolateral compression of the
posterior edges of the pubic shafts that border the pubic apron. Late Cretaceous troodontids show
subsequent proximal and further lateral expansion of the PIFE2, which may suggest an increase
in the importance of hip flexion and lateral hip rotation, its main actions. Beyond non-avian

theropods, the arrangement of pelvic musculature in Troodontidae sets a baseline for the
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condition of basal avialans. Despite controversy around fine scale paravian relationships,
troodontids consistently express a close relationship to early birds and are often recovered as the
sister taxon to Avialae (e.g. Hendrickx et al. 2015). While new discoveries continue to adjust and
refine our understanding of the exact relationships between basal avialans, troodontids stand as a
closely related avian outgroup that helps to characterize their early evolution. Evolutionary
changes between non-avian theropods and birds in the context of locomotion are well
documented (Hutchinson and Allen 2009). The reconstruction of troodontid pelvic muscles here
further validates the gradual, stepwise evolution of muscles in theropod dinosaurs. Non-avian
theropods, up to and including their most derived members, were remarkably conservative in
numbers of pelvic muscles and their arrangements. The condition of troodontid locomotory
musculature shows some reorganization of hip extensors, and that the caudal and pelvic
locomotor modules were not yet fully separated. Conservative muscle arrangement and
reorganization in non-avian theropods is consistent with previous studies that note relatively
rapid changes in early bird evolution (Pittman et al. 2013). Additionally, the muscle attachment
sites identified here are nearly identical to those proposed by Bishop et al. (2018b) despite using
different specimens, corroborating the identification and layout of troodontid pelvic musculature.
That being said, a few muscle origins exhibit unusual morphology. The PIFE2 of a derived
troodontid extends laterally beyond the pubic apron to cover the posterior and lateral sides of the
pubic shafts. In other taxa including more basal troodontids, the PIFE2 is restricted to the
posterior surface of the pubic apron and lacks extensive coverage of the pubic shafts. Its avian
homolog migrated laterally and originates farther from the midline on the puboischiadic
membranes in birds, additionally shifting primary function from hip flexor to lateral rotator as

the pelvis became opisthopubic (Hutchinson and Gatesy 2000). Consideration of this membrane
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in Troodontidae further complicates this scenario. The proximal edge of the troodontid PIFE2
origin is bordered by a proximodistally elongate ridge on the medial side of the pubis. This ridge
is considered an osteological correlate for part of the puboischiadic membrane, specifically for
paired, lateral membranes (Hutchinson 2001a). Because this ridge, and thus the puboischiadic
membrane, is medial to the origin of PIFE2, a somewhat complex migration of the PIFE2 is
required to end up on the medial surface of this membrane. Due to the condition in early
troodontids and relative position of other soft tissues, it seems that the lateral migration of the
PIFE2 in Troodontidae and Aves is the result of convergent evolution. The same can be said for
reduction of the FTI1, which had a prominent osteological correlate in early troodontids, but was
reduced convergently in derived troodontids and reduced to the point of loss in birds.
Dorsoventral expansion of the postacetabular portion of the ilium and concomitant enlargement
of the ILFB is yet another independently gained feature between these two groups. An unusual
origin for IT2 is also identified in Latenivenatrix, but has limited bearing on the broader
evolutionary transition from non-avian theropods to birds. These features underscore that the
condition of early troodontids better represents an outgroup to birds than that of derived
troodontids. Additionally, it shows that troodontids, as an outgroup to basal avialans, had a

single-headed PIFI2 and that both the FTI1 and PIFE3 were present, unlike in modern birds.

4.6 Summary of troodontid pelvic myology

Description and reconstruction of more basal and more derived troodontid pelvic muscles
fill a gap in the knowledge of theropod locomotory muscle evolution. An unusual origin of T2
and unique PIFE2 morphology highlight peculiar or previously unrecognized aspects of

troodontid pelvic myology. The arrangements and relative sizes of locomotory muscles
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qualitatively support derived troodontids as adapted for high cursoriality, an adaptation they
gained secondarily. This permits their placement in ecological context with other Cretaceous
cursors. Predator-prey interactions remain complex and unclear, but troodontid locomotory
muscles underscore the convergence of cursoriality among theropods with widely varied diets
and differences in the degree of interconnection between caudal and pelvic muscles. Pelvic
muscles account for reduced caudal input to hind limb extension during a gradual evolutionary
shift towards a locomotory mode driven by intrinsic muscles of the hip and hind limb. Further to
this, our understanding of the condition of pelvic musculature in early avialans is improved by
reconstruction in troodontids as a closely related outgroup. Several aspects of pelvic musculature
were convergently evolved between derived troodontids and birds including lateral migration of
the PIFE2, reduction or loss of the FTI1, and dorsoventral expansion of the postacetabular
portion of the ilium. This reconstruction stands as a framework that permits more rigorous and

quantitative hypothesis testing in future studies.
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Figure 4.1. Simplified phylogeny of Troodontidae among Archosauria and
contemporaneous cursorial theropods of North America during the Late Cretaceous.
Phylogeny includes other contemporaneous, extinct theropods and representatives of its Extant
Phylogenetic Bracket (Crocodylia and Aves). Coeval taxa shaded based on whether they are

inferred as highly cursorial based on osteological correlates (black) or not (grey).
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Figure 4.2. Basal troodontid material examined for muscle attachment sites. Pelvis of
Jianianhualong tengi (DLXH 1218) in block (A), left ischium in lateral view (B), and pubes in
posterior view (C). Elements of Sinovenator changii (IVPP V12583, V12615) including pubes of
V12615 in posterior view (D), right pubis of V12583 in anterior (E), posterior (F), lateral (G),
and medial (H) views, left ilium of V12583 in lateral (I) and ventral (J) views, and right ilium of
V12615 in lateral (K) and ventral (L) views. All scale bars are 5 cm. Abbreviations: ace,
acetabulum; bf, brevis fossa; cf, cuppedicus fossa; ddt, distal dorsal tuberosity; dep, depression;
ic, iliac contact; isc, ischiadic contact; isp, ischiadic peduncle; lis, left ischium; lp, left pubis; op,
obturator process; pa, pubic apron; pah, preacetabular hook; pb, pubic boot; pc, pubic contact;
pdt, proximal dorsal tuberosity; plr, posterolateral ridge; pp, pubic peduncle; pt, preacetabular

tubercle; ris, right ischium; rp, right pubis.
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Figure 4.3. Derived troodontid material examined for muscle attachment sites. Pelvis of
Latenivenatrix mcmasterae (UALVP 55804) including right ilium and pubis in lateral view (A),
and left pubis in anterior (B), posterior (C), lateral (D), and medial (E) views. Ischia of
Saurornithoides mongoliensis (AMNH FR 6516) in right lateral (F), left lateral (G), and dorsal
(H) views. Elements of Talos sampsoni (Courtesy of Natural History Museum of Utah, UMNH
VP 19479) including pubis in anterior (I), posterior (J), lateral (K), and medial (L) views, and
right ischium in lateral (M), medial (N), and dorsal (O) views. All scale bars are 5 cm.
Abbreviations: ace, acetabulum; bf, brevis fossa; cf, cuppedicus fossa; ddt, distal dorsal
tuberosity; dep, depression; ic, iliac contact; isc, ischiadic contact; isp, ischiadic peduncle; 1d,
longitudinal depression; lis, left ischium; lp, left pubis; op, obturator process; pa, pubic apron;
pah, preacetabular hook; pb, pubic boot; pc, pubic contact; pdt, proximal dorsal tuberosity; plr,
posterolateral ridge; pp, pubic peduncle; pt, preacetabular tubercle; ris, right ischium; rp, right

pubis.
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B PIFI2

Figure 4.4. Basal troodontid pelvic myology. Pelvis of Sinovenator changii modified from Xu
et al. (2002) in lateral view (A), ilium (IVPP V12615) in ventral view (B), pelvis in medial view
(C), pubes (IVPP V12583) in anterior (D) and posterior (E) views, and pelvic elements of
Jianianhualong tengi (DLXH 1218) including left ischium in lateral view (F) and pubes in
posterior view (G). Dashed outline in F indicates estimated reconstruction of poorly preserved
fossil in the specimen. Both scale bars are 5 cm, each one representing either Sinovenator
changii (A—E) or Jianianhualong tengi (F—-G). Abbreviations: ADD1, M. adductor femoris 1;
ADD2, M. adductor femoris 2; AMB, M. ambiens; CFB, M. caudofemoralis brevis; FTE, M.
flexor tibialis externus; FTI1, M. flexor tibialis internus 1; FTI3, M. flexor tibialis internus 3;
IFE, M. iliofemoralis externus; ILFB, M. iliofibularis; ISTR, M. ischiotrochantericus; IT1, M.
iliotibialis 1; IT2, M. iliotibialis 2; I'T3, M. iliotibialis 3; ITC, M. iliotrochantericus caudalis;
PIFE1, M. puboischiofemoralis externus 1; PIFE2, M. puboischiofemoralis externus 2; PIFE3,
M. puboischiofemoralis externus 3; PIFI1, M. puboischiofemoralis internus 1; PIFI2, M.

puboischiofemoralis internus 2.
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Figure 4.5. Derived troodontid pelvic myology. Composite pelvis created from ilia and pubes
of Latenivenatrix mcmasterae (UALVP 55804), pubic boot of Gobivenator mongoliensis
modified from Tsuihiji et al. (2014), and ischium of Saurornithoides mongoliensis (AMNH FR
6516) scaled to fit according to contact surfaces with other pelvic bones. Pelvis in lateral view
(A), ilium in ventral view (B), pelvis in medial view (C), and pubes in anterior (D) and posterior
(E) views. Scale bar is 10 cm. Abbreviations: ADD1, M. adductor femoris 1; ADD2, M.
adductor femoris 2; AMB, M. ambiens; CFB, M. caudofemoralis brevis; FTE, M. flexor tibialis
externus; FTI1, M. flexor tibialis internus 1; FTI3, M. flexor tibialis internus 3; IFE, M.
iliofemoralis externus; ILFB, M. iliofibularis; ISTR, M. ischiotrochantericus; I'T1, M. iliotibialis
1; IT2, M. iliotibialis 2; IT3, M. iliotibialis 3; ITC, M. iliotrochantericus caudalis; PIFE1, M.
puboischiofemoralis externus 1; PIFE2, M. puboischiofemoralis externus 2; PIFE3, M.
puboischiofemoralis externus 3; PIFI1, M. puboischiofemoralis internus 1; PIFI2, M.

puboischiofemoralis internus 2.
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Figure 4.6. Iliac features and proportions of tyrannosaurids. Preacetabular:postacetabular
proportions and relative brevis fossae size as proxies for major hind limb flexor and extensor
muscle groups are highlighted. Left ilium of Albertosaurus sarcophagus (CMN 11315) in lateral
view (A) and brevis fossa in ventral view (B); note dorsoventrally deep brevis fossa despite
taphonomic distortion that resulted in some mediolateral compression. Left ilium of
Daspletosaurus torosus (UALVP 52981) in posterior view (C). Scale bars are 10 cm.
Abbreviations: ace, acetabulum; bf, brevis fossa; isp, ischiadic peduncle; pah, preacetabular

hook; pp, pubic peduncle; vr, vertical ridge.
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Figure 4.7. Iliac features and proportions of ornithomimids. Preacetabular:postacetabular

proportions and relative brevis fossae size as proxies for major hind limb flexor and extensor
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muscle groups are highlighted. Left ilium of indeterminate ornithomimid (CMN 8897) in lateral
view (A) and brevis fossa in ventral (B) and posterior (C) views. Left ilium of Dromiceiomimus
brevitertius (UALVP 16182) in lateral view (D) and right brevis fossa (reversed) in ventral view
(E). Right ilium of indeterminate ornithomimid (TMP 1981.019.0299, reversed) in posterior
view (F). Scale bars are 10 cm. Abbreviations: bf, brevis fossa; isp, ischiadic peduncle; pah,

preacetabular hook; pp, pubic peduncle; sac, supraacetabular crest; vs, vertical sulcus.
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Figure 4.8. Iliac features and proportions of caenagnathids. Preacetabular:postacetabular
proportions and relative brevis fossa size as proxies for major hind limb flexor and extensor
muscle groups are highlighted. Left ilium of Chirostenotes pergracilis (TMP 1979.020.0001) in
lateral view (A) and brevis fossa in ventral view (B). Scale bars are 5 cm. Abbreviations: ace,
acetabulum; bf, brevis fossa; isp, ischiadic peduncle; pah, preacetabular hook; pp, pubic

peduncle.
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Figure 4.9. Iliac features and proportions of troodontids. Preacetabular:postacetabular
proportions and relative brevis fossae size as proxies for major hind limb flexor and extensor
muscle groups are highlighted. Right ilium of Sinovenator changii (IVPP V12615, reversed) in
lateral view (A) and brevis fossa in ventral view (B). Left ilium of Sinovenator changii (IVPP
V12583) showing brevis fossa in ventral view (C) and ilium in lateral view (D). Right ilium of
Latenivenatrix mcmasterae (UALVP 52981, reversed) in lateral view (E) and brevis fossa in
ventral (F) and posterior (G) views. Scale bars are 5 cm. Abbreviations: ace, acetabulum; bf,

brevis fossa; isp, ischiadic peduncle; pah, preacetabular hook; pp, pubic peduncle.
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Figure 4.10. Measurement protocol. Reconstructed troodontid pelvis in left lateral view (A),
ilium in ventral view (B, anterior to top), and pubes in anterior view (C). Ilium and pubis based
on Latenivenatrix mcmasterae (UALVP 55804), pubic boot modeled after Gobivenator
mongoliensis (Tsuihiji et al. 2014), and ischium based on Saurornithoides mongoliensis (AMNH
FR 6516). Abbreviations: acel, acetabulum length; ail, antilium length; hace, height above
acetabulum; hpp, height above pubic peduncle; il, ilium length; isl, ischium length; ispl,
ischiadic peduncle length; ispw, ischiadic peduncle width; pbl, pubic boot length; pbw, pubic
boot width; pl, pubis length; pol, postilium length; pos, postacetabulum length; ppl, pubic

peduncle length; ppw, pubic peduncle width; pre, preacetabulum length.
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Table 4.1. Pelvic material examined or referenced for muscle attachment sites. Note:

AMNH, American Museum of Natural History; DLXH, Dalian Xinghai Museum; I[VPP, Institute

for Vertebrate Paleontology and Paleoanthropology; RM, Redpath Museum; ROM, Royal

Ontario Museum; UALVP, University of Alberta Laboratory for Vertebrate Palacontology;

UAMZ, University of Alberta Museum of Zoology; UMNH VP, Utah Museum of Natural

History.

