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Abstract 

 Extant birds and crocodylians are modern representatives of Archosauria, a group of 

amniote vertebrates with a long evolutionary history that may be traced back to the Triassic 

Period. On the paths to extant bird and crocodylians, early archosaurs diversified and occupied 

many niches available for large-bodied amniotes throughout the Mesozoic Era. As with other 

amniotes, respiration is one of the fundamental biological processes needed to sustain the life of 

archosaurs, which consists of multiple steps that range from ventilating air into and out of the 

respiratory organs, to gas exchange at the blood-air barrier in the lung, to cellular respiration. 

This contribution pertains to the trunk anatomy and ventilatory biomechanics in archosaurs.  

The cervicodorsal transition marks the start of the trunk, and is traditionally defined by 

the first connection between the vertebral column and the sternum via rib segments. However, 

most archosaurs had cartilaginous sterna and sternal ribs, which are not well documented in the 

fossil record, and no consensus exists on how to identify cervicodorsal transitions in archosaurs 

without preserved sterna. We survey 29 extant and 32 fossil archosaurs for anatomical features 

that appear to change across the cervicodorsal transition, and use this information to propose 

criteria that identify regions of the vertebral series where the first sternal connection is likely to 

be located. Supervised statistical models based on features of vertebrae are created using a 

combination of linear discriminant analysis, logistic regressions, NaïveBayes classifier, and 

RandomForest, but the models can only accurately identify the cervicodorsal transition in 

sampled extant archosaurs.  

Vertebral ribs of the trunk in extant birds carry bony prongs called uncinate processes, 

which have been hypothesised to enhance a bird’s ability to expand the trunk and draw 
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ventilatory airflow into the respiratory organs. Tab-like cartilaginous uncinate processes are 

present in crocodylians. In the fossil record, uncinate processes occur as ossified prongs only in 

maniraptoriform dinosaurs, but occur as mineralised cartilage in several ornithischian dinosaurs 

and one notosuchian crocodyliform. We establish an osteological correlate, termed the uncinate 

scar, by removing uncinate processes from vertebral ribs of extant archosaurs, and use the 

correlate to infer the presence of cartilaginous uncinate processes in 19 fossil archosaurs. Using 

the augmented distribution of uncinate processes by inferences from uncinate scars, we further 

infer that uncinate processes, with their capacity to enhance ventilation, are likely a homologous 

feature shared by most dinosaurs and may even be plesiomorphic for Archosauria. Histological 

sections through dorsal vertebral ribs carrying uncinate processes or uncinate scars are made for 

two extant archosaurs and four fossil dinosaurs, and we consistently find bundles of coarse 

collagen fibres at uncinate scars, bolstering the conclusion that uncinate scars are attachment 

sites for uncinate processes.   

Trunk muscles of the common raven Corvus corax, the emu Dromaius novaehollandiae, 

and three crocodylians are dissected to document the attachment sites of trunk muscles, which 

are used as a basis to compare the trunk muscle configuration among archosaurs carrying and 

lacking uncinate processes. We find that m. appendicocsotalis, a muscle attached to uncinate 

processes in most birds, remains present in the emu Dromaius novaehollandiae, which lacks 

uncinate processes.  

We construct three kinematic models, from ribcages of the ostrich Struthio camelus and 

the spectacled caiman Caiman crocodilus. Using tidal volume documented in the literature, we 

estimate the plausible motions of the ribcage, which are comparable to observations from in vivo 

studies. To infer the contributions made to ventilation by various trunk muscles, we construct 
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two three-dimensional kinetic models to estimate changes in their moment arms during 

ventilation. The results suggest that uncinate processes in palaeognath birds provide an enhanced 

ability to protract the vertebral ribs, while limiting their potential for abduction by altering the 

mechanical leverage and fibre orientation of m. appendicocostalis. By comparison, uncinate 

processes in crocodylians likely provide an enhanced ability to protract and abduct 

simultaneously. The contrasts in muscle function between palaeognath birds and crocodylians are 

likely related to the morphology and muscle configuration of the trunk. 

 Our anatomical and biomechanical studies, taken together, indicate that ventilation 

enhanced by the additional mechanical leverage provided by uncinate processes was likely 

widespread in, and may even have been plesiomorphic for, Archosauria.   
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CHAPTER 1 

Introduction 

 

1.1 General introduction to archosaurs 

 Extant birds are “warm blooded” vertebrates capable of powered flight, with more than 

10,000 species (Barrowclough et al. 2016), whereas extant crocodylians are semiaquatic, “cold 

blooded” vertebrates with fewer than 30 species (Grigg 2015). However, birds and crocodylians 

both belong to the clade Archosauria, which was classified as a subclass of “reptiles” by Romer 

(1966). Following the cladistic methods pioneered by Hennig (1966), Archosauria has been 

redefined as monophyletic group within diapsid amniotes (Gauthier 1984; Gauthier et al. 1985; 

Sereno 2005). As defined by Nesbitt (2011), the clade Archosauria includes the most recent 

common ancestor of the Nile crocodile Crocodylus niloticus and the house sparrow Passer 

domesticus, and all its descendants. 

Accordingly, archosaurs include birds, crocodylians, fossil dinosaurs, and their close 

relatives that may be dated back as early as the Triassic Period (Wu 1981; Nesbitt 2011; Benton 

2014; Kardong 2015; Nesbitt et al. 2017). The clade Archosauria is divided into Avemetatarsalia, 

the lineage including modern birds, and Pseudosuchia, the lineage including modern 

crocodylians (Gauthier et al. 1985; Sereno 1991; Benton 2014). Avemetatarsalia further diverged 

into the volant pterosaurs (Kellner 2003; Wang et al. 2005), and a number of different dinosaur 

groups notably including the horned ceratopsians, the duck-billed hadrosaurs, the armored 

ankylosaurs, the plate-bearing stegosaurs, and the bipedal theropods, the group that contains 

extant birds (Weishampel et al. 2007; Ryan et al. 2010; Eberth and Evans 2014). Likewise, 

Pseudosuchia diverged into the armored aetosaurs, the “sail-backed” poposaurids, the cursorial 

notosuchians, the fully aquatic dyrosaurids, and the semi-aquatic extant crocodylians (Ortega et 

al. 2000; Salisbury et al. 2006; Georgi and Krause 2010; Hastings et al. 2015; Hoffman et al. 

2018; Stefanic and Nesbitt 2018).  
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 Throughout the Mesozoic Era, the many members of archosaurs listed above explored 

and filled many ecological niches available to large-bodied terrestrial vertebrates, and at least 

two clades of archosaurs (i.e. pterosaurs and pennaraptoran dinosaurs) gained the capacity for 

powered flight (Claessens et al. 2009; Nesbitt 2011; Benton 2014). Based on the form and 

function relationship, the anatomical diversity seen among archosaurs represents evidence for a 

similarly wide spectrum of behaviours and lifestyles (Gatesy and Biewener 1991; Gatesy 1997; 

Holliday and Witmer 2007; Sullivan 2007; Wedel 2009; Abourachid et al. 2011; Schachner et al. 

2011; Brink et al. 2015; Molnar et al. 2015; Brocklehurst et al. 2018; Stefanic and Nesbitt 2018; 

Iijima and Kubo 2019; Bishop et al. 2021). The great variety of lifestyles engaged in by 

archosaurs were all fueled by physiological processes using oxygen obtained through respiration.  