Taxon

Specimen number

Status and element(s)

Troodontidae
Jianianhualong tengi

Latenivenatrix
mcmasterae
Saurornithoides
mongoliensis

Sinovenator changii

Talos sampsoni

Aves
Apteryx haastii
Corvus corax
Dromaius
novaehollandiae

Gallus gallus
Rhea americana

Struthio camelus

Crocodylia
Alligator
mississippiensis
Alligator sp.
Caiman crocodilus

DLXH 1218
UALVP 55804

AMNH FR 6516

IVPP V12583, V12615

UMNH VP 19479

RM 8369

UAMZ (uncatalogued)
ROM R6843, ROM R7654,
UAMZ B-FIC2014.260

RM 8355
RM 8499

ROM 1080, ROM 1162, ROM
1933, ROM 2136, ROM 2305,
UAMZ 7159

ROM R343

UAMZ HER-R654
RM 5242; UAMZ
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Fossil; articulated skeleton
with semi-articulated pelvis
Fossil; ilia, both pubes
missing distal ends

Fossil; associated skeleton
with semi-articulated pelvis
dissociated during preparation
Fossil; articulated skeleton
dissociated during preparation
Fossil; ilium fragments,
proximal ends of both pubes
and ischia

Articulated skeleton mount
Dissected

Disarticulated, associated
skeletons (ROM); articulated
skeleton mount (UAMZ)
Articulated skeleton mount
Disarticulated, associated
skeleton

Disarticulated, associated
skeletons

Postcranial skeleton

Articulated skeleton mount
Disarticulated, associated



Osteolaemus tetraspis
Squamata
Tupinambis teguixin

Varanus albigularis

Varanus exanthematicus
Varanus jobiensis

Varanus komodoensis
Varanus niloticus

Varanus rudicollis
Varanus salvator

(uncatalogued)
RM 5216
ROM R436
RM 5220

UAMZ (uncatalogued)
RM 5219

ROM R7565
RM 5221

ROM R7318
RM 5222, RM 5223, RM 5224

skeleton (RM), dissected
(UAMZ)
Articulated skeleton mount

Semi-prepared skeleton
Disarticulated, associated
skeleton

Dissected

Disarticulated, associated
skeleton

Disarticulated, associated
skeleton

Disarticulated, associated
skeleton

Articulated skeleton mount
Disarticulated, associated
skeleton
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Table 4.2. Pelvic muscle homologies in crocodylians and avians. Modified from Carrano and

Hutchinson (2002) and Hutchinson et al. (2005).

Crocodylia Aves
Triceps femoris
M. iliotibialis 1 (IT1) M. iliotibialis cranialis (IC)
M. iliotibialis 2, 3 (IT2, IT3) M. iliotibialis lateralis (IL)
M. ambiens (AMB) M. ambiens (AMB)
M. iliofibularis (ILFB) M. iliofibularis (ILFB)
Deep dorsal group
M. iliofemoralis (IF) M. iliofemoralis externus (IFE) +
M. iliotrochantericus caudalis (ITC)
M. puboischiofemoralis internus 1 (PIFI1) M. iliofemoralis internus (IFI)
M. puboischiofemoralis internus 2 (PIFI2) M. iliotrochantericus cranialis (ITCR) +
M. iliotrochantericus medius (ITM)
Flexor cruris group
M. puboischiotibialis (PIT) (absent)
M. flexor tibialis internus 1 (FTI1) (absent)
M. flexor tibialis internus 2 (FT12) (absent)
M. flexor tibialis internus 3 (FTI3) M. flexor cruris medialis (FCM)
M. flexor tibialis internus 4 (FT14) (absent)

M. flexor tibialis externus (FTE)
Mm. adductores femorum
M. adductor femoris 1 (ADD1)
M. adductor femoris 2 (ADD?2)
Mm. puboischiofemorales externi
M. puboischiofemoralis externus 1 (PIFE1)
M. puboischiofemoralis externus 2 (PIFE2)
M. puboischiofemoralis externus 3 (PIFE3)
M. ischiotrochantericus (ISTR)
Mm. caudofemorales
M. caudofemoralis brevis (CFB)
M. caudofemoralis longus (CFL)

M. flexor cruris lateralis pars pelvica (FCLP)

M. puboischiofemoralis pars medialis (PIFM)
M. puboischiofemoralis pars lateralis (PIFL)

M. obturatorius lateralis (OL)
M. obturatorius medialis (OM)
(absent)

M. ischiofemoralis (ISF)

M. caudofemoralis pars pelvica (CFP)
M. caudofemoralis pars caudalis (CFC)
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Table 4.3. Pelvic muscles inferred as present in Troodontidae. Muscles originating from the

pelvis are listed by anatomical/functional group. Modified from Carrano and Hutchinson (2002)

and using levels of inference based on Witmer (1995).

Muscle Origin

Level of inference

Triceps femoris

IT1 Lateral surface of anterodorsal margin of ilium (D
IT2 Dorsolateral surface of dorsal margin of ilium q))
IT3 Dorsolateral surface of postacetabular margin of ilium (D
AMB  Near preacetabular tubercle D
M. iliofibularis
ILFB  Lateral surface of postacetabular portion of ilium between IFE and (I’)
FTE
Deep dorsal group
IFE Lateral surface of ilium between ITC and ILFB D
ITC Lateral surface of preacetabular portion of ilium (D
PIFI1  Shallow depression on anterolateral surface of pubic peduncle of  (II)
ilium
PIFI2  Cuppedicus fossa of ilium including medial side of preacetabular  (II)
hook
Flexor cruris group
FTI1  Tubercle on dorsal edge of ischial shaft at distal end 1)
FTI3  Proximodistally elongate tuberosity on proximal, dorsal edge of (ID)
ischial shaft, distal to ISTR
FTE Posterolateral corner of ilium, posterior to ILFB D
Mm. adductores femorum
ADDI1 Anteroventral portion of lateral surface of obturator process ()
ADD?2 Faint scar distal to FTI3 on dorsal edge of ischial shaft (I
Mm. puboischiofemorales externi
PIFE1 Anterior surface of pubic apron (I7)
PIFE2 Posterior edges of pubic apron and shafts (I1)
PIFE3 Ischial apron and posterior portion of obturator process, distal to (I
ADDI1
M. ischiotrochantericus
ISTR  Medial side of ischium at proximal end, near iliac contact (1D
Mm. caudofemorales
CFB  Brevis fossa of ilium (1)
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Table 4.4. Measurements of troodontid pelvic elements. All measurements in millimetres

(mm) following system depicted in Fig. 4.10. Note: UALVP, University of Alberta Laboratory

for Vertebrate Palacontology; UMNH VP, Utah Museum of Natural History; ?, unknown/not
LR

measureable; *, incomplete measurement based on preserved fragment; n/a, not applicable; -,

paired elements; a-p, anteroposterior; d-v, dorsoventral; m-1, mediolateral; p-d, proximodistal.

Measurement Axis UALVP 55804 UMNH VP 19479
ILIUM
Length (il) a-p  242*¥L/303R ?
Antilium (ail) a-p  1384/131*R ?
Postilium (pol) ap 91*L/163R ?
Preacetabulum (pre) a-p  110%/98*R ?
Postacetabulum (pos) a-p  74*L/124R ?
Acetabulum length (acel) ap S7T*Me7R 19*
Height over pubic peduncle (hpp) d-v  128Y/145R ?
Height over acetabulum (hace) d-v  72L/82R ?
Pubic peduncle length (ppl) ap ?M/70R ?
Pubic peduncle width (ppw) m-l1  ?L21R ?
Ischiadic peduncle length (ispl) ap  4*L/5R ?
Ischiadic peduncle width (ispw) m-1  19*%L/32R ?
PUBIS
Length (pl) p-d  199*%L/196*R 121%L/95%R
Pubic boot length (pbl) a-p ? ?
Pubic boot width (pbw) m-1  ? ?
ISCHIUM
Length (isl) p-d n/a 55%L/75*R
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Chapter 5. The microraptorine lateral pubic tubercle: homology, form, and function

5.1 Introduction

As the twentieth century drew to a close, the small dromaeosaurid Sinornithosaurus
millenii (Xu et al. 1999b) was described based on an associated skeleton with traces of
integument. Among other features, it was distinguished by a laterally oriented midshaft tubercle
on the pubis. This gives the pubis a kinked appearance in lateral view with a posteriorly oriented
and spatulate pubic boot. Over the following years, several more dromaeosaurids with prominent
lateral pubic tubercles were discovered and united in the clade Microraptorinae (Senter et al.
2004, Turner et al. 2012), in part because of the presence of these tubercles. Descriptions of other
paravian taxa (Novas et al. 2018, Rauhut et al. 2018) are limited to identifying the presence or
absence of the lateral pubic tubercle in comparison to microraptorines. The questions that remain
are three-fold: what is the homology of the lateral pubic tubercle, how does it vary, and what role
did it serve?

The skeleton is a frame of hard tissue that anchors, and is moved by, various soft tissues.
The pubis has attachment sites for pelvic, trunk, and tail soft tissues. However, muscles, tendons,
ligaments, and membranes are rarely fossilized and can be challenging to reconstruct.
Recognition of former attachment sites relies on comparison to the condition in the closest living
relatives (Witmer 1995). Dissection and identification of a soft tissue feature and its associated
bony landmark (osteological correlate) in living representatives allow inferences to be made on
the presence or absence in an extinct taxon.

Archosaur pelvic soft tissue has been well studied (Hutchinson 2001a, 2002) and used to

reconstruct locomotory musculature in various dinosaurs (Hutchinson et al. 2005, 2008, Grillo
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and Azevedo 2011, Maidment and Barrett 2011, Bates et al. 2012, Maidment et al. 2014b).
Similarly, archosaur trunk anatomy sheds light on respiratory adaptations in extinct and extant
taxa alike (Carrier and Farmer 2000, Claessens 2004, O’Connor and Claessens 2005, Farmer
2015a, 2015b). These studies have revealed much about archosaur locomotion and respiration,
but are inherently restricted in their focus on a particular aspect or module of an organism.
Although focus on the pelvis or trunk compartmentalizes information to achieve specific
research goals, it can leave gaps in knowledge between adjacent modules of the body.

Candidates for soft tissue that attached to the lateral pubic tubercle in microraptorines can
be assessed by comparative and descriptive techniques. Positive identification of pubic soft
tissues in the closest living relatives based on dissection and literature review of crocodylian and
avian pelvic anatomy (Baumel et al. 1990, Proctor and Lynch 1993, Carrier and Farmer 2000,
Claessens 2009, Fechner et al. 2013, Fechner and Schwarz-Wings 2013, Klinkhamer et al. 2017)
allows the condition in fossil material to be inferred. Data incorporated from hard and soft tissues
help determine the homology of the lateral pubic tubercle, which can then be described and
investigated for function. In turn, this synthesis between pelvic and abdominal studies bridges a
knowledge gap in theropod soft tissue, offers insight into functional implications related to
respiration and locomotion, and encourages further research in proper biological and

phylogenetic context.

5.2 Materials and Methods
The microraptorine Hesperonychus elizabethae (UALVP 48778) was directly observed
for osteological correlates of pubic soft tissues. The conditions in other microraptorines relied on

available descriptions and photographs. Other pelvic material across a range of avians,
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crocodylians, and non-avian theropods were examined (Fig. 5.1) (Table 5.1). Lepidosaurs were
used as an outgroup. The lateral pubic tubercle was assessed as a candidate for attachment of
various pubic soft tissues with respect to parsimony and the condition observed in material of
extant archosaurs (Table 5.2).

The underlying approach throughout this study is the Extant Phylogenetic Bracket
(Bryant and Russell 1992, Witmer 1995). Using this method, identification of soft tissue
attachment sites in an extinct taxon is inferred by comparison to the conditions observed in the
closest living relatives, which are crocodylians and birds in the case of Microraptorinae.
Comparative procedures follow previous studies that identify osteological correlates indicative of
former soft tissue attachment in archosaurs (Hutchinson 2001a, Carrano and Hutchinson 2002,
Hutchinson et al. 2005, 2008, Grillo and Azevedo 2011, Bates et al. 2012, Maidment et al.
2014b). To identify pelvic soft tissues in living representatives of the Extant Phylogenetic
Bracket, a savannah monitor (Varanus exanthematicus), a spectacled caiman (Caiman
crocodilus), and a common raven (Corvus corax) were dissected and compared to soft tissue
descriptions in other studies (Romer 1923a, Baumel et al. 1990, Proctor and Lynch 1993, Carrier
and Farmer 2000, Hutchinson 2001a, Gangl et al. 2004, Smith et al. 2006, 2007, Claessens 2009,
Otero et al. 2010, Fechner et al. 2013, Fechner and Schwarz-Wings 2013, Klinkhamer et al.
2017). Directional terminology follows use of “anterior” and “posterior” instead of
“rostral/cranial” and “caudal” to avoid confusion with relevant modules of the body. Anatomical
terminology uses “lateral pubic tubercle” in reference to the structure on the lateral side of the
midshaft of the pubis in microraptorines. One exception to this term is the “lateral pubic process”
of Hesperonychus elizabethae (Fig. 5.2) (Longrich and Currie 2009), which is a hypertrophied

form of the lateral pubic tubercle and is otherwise treated as the same structure throughout this
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paper. The term “preacetabular tubercle” refers to the proximal structure that anchors the
iliopubic and puboischiadic ligaments, hypaxial musculature, and sometimes M. ambiens
(Hutchinson 2001a). The latter of these tissues may vary in site of origin (McKitrick 1991). This
term is used instead of “pubic tubercle” and its synonyms (see Hutchinson 2001a and discussion
therein) to avoid confusion with other pubic structures and the non-homologous pubic tubercle of
lepidosaurs. Furthermore, the preacetabular tubercle in birds typically forms partially or entirely
from the ilium, not solely from the pubis (Bellairs and Jenkin 1960). Although preacetabular
tubercle is a term that is typically applied to avians (Baumel et al. 1993), it has been used in non-
avian theropods (Bishop et al. 2018a) and is herein extended stemward to crocodylians for
simplicity. Due to the morphological range of archosaur pelves, structures considered to be a
homolog of the lateral pubic tubercle (HLPT) are abbreviated for clarity and consistency across
distantly related taxa. This additionally avoids generating superfluous terminology or requiring
positional or morphological qualifiers that are taxon-dependent. Inventing a new term for this
structure based on inferred soft tissue attachment is only justifiable if (a) the osteological
correlate for such tissue is only or primarily for the attachment of such soft tissue and (b) it can
be inferred with high confidence (i.e. a Level I inference sensu Witmer 1995). Photographs were
taken with a digital camera or Nikon SMZ1500 stereoscopic microscope using QImaging Retiga-
4000R camera system and NIS-Elements BR image processing software. Illustrations were

generated with Adobe Illustrator CS6 and Photoshop CS6 with a Wacom drawing tablet.

5.3 Results
The main research question is addressed in three parts. First, the homology of the

microraptorine lateral pubic tubercle is evaluated to propose a hypothesis about its identity so
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that it can be meaningfully compared to other taxa with the same feature. The holotype pelvis of
the microraptorine Hesperonychus elizabethae (UALVP 48778) (Fig. 5.2) serves as the primary
specimen upon which observations and inferences rely. Second, the various forms of the tubercle
and its homologs (HLPTs) are described to outline how it appears among the taxa in which it is
present. Third, with recognition of these aspects, the biological role and functional consequences
of the tubercle in Microraptorinae can be inferred. Thereafter, pelvic anatomical terminology and

relevant potential effects on palacobiology can be discussed.

5.3.1 Homology

Assessing of the homology, or “equivalence”, of anatomical structures follows Patterson
(1982) with considerations from de Pinna (1991) and Rieppel (1994). In other words,
homologous structures in different organisms are corresponding features developed through
shared ancestry. A putatively homologous structure is supported as such if it passes the three
tests of homology: similarity, conjunction, and congruence (Patterson 1982). However,
congruence is ultimately the only true “test”, whereas similarity is what primary homology
statements are based upon and conjunction is indicative of non-homology (de Pinna 1991).
Recognition of homology is nevertheless a hypothesis based on morphological similarity, which
has capacity for phylogenetic information pending the test of congruence (Rieppel 1994).
Congruence, or compatibility with other characters, is necessary to consider structures as
homologous to one another. Homology in muscle reconstruction was outlined by Witmer (1995).
The test of similarity is ideally passed if a 1:1 relationship exists between a given soft tissue and
an osteological correlated (landmark on the skeleton). The test of conjunction ensures that

multiple states of a given muscle or osteological correlate do not coexist in any one taxon, and
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the test of congruence requires that these patterns are consistent with descendants of the common
ancestor and thus are congruent with the Extant Phylogenetic Bracket (Witmer 1995). The scope
of this study limits the results to a statement of primary homology sensu de Pinna (1991) as it
undergoes the tests of similarity but, although it undertakes a test of conjunction, does not
formally submit the data to a test of congruence.

The lateral pubic tubercle is not positioned to function or otherwise be involved in a
direct bone-bone joint, ruling out its direct association with any hard tissues. The only adjacent
bones to the pubis are the ilium, ischium, femur, and gastralia. However, the ilium and ischium
are directly connected by sutures at the proximal end of the pubis, and are not positioned near the
lateral pubic tubercle. The femur articulates with the pelvis via a ball-and-socket joint, which
also involves the proximal end of the pubis and is located away from the tubercle. The gastralia
are embedded in the M. rectus abdominis and indirectly attached to the anterior pubic cartilage
by means of a ligamentous sheet in living crocodylians (Claessens 2004, Claessens and
Vickaryous 2012). These dermal bones begin ossifying well after birth, beginning with the
lateral elements of the most posterior row of gastralia, which are tethered to the pubes via paired
ligaments (Vickaryous and Hall 2008). Although gastralia are absent in living avians, the M.
rectus abdominis also inserts near the distal ends of the pubes in a similar fashion via
aponeurosis. Membranes and other soft tissues anchor to the pubis in both crocodylians (Carrier
and Farmer 2000, Claessens 2009, Fechner and Schwarz-Wings 2013) and avians (Shufeldt
1890, Baumel et al. 1990, Fechner et al. 2013). Therefore, pelvic soft tissues in extant archosaurs
(Table 5.2) provides insight into potential candidates for structures associated with the

microraptorine lateral pubic tubercle to determine its putative homology. For each muscle, its
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attachment site (origin or insertion) nearest the pubis is considered in both extant crocodylians
and avians as comparative taxa with observable soft tissue.

Trunk muscles that attach to the pubis in archosaurs include M. obliquus abdominis
externus, M. obliquus abdominis internus, M. transversus abdominis, and M. rectus abdominis
(Table 5.2). The osteological correlates for the first three of these muscles in crocodylians are the
lateral gastralia. The M. rectus abdominis attaches to the most posterior row of gastralia, which
anchors to the pubis by means of a ligamentous sheet along the midline (Claessens 2009,
Fechner and Schwarz-Wings 2013). In birds, the first three of these muscles attach to the
anteroventral margin of the ilium and pubis and either the iliopubic ligament (external and
internal obliques) or the posterior vertebral ribs (transversus) (Baumel et al. 1990, Proctor and
Lynch 1993, Fechner et al. 2013). The M. rectus abdominis is indirectly attached to the distal
ends of the pubes by an aponeurosis. None of these muscles attach directly to the pubis in
crocodylians. In avians, all of these muscles are sheet-like and are connected directly to the pubis
by broad attachment sites. These correlates are present in microraptorines and none involve the
lateral pubic tubercle, as is the case in other non-avian theropods. For these reasons, the lateral
pubic tubercle is not inferred as an osteological correlate for any trunk muscles, which are
thereby eliminated as candidates associated with this structure.

Pelvic muscles connected to the pubis in archosaurs are the M. ambiens, M. ischiopubis,
M. ischiotruncus, and crocodylian Mm. puboischiofemorales externii 1 and 2 (avian Mm.
obturatorius lateralis and medius, respectively) (Hutchinson 2001a, 2002, Carrano and
Hutchinson 2002). The origin of the M. ambiens is at the proximal end of the pubis in
crocodylians and similarly on the preacetabular tubercle in avians. The M. ischiopubis connects

the two bones from which its name is derived by attachment to the epipubic cartilage. From the

141



ischium, the M. ischiotruncus passes ventral to the pubis and also inserts onto the epipubic
cartilage along with hypaxial trunk musculature (Fechner and Schwarz-Wings 2013). In
crocodylians, the origins of the Mm. puboischiofemorales externi 1 and 2 are, respectively, on
the anterodorsal and posteroventral surfaces of the pubic apron. In birds, the origins of the
homologous muscles (Mm. obturatorii lateralis and medialis) are, respectively, on the margin of
the obturator foramen and the medial surface of the puboischiadic membrane. Concerning non-
avian theropods, the osteological correlate of the M. ambiens is the preacetabular tubercle
(Hutchinson 2001a), which is present at the proximal end of the pubis in microraptorines (Fig.
5.2). The M. ischiopubis may have been absent in theropods as it requires a kinetic pubis to
function given its insertion point (Carrier and Farmer 2000, Claessens 2004, Macaluso and
Tschopp 2018). If present, its common insertion site with the M. ischiotruncus means that both
of these muscles passed ventral to the pubis and inserted at the distal end of this bone. Each non-
avian theropod possesses a pubic apron and the Mm. puboischiofemorales externi 1 and 2 are
inferred as present with origins in the same locations as in crocodylians. In Hesperonychus
elizabethae (UALVP 48778), distomedial-proximolateral oriented striations clearly indicate the
origin of the first head of this muscle on the anterior surface of the pubic apron, whereas a
shallow depression formed by the posterior surface of the pubic apron marks the origin of the
second head (Figs. 5.3-5.4). Osteological correlates for pelvic muscles in microraptorines are
either clearly identified on the pubis lacking association with the lateral pubic tubercle, not
located directly on the pubis, or presumably absent. All of these pelvic muscles are rejected as
candidates associated with the lateral pubic tubercle as evidence indicates that their attachment

sites are located elsewhere.
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Tail muscles with attachment sites on the pubis in archosaurs include M. truncocaudalis
in crocodylians and Mm. pubocaudales externus and internus in avians. In crocodylians, the M.
truncocaudalis extends anteriorly from the tail and wraps around the ventral surface of the pelvis
to insert on parts of the M. obliquus externus and M. rectus abdominis (Fechner and Schwarz-
Wings 2013). In birds, the Mm. pubocaudales externus and internus attach to the pubis along its
posterior margin at the distal end (Baumel et al. 1990). All of these muscles in extant archosaurs
attach to the ventral or posterior surfaces of the distal ends of the pubes and are generally strap-
shaped with somewhat broad attachment sites. The anterior curve of the lateral pubic process in
Hesperonychus elizabethae (Longrich and Currie 2009) may also suggest that the associated soft
tissue is attached to its anterior and/or lateral side, and is not involved in a function towards the
rear. Given that the insertion of crocodylian tail musculature is distal to the pubis, that the
attachment of avian tail muscles is on the posterior borders of the pubis, and that the attachment
site formed by all of these muscles is somewhat broad and strap-shaped, none of these are
inferred as likely candidates associated with the lateral pubic tubercle in microraptorines.