 

1.2 Brief history of respiratory biology in archosaurs 

 Scholarly interest in respiration as a fundamental biological process can be traced back to 

ancient Greece and Rome and the pioneering work of Aristotle and Galen, though the 

significance of blood as a medium for circulating gas throughout the body, and pulmonary 

function, was not discerned until the seventeenth century (Perry et al. 2019). That the trunk had 

functional significance in generating ventilatory airflow was first proposed by Townson (1799), 

who rejected the previously established consensus view that the lungs could spontaneously 

generate airflow. Perry et al. (2019) revised the definition of respiration into a cascade of five 

generalised processes from mechanical transportation of fluids containing oxygen (e.g. air) in 

and out of the respiratory organs (ventilation) to gas exchange at the interface between air and 

blood, and ending with cellular respiration that generates ATP using oxygen. Although the five 

generalised processes may not always occur in vertebrates (e.g. ventilation may be limited and 

even absent in fishes), they can be assumed to be presence in archosaurs.   

 Interest in respiratory biology in archosaurs seemingly developed much later, potentially 

from general interest in comparative pulmonary anatomy among vertebrate animals and 

functional studies of avian flight (Lord et al. 1962; Berger et al. 1970b; Duncker 1972; Butler 

1982; Perry 1988; Boggs et al. 1997; Boggs et al. 1997). A large volume of data accordingly has 
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been amassed on the amount of air that enters and leaves the body during a normal and regular 

ventilatory cycle, called the tidal volume, in various modern archosaurs (i.e. birds and 

crocodylians) and under various conditions (Lord et al. 1962; Kadono et al. 1963; Cohn and 

Shannon 1968; Schmidt-Nielsen et al. 1969; Berger et al. 1970b; Perry 1988; Funk et al. 1993; 

Boggs et al. 1997; Carrier and Farmer 2000b; Farmer and Carrier 2000; Claessens 2009a). 

Also, in the domain of comparative pulmonary anatomy, studies of birds revealed the 

presence of a highly efficient respiratory apparatus consisting of a fixed volume lung and high 

compliance pneumatic sacs capable of generating unidirectional airflow for cross-current gas 

exchange (Scheid and Piiper 1969; Duncker 1972; Scheid 1979; Powell and Wagner 1982; 

Maina 2002; Powell 2015). More recent advances in pulmonary studies have suggested that 

unidirectional airflow is present in extant crocodylians, and may even be an ancestral condition 

shared by archosaurs if not their diapsid precursors (Farmer and Sanders 2010; Schachner et al. 

2013; Farmer 2015; Lambertz 2016). Indirect evidence for the presence of pneumatic sacs has 

been found in the vertebrae of fossil saurischian dinosaurs (O’Connor 2006; O’Connor 2007; 

Wedel 2009; Schachner et al. 2011; Yates et al. 2012; Brocklehurst et al. 2018), suggesting that 

the anatomical capacity to separate airflow and gas exchange may have appeared in early 

archosaurs.  

 Beyond studies of pulmonary morphology, trunk muscle activity has been measured in 

both birds and crocodylians using electromyographic techniques to measure the changes in 

voltage of muscles, allowing muscle activation to be correlated with inspiration or expiration. 

(Fedde et al. 1964; dewet et al. 1967; Naifeh et al. 1970; Codd et al. 2005; Codd et al. 2019).  

 In crocodylians, comparative anatomy, cineradiographic observations, and 

electromyographic studies have provided evidence that ventilation is enhanced by a mechanism 

called the “hepatic piston”, which refers to craniocaudal movements of the visceral organs in 

crocodylians driven by a muscle called m. diaphragmaticus (Carrier and Farmer 2000a; 

Claessens 2009a; Munns et al. 2012). Fossil evidence also suggest that some form of “hepatic 

piston” may have existed in fossil crocodyliforms and non-avian dinosaurs (Claessens 2004; 

Claessens and Vickaryous 2012). However, m. diagphramaticus and by extension, the “hepatic 
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piston” may not be a mechanism exclusively for ventilation, as the movement of visceral organs 

may alter buoyancy and improve a crocodylian’s ability to maneuver underwater (Uriona and 

Farmer 2008). 