The pubis anchors other soft tissues such as ligaments, membranes, and cartilages. Both
crocodylians and birds possess iliopubic ligaments, puboischiadic ligaments, and puboischiadic
membranes. Crocodylians additionally have pubogastralial cartilages and ligaments (Romer
1923a) that are absent in birds. The non-avian theropod Anchiornis sp. preserves evidence of a
cartilage cap on the distal end of the pubis (Wang et al. 2017) that may have been part of, or
associated with, a pubogastralial cartilage. The iliopubic and puboischiadic ligaments affix to the
preacetabular tubercle in crocodylians. The same condition exists for the iliopubic ligament in
birds, but the puboischiadic ligament arises from the obturator tuberosity, which is distal to the

preacetabular tubercle along the posterodorsal side of the pubic shaft. The correlate for the
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puboischiadic membrane in crocodylians is the medial, posterior border of the pubis, and in birds
is a ridge along the posterior margin of the pubic shaft (Hutchinson 2001a). A crocodylian
possesses a pubogastralial cartilage bridging the gap between the epipubic cartilage on the
anterior margin of the pubis and the most posterior row of gastralia on the midline (Claessens
2009). Small, paired, pubogastralial ligaments are also present and attach to the anterolateral
corners of the pubes near the midshaft (Hutchinson 2001a). In all microraptorines, a ridge along
the posterior edge of the pubic shafts and dorsal edge of the pubic boot are clearly visible as
landmarks for the lateral and median parts of the puboischiadic membrane (Fig. 5.2). The
preacetabular tubercle is comparable to those of more plesiomorphic non-avian theropods
suggestive of a similar attachment of the iliopubic and puboischiadic ligaments to those of
crocodylians. As the pubogastralial cartilage, if present, was a single, midline element at the
anterior margin of the pubic boot, it is unlikely that it attached to the paired lateral pubic
tubercles in microraptorines. However, the osteological correlate for the pubogastralial ligaments
in crocodylians, the anterolateral corners of the pubes, are aligned in the same positions as the
lateral pubic tubercles; the tubercles are similarly positioned on the anterolateral sides of the
midshafts of the pubes. Additionally, the lateral pubic tubercles curves anteriorly, which makes
sense if they provided attachment for ligaments connected to the most posterior row of gastralia.
The pubogastralial ligaments and associated bony structures are absent in birds, but it is the only
pubic soft tissue with reasonable morphology and an osteological correlate consistent with the
structure of the lateral pubic tubercles.

Well preserved fossils provide further evidence that the lateral pubic tubercle anchored
the pubogastralial ligament. Microraptorines preserved with articulated gastralia consistently

show they are associated with the anterolateral side of the midshaft of the pubis. The association
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can be seen in specimens of Changyuraptor yangi (Han et al. 2014), Microraptor zhaoianus (Xu
et al. 2003b), Wulong bohaiensis (Poust 2014), and Zhenyuanlong suni (L1 and Brusatte 2015).
The holotype specimen of the non-microraptorine dromaeosaurid Linheraptor exquisitus (Xu et
al. 2010a) includes an articulated gastral basket with the most posterior few rows of gastralia
preserved against the anterolateral surface of the pubis at midshaft. Although there is no lateral
pubic tubercle, and soft tissues like cartilages or ligaments are not evident, a clear association
remains between the gastralia and the middle of the pubic shaft. The same condition exists in a
cast of a velociraptorine dromaeosaurid (Fig. 5.5), as well as in troodontids Almas ukhaa (Pei et
al. 2017), Gobivenator mongoliensis (Tsuihiji et al. 2014), Jianianhualong tengi (Xu et al. 2017),
and Sinornithoides youngi (Russell and Dong 1993), and in the paravian Archaeopteryx sp.
(Rauhut et al. 2018). This phylogenetically widespread association between the gastralia and
pubes in theropods supports the lateral pubic tubercles in microraptorines as homologous to the
anterolateral corners of the pubes as an attachment site for the M. rectus abdominis via
pubogastralial ligaments (Hutchinson 2001a). Although this association is widespread among
theropods, the lateral pubic tubercle is mysteriously unique to microraptorines. The lateral pubic
tubercle and its homologous counterparts must be described to reveal evolutionary patterns and

potential functional implications.

5.3.2 Form

The form of the homologs of the lateral pubic tubercle (HLPTs) in archosaurs is
described phylogenetically from crocodylians to avians. This is done to show macroevolutionary
patterns among theropods (Hendrickx et al. 2015) across theropod evolution. Morphological

differences on this scale make trends subtle between closely related taxa. Certain groups with

145



shared general features are described together for simplicity and to highlight major changes in
morphology, although overall, they each represent points on a spectrum of morphological
change.

Crocodylians have a HLPT described and figured in Hutchinson (2001) as the
anterolateral corners of the pubes (Fig. 5.6). At the distal end of the pubis, the anterolateral
corner of the bone is rugose along its lateral margin. A small prominence may be visible here in
dorsal view as in ROM R343 of Alligator mississippiensis (Fig. 5.6C—F). However, smaller
specimens of this species such as UAMZ HER-R654 and other taxa including Caiman sp. do not
clearly express this feature despite the preservation of intact pubogastralial cartilages and/or
ligaments in some skeletonized specimens (Fig. 5.6A-B, G). Whereas pubogastralial cartilage is
broad and occurs across the midline along the anterior and anteromedial edges of both pubes, the
pubogastralial ligaments are restricted to small attachment sites along the lateral edges of the
anterolateral corners (Fig. 5.6H).

The HLPT in non-coelurosaurian theropods (Figs. 5.7-5.8) are broadly similar to those of
crocodylians. The distal ends of the pubes, however, are not spatulate with thin anterior margins.
Rather, they were fused together in life and boot-shaped in lateral view with modest anterior and
prominent posterior expansions. Observed material of Ceratosaurus sp. includes a specimen with
an intact pubic boot slightly damaged on the left side (Fig. 5.7A—C). The anterior margin is
convex both in lateral and ventral views but has a surface texture evocative of that seen in
crocodylians for the attachment of pubogastralial cartilage (Fig. 5.7C). In ventral view, a
laterally projecting triangular eminence forms the lateral edge of the pubic boot with its apex
roughly halfway along the anteroposterior axis of the boot. It is appropriately situated for a

pubogastralial ligament and is probably homologous to the crocodilian anterolateral corner of the
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pubis, and is therefore a HLPT. A similar condition exists in the megalosaurid Torvosaurus
tanneri (Fig. 5.7D-E), although this laterally positioned eminence is closer to the anterior end of
the pubic boot. The allosaurid Allosaurus fragilis has a pubic boot with a dorsoventrally
compressed, dorsally concave anterior expansion (Fig. 5.8). This gives the boot a slightly
anterodorsally pointed appearance in lateral view (Fig. 5.8F—G). The texture of the anterior
margin is consistent with attachment for a pubogastralial cartilage, and the anterolateral corner of
the pubis is rugose for attachment of a pubogastralial ligament. These are positioned in similar
locations to those of megalosaurids, but are more anterior than those of ceratosaurids, possibly
because of the more pronounced anterior expansion of the boot compared to those of more
plesiomorphic taxa.

Non-paravian coelurosaurians have a HLPT with distinct anterolateral processes for
pubogastralial ligaments (Figs. 5.9-5.11). Tyrannosaurids such as Albertosaurus sarcophagus,
Daspletosaurus torosus, and Gorgosaurus libratus each have a pubic boot with a cleft at the
anterior end along the midline, separating the right and left pubes into distinct, rounded, tab-like
processes that project anterolaterally. One specimen of Gorgosaurus (CMN 2120) has a
gastralium preserved in articulation with the pubis abutted against this process (Fig. 5.9E). In
ventral view of the pubic boot, a midline sulcus is present in Albertosaurus (CMN 11315)
(Mallon et al. 2019) continuous with the anterior cleft separating the anterior ends of the left and
right pubes. This groove becomes confluent with the ventral surface of the boot posteriorly and
the pubes taper in the same direction. This morphology is mirrored in ornithomimids such as cf.
Ornithomimus sp. (CMN 12070) and Ornithomimus edmontonicus (CMN 8632), the latter of
which is a remarkably well preserved, articulated partial skeleton. Not only are distinct, rounded

tab-like processes present on the anterolateral corner of the pubis, they are also preserved clearly
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in articulation with the most posterior row of gastralia of an articulated gastral basket (Fig.
5.10A-B) (Sternberg 1933) in the same manner observed in crocodylians. Therizinosaurians
such as Falcarius utahensis (Zanno 2010a) and Enigmosaurus mongoliensis (Zanno 2010b)
possess processes on the pubes similar to ornithomimids and tyrannosaurids, but the anterior
expansion of the pubic boot is less pronounced (Fig. 5.11A-E). Although all observed material
consists of separate, unfused pubes, reconstructed pelves suggest that each pair of processes on
the anterolateral corners of the pubes are separated by a shallow notch equivalent to the cleft
present in ornithomimids and tyrannosaurids. Caenagnathid material is limited but seems similar
to therizinosaurian material (Fig. 5.11F-H). A small portion of intact cortex on the medial side of
the left anterolateral process in a specimen consisting only of the pubic boot shows that, given
better preservation, a small cleft was present between it and its right counterpart (Fig. 5.11F).
Non-avian paravians are varied in HLPT morphology (Figs. 5.12-5.13) but tend to share
a lack of an anteriorly expanded pubic boot and a proximally displaced articulation with the
gastral basket based on well preserved fossils. Microraptorines are characterized by a lateral
pubic tubercle or process for the pubogastralial ligaments (Fig. 5.12A). The texture on the lateral
edges of this correlate suggests soft tissue attachment, but there is no clear correlate for a
pubogastralial cartilage or other median connection of the M. rectus abdominis to the pelvis.
Within Unenlagiinae, the small anterior expansion of the pubic boot depicted for Unenlagia
paynemili (Calvo et al. 2004) may be another bone fragment (Novas et al. 2018) and is
inconsistent with the strongly reduced anterior projections of other members in this family. This
reduced, albeit present, anterior projection is consistent with the attachment site for the
pubogastralial cartilage, but HLPTs are unclear. In Unenlagia sp. (Novas and Puerta 1997, Calvo

et al. 2004) and Unquillosaurus ceibali (Novas and Agnolin 2004), the pubes have a sinuous
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lateral margin in anterior view that effectively gives the midshafts a slight lateral bulge, which
may offer area for attachment of the pubogastralial ligaments. This morphology is similar in the
dromaecosaurids Linheraptor exquisitus (Xu et al. 2010a), indeterminate velociraptorine cast (Fig.
5.12B-C), and Saurornitholestes langstoni (Fig. 5.12D), all with gastralia preserved in
articulation and similar lateral bulges on the pubes as putative HLPTs. However, the pubis of
Buitreraptor gonzalezorum (Novas et al. 2018) has a relatively straight lateral margin and lacks a
clear bulge that could indicate an osteological correlate for these ligaments. Relatively basal
troodontids preserved with gastralia like Jianianhualong tengi (Xu et al. 2017) show a relatively
close association between the gastral basket and midshaft of the pubis (Fig. 5.13D), which also
has a slight lateral bulge akin to those of Linheraptor or Unenlagia. Derived troodontids such as
Latenivenatrix mcmasterae (van der Reest and Currie 2017) do not appear to have such a sinuous
edge, but this taxon does have a small spiculate tubercle on the lateral side of the left pubis
towards its distal end (Fig. 5.13A—C). This region is not preserved on the right side, so it is
unknown whether it represents an anomaly or an actual feature. In a similar anatomical position,
derived troodontid Gobivenator mongoliensis (Tsuihiji et al. 2014) has a few gastralia preserved
near the distal end of the pubis, but it is currently unknown whether or not a similar tubercle is
present. In other paravians, such as Anchiornis huxleyi (Hu et al. 2009), clear osteological
correlates for neither pubogastralial cartilage nor ligaments are apparent. A new specimen of
Archaeopteryx sp. (Rauhut et al. 2018) has gastralia articulated with the midshaft of the pubis,
but a HLPT is notably absent and there is no anterior expansion of the pubic boot.

The overall pattern throughout Paraves is gradual proximal migration of the HLPT until
gastralia are lost during the evolution of birds (Fig. 5.14). Non-paravian theropods generally

maintain similar arrangements to those of crocodylians. An anterior expansion of the pubic boot
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seems to be an osteological correlate for pubogastralial cartilage along the midline and is present
in non-paravian theropods. As this bone surface for attachment along the midline was reduced,
some taxa gained enlarged paired HLPTs in the form of lateral pubic tubercles or processes.
Other paravians, however, had both surfaces reduced without any clear sites of attachment. The
causal mechanisms or evolutionary drivers behind these changes remains uncertain. However,
they may be related to improvement of costal ventilation in Maniraptora and resulting changes to
the gastralia (and their points of attachment) as cuirassal ventilation became reduced and
eventually replaced (Macaluso and Tschopp 2018). Based on the attachment sites and
relationships among other soft tissues on the pubis, the lateral pubic tubercle would have
interfered with the paths of certain muscles. How, then, did this impact other soft tissues, and

what might explain why its presence is limited to Microraptorinae?

5.3.3 Function

The role of the lateral pubic tubercle may be determined by examining the arrangement
of surrounding soft tissues. Many of these pubic tissues (Table 5.2) were external to, or did not
pass directly over, the lateral pubic tubercle. Tissues closely associated with the tubercle are
limited to the M. rectus abdominis via pubogastralial ligaments and cartilages, and pelvic
muscles Mm. puboischiofemorales externi 1 and 2. The texture of the lateral edge of the lateral
pubic tubercle is indicative of pubogastralial ligament attachment. The correlate for
pubogastralial cartilage or the M. rectus abdominis is unclear but would have been medial to
these tubercles on the anterior or ventral surfaces of the pubis. The origin of the M.
puboischiofemoralis externus 2 on the posterior surface of the pubic apron is near, but not on the

lateral pubic tubercle. Its insertion on the posterior surface of the femoral head (Hutchinson
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2002) is common with that of the other heads of the Mm. puboischiofemorales externi. The
origin of the M. puboischiofemoralis externus 1 on the anterior surface of the pubic apron
requires the belly of the muscle to wrap around the lateral edge of the pubic shaft in crocodylians
(Romer 1923a, Klinkhamer et al. 2017), and probably in non-avian theropods (Hutchinson et al.
2005, 2008). It is separated from the origin of the second head of this muscle by none other than
the pubogastralial ligament. In microraptorines, the pubic apron is distal to the lateral pubic
tubercles and pubogastralial ligaments, the latter of which gives these dromacosaurids a
characteristically kinked pubis with a posteriorly directed boot. This is visible in Hesperonychus
elizabethae (Figs. 5.3-5.4, 5.12A) and is also revealed by a number of microraptorine
descriptions (Xu et al. 2000, Hwang et al. 2002, Gong et al. 2012, Pei et al. 2014, Xu and Li
2016). This deflection results in the origin of the M. puboischiofemoralis externus 1 to be
displaced ventral and posterior to the pubogastralial connection relative to the HLPT in other
archosaurs. The path of this muscle around the pubic shaft is interrupted by the lateral pubic
tubercle, which is hypertrophied into a wing-shaped, anteriorly convex pulley in Hesperonychus
elizabethae. This causes the M. puboischiofemoralis externus 1 to wrap around the lateral edge
of the pubic shaft and remain medial to the pubogastralial ligaments (Fig. 5.15). This muscle,
much like the pubis on which it anchors, was likewise kinked by its relationship to the lateral

pubic tubercle.

5.4 Discussion
5.4.1 General remarks
Some limitations of this study should be remarked on here. As previously mentioned,

pubogastralial tissues within Archosauria are only observable in crocodylians. Modern birds,
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representing the other side of this Extant Phylogenetic Bracket (Bryant and Russell 1992,
Witmer 1995), lack gastralia and a direct connection of the M. rectus abdominis to the pubis (a
decisive negative assessment). This limits the confidence of inferring pubogastralial soft tissues
as present in non-avian theropods, which is somewhat speculative regardless. Osteological
correlates consistent with pubogastralial cartilages or ligaments provides support for the presence
of such soft tissues. Due to the presence of pubogastralial cartilages and ligaments in one extant
sister taxon (crocodylians) and presence of osteological correlates for both of these tissues in
non-paravian theropods, the former presence of pubogastralial cartilages and ligaments qualifies
as a Level II inference (Witmer 1995). Aside from Archaeopteryx, despite clear preservation of
gastralia in association with the pubis, paravians tend to have osteological correlates for either
pubogastralial cartilages or ligaments and also meet the criteria of a Level II inference. The
condition of Archaeopteryx is limited to a Level II’ inference (Witmer 1995). Although
admittedly more speculative than in other theropods, this still provides a fair degree of
confidence for the presence of pubogastralial soft tissues given the fortunate good preservation
of some specimens (Rauhut et al. 2018). The results here comprise a primary homology
statement (sensu de Pinna 1991), which formulate a hypothesis of homology that would be
complemented by subsequent submission to the test of congruence. This would allow better
evaluation in a phylogenetic framework of the purported homology of the lateral pubic tubercle
as an osteological correlate for the pubogastralial ligament.

Establishing the homology, form, and function of osteological correlates for
pubogastralial soft tissues allows further study to investigate other effects on palaeobiology. A
more concrete identification of the microraptorine lateral pubic tubercle allows deeper discussion

beyond noting its presence or absence in newfound taxa (Rauhut et al. 2018, Novas et al. 2018).
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It is useful for further study on the loss of gastralia in birds, which is curiously complicated by
Archaeopteryx in which the lack of osteological correlates for pubogastralial tissues would
indicate the absence of gastralia if not for the well preserved nature of some specimens. The
condition of the microraptorine pubis with a mesopubic proximal portion and opisthopubic distal
end offers an intriguing case study on the relationship between cuirassal ventilation and pubic
retroversion that would benefit from further study. The presence of gastralia and their role as an
accessory breathing structure, however, suggests that cuirassal ventilation still imparted more
benefit than cost despite concomitant improvements to ventilatory efficiency (Macaluso and
Tschopp 2018) and unidirectional airflow as a plesiomorphic condition among archosaurs, or
even diapsids (Farmer 2015a, 2015b, 2015c). Although this study is not decisive on terminology
for anatomical structures of the pubis within this phylogenetic context, it highlights potential
issues with current vocabulary. Ironically, it also underpins the challenges of standardization.
Perhaps a more comprehensive review of archosaur pelvic anatomy deserves revisiting to update
current views on the homology and terminology of pelvic structures. This would additionally
improve communication among researchers and within disciplines, hopefully also improving

consistency.

5.4.2 Terminology and transformational homology

This study proposes that the microraptorine lateral pubic tubercle is homologous with
other structures on the pubes of other archosaurs that anchor the pubogastralial ligaments. It is
enlarged in microraptorines because of its position relative to the proximal end of the pubic
apron. The wide phylogenetic context of this study highlights some challenges of describing

broad evolutionary trends in the absence of standardized terminology such as those used for birds
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(Baumel et al. 1993), humans (FCAT 1998), and mammals (ICVGAN 2017). A few approaches
to this problem have been proposed, but there is a lack of consensus on how standardization
should be implemented, if at all (Harris 2004, Wilson 2006). Furthermore, this study underscores
the challenges of establishing consistent terminology that is suitable at large taxonomic scales.
The variable topology and morphology of the HLPT across phylogenetically disparate taxa
requires positional descriptors (e.g. anterolateral vs. lateral) and morphological qualifiers (e.g.
tubercle vs. process) that depend on the state of the homolog rather than the homology itself. For
example, the anterolateral corner of the pubis is appropriate for crocodylians and non-
coelurosaurian theropods. However, this is not quite accurate for ornithomimids or
tyrannosaurids with anteriorly projecting processes. It is even less suitable to describe the form
in microraptorines with lateral pubic tubercles entirely separate from the pubic apron and distal
ends of the pubes. Renaming the lateral pubic tubercle and HLPTs as a distal pubic tubercle akin
to that of ischial processes present in some theropods (e.g. dorsal/proximal and ventral/distal
ischial processes; see Hutchinson 2001) runs into similar issues. Possession of a distal tubercle
implies the presence of a proximal tubercle. Although this is technically true when the
preacetabular tubercle is present and may work for non-paravian theropods, it requires another
modifier when the preacetabular tubercle is absent or reduced, causes confusion with non-
homologous structures as explained in the Methods section, is not quite accurate for
microraptorines with tubercles located at the midshaft instead of the distal end, and is not
appropriate for taxa that lack a tubercle but possess gastralia and by extension had a
pubogastralial ligament. Alternatively, the structure could be named after the soft tissue attached
to it like some other bony processes (e.g. deltopectoral crest of the humerus). The eponymous

soft tissue in this case is only evident in extant crocodylians and cannot currently be confirmed
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by direct observation in any other archosaur. Hence, the criteria for naming osteological
correlates based on associated soft tissues outlined previously (see Methods) is not currently met
given this evidence and Level II inference. Nevertheless, one issue can be clarified here given
this information. The pubogastralial ligament has been referred to as a tendon (Romer 1923a),
muscle (Xu et al. 1999b), and ligament (Claessens 2004). As observed in dissections of extant
crocodylians, the pubogastralial ligament does not consist of muscle tissue that moves bones
relative to a joint (muscle) or collagen that connects bone to muscle (tendon). It is therefore
correctly described as a ligament as it consists of connective tissue that connects bone to bone in
order to stabilize a contact.

Whereas the presence and attachment of gastralia and the M. rectus abdominis are shared
among archosaurs, the relative positions of the pubic apron and lateral pubic tubercle in
Microraptorinae explains why the tubercle is only expressed in this subfamily. The distal
position of the pubic apron and origin of the M. puboischiofemoralis externus 1 relative to the
pubogastralial ligament attachment site requires modification of the latter to accommodate the
former (Fig. 5.15). Otherwise, the path of this pelvic muscle would have been pinched or
impeded by the most posterior row of gastralia. Therefore, the lateral pubic tubercle is absent in
non-microraptorine archosaurs because the pubic attachment site of the pubogastralial ligament
is distal to the proximal edge of the pubic apron. When this is not the case, the lateral pubic
tubercle or process is present to allow the belly of the M. puboischiofemoralis externus 1 to pass
between the pubis and pubogastralial ligament and insert onto the femur. This also explains why
the lateral pubic tubercle is not present in other taxa (Novas et al. 2018, Rauhut et al. 2018) as
they do not satisfy these conditions. Although some specimens may have been affected by post-

mortem collapse of the abdominal air sacs that displaced the gastralia proximally, this is still
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congruent with the proposed hypothesis as the gastralia would have attached near or distal to
their preserved position. This falsifiable hypothesis regarding the relationship between the
pubogastralial attachment site and pubic apron can be tested with archosaurs hitherto described

and others yet to be discovered.

5.4.3 Osteological correlates in paravian theropods

This study supports that an anterior expansion of the pubic boot is an osteological
correlate for the pubogastralial cartilage, but a lack of this correlate is not consistent with the loss
of gastralia. Although an anterior expansion is absent in some dromaeosaurids, gastralia are still
clearly preserved in plesiomorphic and derived species alike across this family. Lack of an
anterior expansion may simply indicate that the pubogastralial cartilage was absent, but the M.
rectus abdominis was still present as inferred by phylogenetic bracketing. Perhaps the midline
connection was similar to that of extant birds in that the M. rectus abdominis inserted onto soft
tissue in the area rather than onto cartilage or bone (Baumel et al. 1990). Alternatively, the pubic
callosity on the distal end of the pubis reported in Anchiornis sp. (Wang et al. 2017) may be
associated with pubogastralial cartilage. Non-avian theropods tend to have at least one clear
correlate for pubogastralial tissues—an anterior expansion of the pubic boot or paired lateral
tubercles—although Archaeopteryx is a notable exception. Specimens preserved with gastralia
(Rauhut et al. 2018 and discussion therein) lack both anterior expansions of the pubic boots and
lateral tubercles or other distinct HLPTs. Extant birds lack gastralia, and therefore lack both
osteological correlates of pubogastralial tissues on the pubes. However, the exception of
Archaeopteryx indicates that the lack of both osteological correlates on the pubis is not a

universal indicator of the lack of gastralia. Although outside the scope of this study, it may be
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that a more reliable osteological correlate exists for the attachment of the gastral basket for its
anterior end on the sternum, assuming there is an ossified sternum. Currently, the condition
present in Archaeopteryx remains a peculiar irregularity.

Early birds, particularly enantiornitheans, offer additional insight. Enantiornithean fossils
are typically preserved two-dimensionally in slabs and gastralia are often only mentioned to
document their presence and number (Zhang et al. 2001, 2004, Zhou et al. 2008, Wang and Zhou
2019). However, in both Enantiornithes and Ornithuromorpha, the number and robusticity of
gastralia were independently reduced until the former went extinct at the end of the Cretaceous
Period and the latter lost them entirely (Lambertz and Perry 2015). This parallelism was
preceded by a gradual but progressive reduction in the number of gastralial pairs beginning well
before the divergence of birds. Presumably, the gastral basket performed an accessory ventilatory
function that either reinforced sternal movements in taxa with an ossified sternum, or fulfilled a
compensatory role in taxa without (Zheng et al. 2014, Zhang et al. 2014, Lambertz and Perry
2015). Gastral aspiration may have also compensated for differences in physiology and sternal
rib morphology in enantiornitheans compared to the more efficient breathing system in
ornithuromorphs (Zhang et al. 2014). Nevertheless, there appears to be no clear relationship
between size and gastralial number, nor between the number of gastralia and presence or absence
of an ossified sternum (O’Connor et al. 2015). There may be some trend between posteriorly
extensive sterna and reduced gastralial number, but it seems that gastralia were retained until the
evolution of a keeled sternum. In fact, gastralia may have retained a vital functional role in the
absence of a complex, carinate sternum (O’Connor et al. 2015). This could explain both the
variability of, and prolonged stepwise reduction in, gastralial number throughout theropod

evolution. During this grade of theropod evolution, some early birds developed incipient
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structures such as the hypopubic cup, which is associated with suprapubic musculature that
facilitates abdominal air sac ventilation via tail and pelvic movements in modern birds (Ruben et
al. 1997, Geist and Feduccia 2000). Curiously, both Archaeopteryx and Confuciousornis possess
a hypopubic cup and have the same number of gastralial pairs (Zheng et al. 2014, Lambertz and
Perry 2015), but only the latter has an ossified sternum (Martin et al. 1998). The loss of gastralia
was therefore clearly not tied to the presence or absence of an ossified sternum, and when
present, probably supplemented ventilatory movements and/or allowed additional space for flight
muscle attachment. However, the development of a keeled sternum may coincide with the rapid
loss of gastralia in ornithuromorph birds (O’Connor et al. 2015). The sternum is more firmly
connected to the rest of the skeleton than the gastralia and, with a keel, offers both more surface
area and a sturdier origin site for attachment of muscles for powerful flight. A carinate sternum
also facilitates breathing, so maximizing sternum and keel size may have accelerated the
complete loss of the gastral basket as a redundant anatomical unit. This key innovation,
combined with more efficient breathing, higher metabolic rate, and other inferred advantages of
ornithuromorphs over enantiornitheans (Zhang et al. 2014) may have implications for the K-Pg
extinction. Ornithuromorphs may have had an evolutionary edge over enantiornitheans, which
shared similar, overlapping niches, during the extinction because of these advantages. This could
explain the survival of the former and the extinction of the latter when competition and other
ecological stresses skyrocketed. Early birds and extinction hypotheses aside, it seems that
Cretaceous theropods exhibited variability in gastralial number and any selective pressures

affecting this were too weak to cause complete loss until the evolution of a keeled sternum.
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5.4.4 Implications for respiration and locomotory muscles

The presence of a lateral pubic tubercle has implications for respiration in
microraptorines. Two leading hypotheses for the evolutionary driver behind the evolution of the
opisthopubic pelvis in dinosaurs are herbivory and loss of cuirassal ventilation (Rasskin-Gutman
and Buscalioni 2001, Macaluso and Tschopp 2018). Mode of ventilation was found to be
generally more strongly correlated with pubic retroversion by Macaluso & Tschopp (2018).
Cuirassal ventilation, using gastralia as an accessory breathing structure, seems to become
progressively reduced in importance as more efficient ventilatory mechanisms evolved. This
includes an inferred switch from the M. ischiotruncus to M. truncocaudalis as the primary muscle
acting on the gastral basket (Carrier and Farmer 2000), or perhaps uncinate processes on the ribs
facilitating costal ventilation (Codd et al. 2008, Macaluso and Tschopp 2018). It is curious to
note that microraptorines such as Hesperonychus elizabethae have pubes that are more or less
mesopubic proximally, but strongly retroverted distally. Whatever the evolutionary pressure
driving pubic retroversion, at least in the distal end of the pubis, some evolutionary pressure
maintained mesopuby in its proximal end. The presence of the lateral pubic tubercle/process as
the attachment site of the gastralia at the midshaft of the pubis happens to also separate the
proximal mesopubic portion from the distal retroverted end of the bone. Hence, cuirassal
ventilation may be related to this phenomenon. As a connection to the pubis is required for
cuirassal ventilation, but the presence of gastralia seems limited to a threshold including only
propubic or mesopubic pelves (Rasskin-Gutman and Buscalioni 2001), the microraptorine pubis
may in fact be kinked to accommodate gastralia and other pressure(s) causing retroversion.
Microraptorines lack a hypopubic cup, which suggests that they also lacked incipient, avian-like

suprapubic musculature for tail and pelvic manipulation to aid airflow (Ruben et al. 1997, Geist
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and Feduccia 2000). Because of this, microraptorines may have required—or were subject to
strong selection pressure to retain—a relatively large gastral basket to facilitate breathing despite
also having a relatively large sternum among non-avian theropods. Causation aside, the presence
of gastralia in microraptorines and other paravians inherently shows that cuirassal ventilation
was retained as an accessory breathing mechanism in non-avian paravians, even those without
clear correlates of pubogastralial tissues. Additionally, the morphology of Hesperonychus
elizabethae underscores the functional importance of gastralia in Cretaceous theropods, and
highlights the peculiar difference in pubic orientation between its proximal and distal ends.
Locomotory muscles were also affected by the lateral pubic tubercle. Although not as
imperative as the bearing of the tubercle on ventilatory mode, the path of the M.
puboischiofemoralis externus 1 was forced around its anterior surface. In Hesperonychus
elizabethae, the anterior and dorsal surfaces of the lateral pubic process are convex and form a
smooth, trochlea-like structure, which would have facilitated muscle function. Although the
distal end of the pubis appears retroverted, the M. puboischiofemoralis externus 1 origin remains
ventral to the acetabulum. However, the M. puboischiofemoralis externus 2 line of action is not
interrupted in this way by the lateral pubic tubercle as its origin is slightly posterior to that of the
first head. Both of these muscles protract the femur in crocodylians and have some degree of
lateral rotation (origins anteroventral to acetabulum), but are limited to lateral femoral rotation in
avians (origins posteroventral to acetabulum) (Hutchinson and Gatesy 2000). However, both of
these muscles probably had a modest degree of femoral protraction with origins intermediate
between these two extremes. Theropods with a more strongly retroverted pubis (e.g.
Velociraptor mongoliensis) demonstrate decent protraction capability despite these muscle

origins in either a similar or more posterior position relative to the acetabulum (Hutchinson et al.
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2008). Hence, the Mm. puboischiofemoralis externi 1 and 2 are inferred as capable of
performing roles both in femoral protraction and lateral rotation even with interference to the
first head by the lateral pubic tubercle. Perhaps the pulley system created by this interference
affected the leverage of the M. puboischiofemoralis externus 1, which may have been useful for
manipulating the hindwing with an abducted femur during gliding flight (Longrich 2006),
although this requires testing. Whatever the causal mechanism behind this muscular arrangement
in Microraptorinae, it resulted in a complex path for the M. puboischiofemoralis externus 1
around both the anterior and lateral sides of the pubic shaft and required modification of the

pelvis to achieve this task.

5.5 Summary of the microraptorine lateral pubic tubercle

The microraptorine lateral pubic tubercle is putatively considered homologous with the
anterolateral corner of the pubis of crocodylians as an osteological correlate of the pubogastralial
ligament. This landmark varies in morphology with attached, observable pubogastralial soft
tissue in crocodylians as a small eminence on the anterolateral corner of the pubis. It is a lateral
or anterolateral eminence on the pubic boot in non-coelurosaurian theropods, a distinct
anterolateral process in non-paravian coelurosaurians, and varied in paravians as absent, a
shallow lateral bulge, or a discrete lateral tubercle or wing-shaped process near the midshaft of
the pubis. The role of the microraptorine lateral pubic tubercle was to both anchor pubogastralial
ligaments connecting the cuirass to the pelvis, and to allow the M. puboischiofemoralis externus
1 to pass freely around the lateral edge of the pubis toward its insertion on the femoral head. This
study also offers insight on adaptations for ventilation and locomotion due to the presence and

structure of the lateral pubic tubercle.
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Figure 5.1. Simplified phylogeny of Microraptorinae among Archosauria. Phylogeny
includes other theropod groups examined for correlates of pubogastralial tissues and

representatives of its Extant Phylogenetic Bracket (Crocodylia and Aves).
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Figure 5.2. Holotype pelvis of Hesperonychus elizabethae (UALVP 48778). Photograph (A)

and illustration (B) of the pelvis in right lateral view. Grey areas in illustration represent matrix
obscured areas on dorsal end and reconstructed portion of right pubic shaft. Scale bar is 5 cm.
Abbreviations: ace, acetabulum; isc, ischiadic contact; isp, ischiadic peduncle; li, left ilium; lIp,
left pubis; Ipp, lateral pubic process; Ir, lateral ridge of puboischiadic membrane; mr, median
ridge of puboischiadic membrane; pa, pubic apron; pb, pubic boot; pt, preacetabular tubercle; ri,

right ilium; rp, right pubis.
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Figure 5.3. Anterior view of the lateral pubic processes in Hesperonychus elizabethae

(UALVP 48778). Photographs and illustrations of the midshaft of the pubes (A—B) and right (C)
and left (D) lateral pubic processes. Scale bars are 1 cm. Abbreviations: Ip, left pubis; Ipp,

lateral pubic process; pa, pubic apron; rp, right pubis.
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Figure 5.4. Posterior view of the lateral pubic processes in Hesperonychus elizabethae

(UALVP 48778). Photographs and illustrations of the midshaft of the pubes (A-B) and left (C)
and right (D) lateral pubic processes. Scale bars are 1 cm. Abbreviations: lIp, left pubis; lpp,
lateral pubic process; Ir, lateral ridge of puboischiadic membrane; pa, pubic apron; pat,

pathology; rp, right pubis.
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Figure 5.5. Articulated gastralia in a non-microraptorine dromaeosaurid. Photographs of a
cast of a three-dimensionally preserved velociraptorine dromaeosaurid (ROM 53573). Pelvis and

gastralia in right lateral (A) and left lateral (B) views; site of pubogastralial articulation in
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anteroventral (C) and left posteroventrolateral (D) views. Scale bar is 5 cm. Abbreviations: gas,
gastralia; li, left ilium; lis, left ischium; lIp, left pubis; Ir, lateral ridge of puboischiadic
membrane; mr, median ridge of puboischiadic membrane; pa, pubic apron; pb, pubic boot; pt,

preacetabular tubercle; ri, right ilium; ris, right ischium; rp, right pubis.
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Figure 5.6. Condition of the homolog of the lateral pubic tubercle in Crocodylia. Recent
Caiman sp. (ROM no #) pubes with preserved anterior pubic cartilage in oblique anterolateral
view (A, anterior to bottom-right) and ventral view (B, anterior to right). Recent Alligator
mississippiensis (ROM R343) pubes in left lateral (C), left ventral (D), right ventral (E), and
right lateral views. Recent Alligator mississippiensis (UAMZ HER-R654) skeleton with
preserved anterior pubic cartilage and left pubogastralial ligament in left dorsolateral view (G,
anterior to left). Dissection of Caiman crocodilus (UAMZ no #) showing pubes, right
pubogastralial ligament, and most posterior gastralial row in ventral view (H, anterior to left).
Scale bars are all 5 cm except for G, which is 1 cm. Abbreviations: car, cartilage; gas, gastralia;
hlpt, homolog of the lateral pubic tubercle; pgl, pubogastralial ligament; PIFE2, M.

puboischiofemoralis externus 2.
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Figure 5.7. Condition of the homolog of the lateral pubic tubercle in Ceratosauridae and
Megalosauridae. Pubes of Ceratosaurus sp. (BYUVP 12893) in right lateral view (A, anterior to
right) and anterior view (B), and pubic boot in ventral view (C, anterior to top). Pubes of
Torvosaurus tanneri (BYUVP 2014) in left lateral view (D) and right lateral view (E). Scale bars
are all 5 cm. Abbreviations: hlpt, homolog of the lateral pubic tubercle; of, obturator foramen;

ra, osteological correlate of M. rectus abdominis.
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Figure 5.8. Condition of the homolog of the lateral pubic tubercle in Allosauridae. Pubes of
Allosaurus fragilis (CMN 38454). Left (A) and right (B) pubic boots in ventral view (anterior to
top), right (C) and left (D) pubic boots in anterior view, right pubic boot in anterolateral (E) and
right lateral (F) views, and left pubic boot in left lateral view (G). Scale bars are all 5 cm.
Abbreviations: hlpt, homolog of the lateral pubic tubercle; ra, M. rectus abdominis

(osteological correlate).
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Figure 5.9. Condition of the homolog of the lateral pubic tubercle in Tyrannosauridae.
Pubic boot of Albertosaurus sarcophagus (CMN 11315) in right lateral view (A), left lateral
view (B), ventral view (C), and anterior view (D). Pubic boot of Gorgosaurus libratus (CMN
2120) with articulated gastralium in ventral oblique view (E) and anterior view (F). Scale bars
are all 5 cm. Abbreviations: gas, gastralia; hlpt, homolog of the lateral pubic tubercle; pb,

pubic boot; sul, midline sulcus.
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Figure 5.10. Condition of the homolog of the lateral pubic tubercle in Ornithomimidae.
Pubic boot of Ornithomimus edmontonicus (CMN 8632) with articulated cuirass in left lateral
view (A) and ventral view (B, anterior to left). Pubic boot of cf. Ornithomimus sp. (CMN 12070)
in ventral view (C, anterior to right). Pubes of Ornithomimidae indet. (TMP 1981.019.0299) in
right lateral (D) and anterior (E) views. Scale bars are all 5 cm. Abbreviations: gas, gastralia;
hlpt, homolog of the lateral pubic tubercle; pb, pubic boot; pt, preacetabular tubercle; sul,

midline sulcus.
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Figure 5.11. Condition of the homolog of the lateral pubic tubercle in Therizinosauria and

Caenagnathidae. Right pubis of Falcarius utahensis (Courtesy of Natural History Museum of
Utah, UMNH VP 14540) in right lateral view (A) and anterior view (B). Left pubis of Falcarius
sp. (CEUM 77195) in left lateral view (C). Right pubis of Falcarius utahensis (Courtesy of
Natural History Museum of Utah, UMNH VP no #) in right lateral view (D) and anterior view
(E). Pubic boot of Caenagnathidae indet. (TMP 1991.036.0308) in oblique anterolateral view (F,
anterior to bottom-right), left lateral view (G), and ventral view (H, anterior to left). Scale bars
are 5 cm (A-E) or 1 cm (F—H). Abbreviations: hlpt, homolog of the lateral pubic tubercle; ic,
iliac contact; isc, ischiadic contact; pa, pubic apron; pb, pubic boot; pt, preacetabular tubercle;

sul, midline sulcus.

178



Figure 5.12. Condition of the homolog of the lateral pubic tubercle in Dromaeosauridae.

Pubes of Hesperonychus elizabethae (UALVP 48778) in anterior view (A). Pubes of
Velociraptorinae indet. (CMN 53573) in articulation with gastralia in anteroventral view (B) and
posterior view (C). Pelvis of Saurornitholestes langstoni (UALVP 55700) in articulation with
cuirass in right lateral view (D). Scale bars are all 5 cm. Abbreviations: gas, gastralia; hlpt,
homolog of the lateral pubic tubercle; Ip, left pubis; Ipp, lateral pubic tubercle; Ir, lateral ridge of
puboischiadic membrane; mr, median ridge of puboischiadic membrane; pa, pubic apron; pat,
pathology; pb, pubic boot; pt, preacetabular tubercle; ri, right ilium; ris, right ischium; rp, right

pubis.
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Figure 5.13. Condition of the homolog of the lateral pubic tubercle in non-avian Paraves.
Left pubis of Latenivenatrix mcmasterae (UALVP 55804) in posterior view (A) and left lateral
view (B) with popout of spiculate tubercle (C). Pubes of Jianianhualong tengi (DLXH 1218) in
articulation with gastralia in posterior view (D). Skeleton of Anchiornis sp. (IVPP V16055) with
pelvis in articulation with cuirass in right lateral view (E). Scale bars are all 5 cm.
Abbreviations: gas, gastralia; hlpt, homolog of the lateral pubic tubercle; isc, ischiadic contact;
lis, left ischium; Ip, left pubis; p, pubis; pa, pubic apron; pb, pubic boot; ris, right ischium; rp,

right pubis.
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Figure 5.14. Distribution of the homolog for the lateral pubic tubercle (hlpt) across
Archosauria. Described states mapped onto simplified phylogeny with topology based on
Hendrickx et al. (2015). Diagrams show right pubis of relevant taxon in anterior (top) and lateral
(middle) views, and pubic boot in ventral view (bottom, anterior to right). Although these
representatives are points along a spectrum of morphological variation, major changes to capture
general trends are indicated in numbered steps: presence of gastralia and pubogastralial tissues
(1), expansion of distal end of pubis into boot (2), anterior migration of lateral eminence as a hlpt
(3), development of distinct anterolateral processes as hlpt (4), reduced anterolateral processes
(5), proximal migration of hlpt (6), hlpt may be present as spiculate tubercle (7), loss of clear hipt

despite retention of gastralia (8), and loss of gastralia and hlpt (9). Pubis based on Alligator
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mississippiensis (ROM R343) for Crocodylia, Ceratosaurus sp. (BYUVP 12893) (Gilmore 1920)
for Ceratosauridae, Torvosaurus tanneri (BYUVP 2014) (Galton and Jensen 1979) for
Megalosauridae, Allosaurus fragilis (CMN 38454) (Gilmore 1920) for Allosauridae,
Albertosaurus sarcophagus (CMN 11315) and Daspletosaurus torosus (UALVP 52981) for
Tyrannosauridae, Ornithomimidae indet. (TMP 1981.019.0299) and Ornithomimus
edmontonicus (CMN 8632) for Ornithomimidae, Falcarius utahensis (Courtesy of Natural
History Museum of Utah, UMNH VP 14540) and reconstructed cast (CEUM no #) for
Therizinosauria, Caenagnathidae indet. (TMP 1991.036.0308, 1994.012.0603, UALVP 55638)
for Caenagnathidae, Hesperonychus elizabethae (UALVP 48778) for microraptorine
dromaeosaurids in all views and Saurornitholestes langstoni (UALVP 55700) and
Velociraptorinae indet. (ROM 53573) for non-microraptorine dromaeosaurids in anterior and
lateral views, Latenivenatrix mcmasterae (UALVP 55804) for Troodontidae, Archaeopteryx sp.
(Chatterjee 1997, Geist and Feduccia 2000) for Archaeopteryx, and Dromaius novaehollandiae

(ROM R6843) for Aves.
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Figure 5.15. Muscle path of the M. puboischiofemoralis externus 1 with respect to the

lateral pubic process in Hesperonychus elizabethae (UALVP 48778). Pubic apron in anterior
view (A) depicts muscle origin and line of action (pink). Pelvis in right lateral view (B) shows
muscle path around anterior surface of lateral pubic process and lateral to pubic shaft toward
insertion on femur (arrowhead). Abbreviations: Ipp, lateral pubic process; PIFE1, M.

puboischiofemoralis externus 1.
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Table 5.1. Archosaur and lepidosaur material examined for osteological correlates of soft

tissues. Specimens are arranged by taxon and then alphabetically within each taxonomic group.

Note: BYUVP, Brigham Young University Museum of Paleontology; CEUM, Utah State

University Eastern Prehistoric Museum; CMN, Canadian Museum of Nature; RM, Redpath

Museum; ROM, Royal Ontario Museum; TMP, Royal Tyrrell Museum of Palaeontology;

UALVP, University of Alberta Laboratory for Vertebrate Palacontology; UAMZ, University of

Alberta Museum of Zoology; UMNH VP, Utah Museum of Natural History.

Taxon

Specimen number

Condition and element(s)

Non-coelurosaurian Theropoda

Ceratosauridae
Ceratosaurus sp.

Megalosauridae
Torvosaurus tanneri

Allosauridae
Allosaurus fragilis
Allosaurus fragilis
Allosaurus fragilis
Allosaurus fragilis
Allosaurus fragilis
Allosaurus fragilis
Allosaurus fragilis

Non-paravian Coelurosauria
Tyrannosauridae
Albertosaurus sarcophagus
Daspletosaurus torosus

Gorgosaurus libratus
Gorgosaurus libratus

Ornithomimidae
Dromiceiomimus brevitertius
Dromiceiomimus brevitertius
Ornithomimus edmontonicus
Ornithomimus edmontonicus
cf. Ornithomimus sp.
Ornithomimidae indet.

BYUVP 12893

BYUVP 2014

BYUVP 4891
BYUVP 5292
BYUVP 11430
BYUVP 13625
BYUVP 16774
BYUVP 17550
CMN 38454

CMN 11315
UALVP 52981

CMN 2120

UALVP 10

ROM 797
UALVP 16182
CMN 8632
ROM 851
CMN 12070

TMP 1981.019.0299
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Fused pubes, ischia
Disarticulated pubes

Fused, partial pubes (apron and boot)
Disarticulated, intact pubes

Fused, intact pubes

Intact left pubis

Pubic boot

Fused, partial pubes (apron and boot)
Disarticulated, intact pubes

Pubic boot

Fused, intact pubes (part of complete
pelvis)

Pubic boot in articulation with
gastralium

Fused, mostly intact pubes (part of
complete pelvis)

Fused, mostly intact pubes

Fused, mostly intact pubes

Pubic boot articulated with gastralia
Fused, mostly intact pubes

Pubic boot

Fused, intact pubes (part of complete



Therizinosauria
Falcarius utahensis
Falcarius utahensis
Falcarius sp.

Falcarius sp.
Falcarius sp.
Falcarius sp.
Nothronychus graffami

Caenagnathidae

Epichirostenotes curriei

Caenagnathidae indet.
Caenagnathidae indet.

Non-avian Paraves

Dromaeosauridae
Hesperonychus elizabethae
Saurornitholestes langstoni

Velociraptorinae indet.

Troodontidae
Latenivenatrix mcmasterae

Aves
Apteryx haastii

Corvus corax

Dromaius novaehollandiae
Dromaius novaehollandiae
Dromaius novaehollandiae
Gallus gallus

Rhea americana

Rhea americana

Struthio camelus

Struthio camelus

UMNH VP 14540
UMNH VP (no #)

CEUM 52424
CEUM 77195
CEUM 77233
CEUM 77290

UMNH VP 16420

ROM 43250

TMP 1991.036.0308

UALVP 55638

UALVP 48778
UALVP 55700

ROM 53573

UALVP 55804

RM 8369
UAMZ
(uncatalogued)
UAMZ B-
FIC2014.260
ROM R6843
ROM R7945
RM 8355
RM 8499
ROM R7970
ROM R2136

ROM R7635
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pelvis)

Intact right pubis

Intact right pubis (juvenile)

Intact right pubis

Intact left pubis

Mostly intact right pubis

Intact left pubis

Disarticulated, mostly intact pubes

Fused, taphonomically damaged
pubes

Pubic boot

Fused, mostly intact pubes

Fused, intact pubes

Fused, intact pubes (part of complete
pelvis with articulated gastralia)
Fused, intact pubes (cast of complete
pelvis with articulated gastralia)

Partial right and left pubes

Articulated pubes (part of complete
pelvis)
Dissected

Articulated pubes (part of complete
pelvis)

Articulated pubes (part of complete
pelvis)

Articulated pubes (part of complete
pelvis)

Articulated pubes (part of complete
pelvis)

Disarticulated pubes (part of complete
pelvis)

Articulated pubes (part of complete
pelvis)

Articulated pubes (part of complete
pelvis)

Disarticulated pubes (part of complete
pelvis)



Struthio camelus

Struthio camelus

Struthio camelus

Crocodylia

Alligator mississippiensis

Alligator sp.

Caiman crocodilus
Caiman crocodilus

Caiman sp.

Osteolaemus tetraspis

Lepidosauria

Tupinambis teguixin
Varanus albigularis
Varanus exanthematicus
Varanus jobiensis
Varanus komodoensis
Varanus niloticus
Varanus rudicollis
Varanus salvator
Varanus salvator

Varanus salvator

ROM R1933
ROM R2305

UAMZ 7159

ROM R343

UAMZ HER-R654

RM 5242
UAMZ

(uncatalogued)
ROM (no #)

RM 5216

ROM R436
RM 5220
UAMZ
(uncatalogued)
RM 5219
ROM R7565
RM 5221
ROM R7318
RM 5222

RM 5223

RM 5224

Articulated pubes (part of complete
pelvis)

Disarticulated pubes (part of complete
pelvis)

Articulated pubes (part of complete
pelvis)

Disarticulated pubes (part of complete
pelvis)

Articulated pubes (part of complete
pelvis with articulated gastralia and
pubogastralial cartilage and
ligaments)

Disarticulated pubes (part of complete
pelvis)

Dissected

Articulated pubes (part of complete
pelvis with articulated gastralia and
pubogastralial cartilage)
Articulated pubes (part of complete
pelvis)

Articulated pubes (part of complete
pelvis)

Disarticulated pubes (part of complete
pelvis)

Dissected

Articulated pubes (part of complete
pelvis)

Disarticulated pubes (part of complete
pelvis)

Articulated pubes (part of complete
pelvis)

Articulated pubes (part of complete
pelvis)

Articulated pubes (part of complete
pelvis)

Articulated pubes (part of complete
pelvis)

Articulated pubes (part of complete
pelvis)
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Table 5.2. Archosaur pubic soft tissue candidates for the lateral pubic tubercle. An asterisk

(*) indicates that the osteological correlate is not located directly on the pubis. Some data from

sources on avian and crocodylian anatomy (Romer 1923a, Baumel et al. 1990, Proctor and

Lynch 1993, Carrier and Farmer 2000, Hutchinson 2001a, Claessens 2009, Fechner et al. 2013,

Fechner and Schwarz-Wings 2013).

Soft tissue

Osteological correlate with respect to the pubis

Crocodylia

Aves

Trunk muscles
M. obliquus abdominis
externus
M. obliquus abdominis
internus
M. transversus abdominis

M. rectus abdominis

*Lateral gastralia
*Lateral gastralia

*Lateral gastralia

*Posteriormost gastralial row

Anteroventral margin of ilium
and pubis, iliopubic ligament
Anteroventral margin of ilium
and pubis, iliopubic ligament
Anteroventral margin of ilium
and pubis, posterior vertebral
ribs

Distal end of pubis

Pelvic muscles
M. ambiens

M. ischiopubis

M. ischiotruncus

M. puboischiofemoralis
externus 1 (= M.
obturatorius lateralis)
M. puboischiofemoralis
externus 2 (= M.
obturatorius medialis)

Proximal end of pubis
(reduced preacetabular
tubercle)

Anterior margin of epipubic
cartilage

M. rectus abdominis, M.
obliquus externus, epipubic
cartilage

Anterodorsal pubic apron

Posteroventral pubic apron

Preacetabular tubercle

(absent)

(absent)

Obturator foramen, anterior
margin

Puboischiadic membrane,
medial surface

Tail muscles
M. truncocaudalis

M. pubocaudalis externus

M. pubocaudalis internus

M. obliquus externus, M.
rectus abdominis
(absent)

(absent)

(absent)

Posterior margin of distal end
of pubis, proximal and
adjacent to M. pubocaudalis
internus

Posterior margin of distal end
of pubis
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Ligaments, membranes, and other

Iliopubic ligament
Puboischiadic ligament
Puboischiadic membrane

Pubogastralial cartilage

Pubogastralial ligament

Proximal pubis (reduced
preacetabular tubercle)
Proximal pubis (reduced
preacetabular tubercle)
Medial, posterior margin of
pubis

Anterior margin of pubis
(epipubic cartilage) via
ligamentous sheet
Anterolateral surface of
pubis, midshaft

Preacetabular tubercle
Obturator tuberosity
Ridge along posterior pubic

shaft margin
(absent)

(absent)
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Chapter 6. Conclusion

Reconstruction of maniraptoran pelvic musculature reveals another perspective on the
evolutionary patterns of locomotory adaptations in theropod dinosaurs. Falcarius has locomotory
musculature largely expected and consistent with previous hypotheses that suggests a sharp
reduction in caudofemoral musculature. Caenagnathids have hind limb extensor musculature
seemingly less adapted for cursoriality than previously thought, increased reliance on hip flexion
and knee control, and other morphological aspects that are reasonably consistent with
adaptations of extant wading birds. In contrast, muscle reconstruction corroborates high
cursoriality in troodontids, but the conditions in more basal members indicate that this adaptation
was gained secondarily and primarily driven by intrinsic pelvic muscles. Muscle scars suggest
that caenagnathids and troodontids both had a laterally displaced M. puboischiofemoralis
externus 2, which does not fit in the current scheme of archosaur muscle evolution (Hutchinson
2002). The microraptorine lateral pubic tubercle is herein identified as an attachment site for the
pubogastralial ligament and considered homologous with other osteological correlates of the
same structure across Archosauria. The presence of the lateral pubic tubercle, hypertrophied into
a wing-like process in Hesperonychus, is likely a functional consequence based on its relative
proximodistal position to the M. puboischiofemoralis externus 1 on the anterior surface of the
pubic apron. Returning to the main research question of this thesis, do signals from muscle
reconstruction match inferences about locomotory adaptations based on skeletal data?

Congruence between skeletal and myological inferences are variable, which emphasizes
the diversity and complexity of morphological experimentation in maniraptoran theropods.
Locomotory musculature in Falcarius essentially gives the same signal as that from the skeleton.

Adaptations in relative limb proportions (Zanno 2010a) and limited area for hind limb extensors
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both indicate reduced running ability. This intermediate condition between “typical”
maniraptorans and derived therizinosaurians is perhaps unsurprising. However, it is congruent
with other evolutionary changes further developed in therizinosaurids including secondary
enlargement of the first toe to become functionally tetradactyl, expansion of the preacetabular
portion of the ilium concurrent with postacetabular reduction, and changes in leg proportions
resulting in a femur longer than tibia and foreshortened metatarsus (Barsbold and Perle 1980, Xu
et al. 1999a, Li et al. 2008a, Clark and Xu 2009, Zanno et al. 2009, Zanno 2010a, Pu et al. 2013,
Yao et al. 2019). Reduction of the brevis fossa also signals reduction in caudofemoral
musculature, which shows a sharp decrease compared to closely related, more plesiomorphic
theropods. It additionally indicates partial caudal decoupling that is herein interpreted as a
somewhat punctuated step preceding the evolution of birds. Although this does not radically
change the current model of gradual, stepwise acquisition of avian features in theropods
(Hutchinson and Allen 2009, Allen et al. 2013), it does suggest that this pattern was not a
completely steady trend. It also offers some ideas for functional tail use, such as display, despite
a probable lack of pennaceous feathers or a tail feather fan (Xu et al. 1999a, 2010b, Foth et al.
2014). Furthermore, reduction in cursoriality may provide circumstantial support for heightened
sociality in Falcarius combined with a lengthened cochlea and preservation of paucispecific
bonebeds (Kirkland et al. 2005, Walsh et al. 2009, Zanno 2010a, Smith et al. 2011, 2018). This
trend may have also increased through evolutionary time in Therizinosauria.

In Caenagnathidae, locomotory inferences from pelvic muscle reconstruction conflict
with those gained from skeletal data. Whereas limb proportions and metatarsus anatomy are
indicative of a strong cursor (Holtz 1994, Carrano 1999, Snively et al. 2004), the reduced

postacetabulum and accompanying reduction in leg extensors argues that cursoriality was
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reduced. However, diminution of caudal musculature simultaneously corroborates the gradual
decoupling of tail and hip muscles (Gatesy 1990, Gatesy and Dial 1996) as it indicates markedly
less interaction between these two locomotor modules. In addition, the enlarged preacetabulum
and associated increase in hip flexors and knee muscles may support the proposition that
caenagnathids were adapted to a wading lifestyle. This interpretation is further supported by
pedal morphology (Sternberg 1932, Currie and Russell 1988, Varricchio 2001). These points of
confusion are understandable because of similarity in hind limb proportions to highly cursorial
bipeds, and the effect on both femoral orientation and lifestyle in birds (Gatesy 1991, Barbosa
and Moreno 1999a, 1999b, Zeffer et al. 2003). Aside from cursoriality and caudal decoupling,
caenagnathids also have a unique origin for the M. puboischiofemoralis externus 2 among
archosaurs. Caenagnathid pelvic myology corroborates some hypotheses regarding theropod
locomotion, but contradicts others at the same time.

Inferences from troodontid pelvic musculature are also variable in agreement with
skeletal data. Locomotory muscle reconstruction supports the interpretation of derived
troodontids as highly cursorial, which is reflected in metatarsus anatomy (Holtz 1994, Snively et
al. 2004) and limb proportions (Russell 1969, Wilson and Currie 1985, Carrano 1999, Persons
and Currie 2016). However, this was gained secondarily within Troodontidae as more basal
members lack the muscular setup typical of a strong cursor, including reduced tail muscles.
Furthermore, extensor musculature enabling speedy movement in derived forms are dominated
by those intrinsic to the pelvis, not the tail. Although caudal musculature seems to have been
moderately enlarged, it is not to the same degree as in more basal, highly cursorial theropods.
This not only harmonizes with the paradigm of caudal decoupling during theropod evolution

(Gatesy 1990, Gatesy and Dial 1996), but also supports the growing body of evidence behind a
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gradual transition from hip- to knee-driven locomotion and posture (Allen et al. 2013, Bishop et
al. 2018a). One major twist revealed by troodontid pelvic myology is the origin of M.
puboischiofemoralis externus 2. Similar to the condition in Caenagnathidae, the origin is laterally
displaced and covers the posterior surfaces of the pubic shafts. But, unlike caenagnathids, the
origin is also present on the posterior surface of the pubic apron. Although these two groups are
superficially similar in a laterally shifted origin of M. puboischiofemoralis externus 2, the state in
troodontids is also unique among archosaurs. Inferences from troodontid pelvic myology fall in
line with many existing studies, but also demonstrate some inconsistency and new information.
Assessment of the microraptorine lateral pubic tubercle indicates that it is likely
homologous with other archosaurian osteological correlates for pubogastralial ligaments. This
study does not fit as cleanly in the framework of pelvic musculature evolution as the other
studies but is inherently linked to muscles of the hip. The relative position of the pubic apron and
path of the M. puboischiofemoralis externus 1 may indicate why the presence of lateral pubic
tubercles is limited to Microraptorinae. This hypothesis can henceforth be tested in observation
of described specimens and those yet to be discovered. In turn, it allows for a more fruitful
discussion on the palaeobiological implications of the lateral pubic tubercle, ventilation, and
function of gastralia in theropods. One odd example is Archaeopteryx, a taxon that curiously
lacks an osteological correlate for the pubogastralial ligament, but is clearly preserved with a
gastral basket in some specimens (Rauhut et al. 2018). Regardless, the M. puboischiofemoralis
externus 1 would have wrapped laterally around the pubic shaft based on its condition in extant
archosaurs and inferred evolutionary history (Hutchinson 2001a, 2002). In microraptorines, this
may have required an anatomical modification, which is exaggerated in Hesperonychus into an

anteriorly convex, wing-like pulley (Longrich and Currie 2009). The morphology of the homolog
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for the lateral pubic tubercle is largely conserved across non-paravian theropods but appears
variable in Paraves before being lost entirely in birds. Although this does not exactly match the
previously reported gradual pattern of evolutionary changes, small stepwise changes do occur
throughout Theropoda and culminate in rapid change near the dinosaur-bird transition. Cuirassal
breathing remained an important biological function for theropods well into the evolution of
early birds and may have only been lost with the evolution of a keeled sternum.
Non-maniraptoran theropods are relatively conservative in both skeletal and myological
pelvic morphology, but non-avian maniraptorans show notable changes in both of these respects
(Fig. 6.1). In a general sense, this falls in line with previous results showing an increased rate of
morphological variation in maniraptorans (Allen et al. 2013). However, results from
reconstruction of pelvic musculature in Falcarius may conservatively move this estimate back to
the base of Maniraptora, rather than sometime within the clade. Despite this, general pelvic
morphology and muscular arrangement remains grossly similar until the dinosaur-bird transition,
which is accompanied by a surge in evolutionary changes (Fig. 6.1). This is also consistent with
previous research that identified a burst in anatomical evolutionary rates around the dinosaur-
bird transition and suggests that the evolution of the avian bauplan was a gradual, stepwise
process (Hutchinson and Allen 2009, Dececchi and Larsson 2013, Brusatte et al. 2014).
Although this pattern is exemplified by more basal members of each taxon, examination of
pelvic musculature here underscores the acquisition of both divergent and convergent features
after branching away from the stem. Pelvic muscle reconstruction provides another viewpoint on
locomotory adaptations not possible by strictly relying on skeletal data (Fig. 6.2). Skeletal
anatomy is not always congruent with myology, and thus cannot necessarily characterize the

nature of a taxon on its own. In this way, soft tissue inferences provide a “check’ on purely
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skeletal data, which may support or refute interpretations based on the latter. Additionally,
accounting for soft tissues may reveal unforeseen adaptations, conditions, or aspects of
evolutionary histories. Locomotory muscles allow inference on the capacity for cursoriality,
which itself is an adaptation evolved convergently in some maniraptorans. Similarly, caudal
decoupling follows a relatively stable trajectory preceding the evolution of birds and is tracked
by caudal musculature originating on the pelvis. However, troodontids appear to secondarily
enlarge these muscles, but not to the same degree as their ancestors. The pelvis, as a junction
between the abdomen, tail, and hind limb, also reveals information about adjacent modules of the
body. In the case of microraptorine dromaeosaurids, the pelvis has clues about the evolution of
pubogastralial tissues and its interplay with pelvic musculature. These results corroborate the
extensive variability and homoplasy in the evolution of locomotory adaptations in dinosaurs

(Carrano 2000), and accentuate the rich evolutionary history of maniraptoran theropods.
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EXTANT SAURIA

NON-AVIAN NON-MANIRAPTORAN
MANIRAPTORA THEROPODA

EXTANT AVES

Figure 6.1. Saurian hips and musculature. Pelvis in left lateral view of Varanus (A; ROM
R7565), Alligator (B; ROM R343), Caiman (C; RM 5242), Allosauridae (D; CMN 38454),
Tyrannosauridae (E; CMN 11315, UALVP 52981), Ornithomimidae (F; CMN 8897, TMP
1981.019.0299), Falcarius (G; CEUM 74717, CEUM 77189, UMNH VP 14540),
Caenagnathidae (H; TMP 1981.020.0001, UALVP 55638, UALVP 59791), Dromaeosauridae (I;
BYUVP 20692, MOR 660, UALVP 55700), Early Cretaceous troodontid (J; DLXH 1218, IVPP
V12583 IVPP V12615), Late Cretaceous troodontid (K; AMNH FR 6516, UALVP 55804, pubic
boot modified from Tsuihiji et al. (2014)), Struthio (L; UAMZ 7159), Dromaius (M; UAMZ B-

FIC2014.260), and Gallus (N; RM 8355).
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Tyrannosauridae  Ornithomimidae Falcarius Caenagnathidae Dromaeosauridae  Troodontidae

Figure 6.2. Morphological correlates of cursoriality. Non-avian coelurosaurian theropods and
representative pelvic muscle reconstructions show comparison between myological data (A) and
osteological data (B—E), which are not necessarily congruent with one another. Tyrannosauridae
and Ornithomimidae are outgroups for Maniraptora. Features mapped onto simplified phylogeny
with topology based on Hendrickx et al. (2015) include hind limb extensor musculature (A),
arctometatarsus (B), hind limb element proportions (C), number of functional pedal digits (D,
tallied in roman numerals), and foot symmetry (E). Green = strong/present, amber =
moderate/partial, red = weak/poor, white = absent. Note that the asterisk (*) highlights
Troodontidae as having convergently evolved high cursoriality primarily by means of intrinsic

pelvic muscles rather than caudal muscles.
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