 With non-invasive methods such as cineradiography and X-ray Reconstruction of 

Moving Morphology (XROMM), in vivo movements of the skeleton during ventilation have 

been examined three-dimensionally in several birds and crocodylians (Claessens 2009a; 

Claessens 2009b; Brocklehurst et al. 2017; Brocklehurst et al. 2019). Studies of crocodylians 

using cineradiography and XROMM have found that the caudal portion of the thorax expands 

laterally to increase thoracic volume, and the capacity to laterally expand the thorax may be 

related to the anatomical positions of the parapophysis (Claessens 2009a; Brocklehurst et al. 

2017).  

 Although the use of mechanical principles to analyse physical aspects of biology can be 

traced back to René Descartes (Perry et al. 2019), ventilation in birds has only been analysed 

from a mechanical perspective using two dimensional geometric models (Zimmer 1935; Tickle et 

al. 2007). Both Zimmer (1935) and Tickle et al. (2007) found that uncinate processes, bony 

prongs that extend caudally from dorsal vertebral ribs, provide enhanced mechanical leverage to 

muscles that protract the vertebral ribs cranially, enhancing the bird’s ability to expand the thorax 

for inspiration. Uncinate processes in the form of bony prongs have been reported in fossil 

pennaraptorans, a group of theropod dinosaurs including birds, and in Pelecanimimus polyodon, 

a close pennaraptoran relative (Codd et al. 2008; Cuesta et al. 2022). Accordingly, avian-like 

enhancement of ventilatory capacity by uncinate processes may have occurred in fossil theropod 

dinosaurs. Uncinate processes in the forms of cartilaginous tabs are present in extant 

crocodylians, at least one fossil notosuchian crocodyliform, and several ornithischian dinosaurs 

(Zhou 1983; Cong et al. 1988; Frey 1988; Turner 2006; Boyd et al. 2011; Park et al. 2021), and 

m. iliocostalis, an epaxial trunk muscle that envelops the uncinate processes, was found to be 

active during expiration in an electromyographic study conducted on the American alligator 

Alligator mississippiensis (Codd et al. 2019). Accordingly, uncinate processes and their 

ventilatory function may have evolved independently in pennaraptorans, ornithischians, 
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notosuchians, and crocodylians, or alternatively the enhanced ventilatory capacity provided by 

uncinate processes may have been inherited from ancestral archosaurs. 

 

1.3 Challenges in studies of archosaur ventilation 

 The ventilatory process of respiration in archosaurs remains somewhat perplexing. 

Firstly, physiological experiments have shown that tidal volume is highly variable across levels 

of physical activity (e.g. during locomotion, during recovery, at rest), and under different 

environmental conditions (e.g. at various altitudes and temperatures) (Schmidt-Nielsen et al. 

1969; Berger et al. 1970a; Brackenbury et al. 1982; Kiley et al. 1982; Farmer and Carrier 2000; 

York et al. 2017). In addition, the physical property of compliance, which determines how easily 

the respiratory organs can be inflated, differs between the bronchoalveolar lung of crocodylians 

and the pneumatic sacs of birds (Scheid and Piiper 1969; Perry 1988; Maina 2007; Farmer 2017). 

Connective tissue proteins such as elastin, organised in a polygonal manner can increase 

structural strength of respiratory organs (Maina 2007). To expand the thorax and generate tidal 

volumes, various species of archosaurs may move their ribcages at a spectrum of magnitudes as 

quantitatively described by the amounts of rotations at joints in the ribcages. Accordingly, 

identifying the amount of ribcage movement that can characterise a given archosaur species or its 

capacity in certain physical activities would be difficult, if not impossible. 

 In addition, soft tissue structures such as pneumatic sacs, lungs, and unmineralised 

cartilages are not commonly preserved in the fossil record, although plausible lung tissues have 

been reported from an exceptionally preserved fossil bird (Wang et al. 2018). Traces on the 

skeleton of an extant bird can indicate where pneumatic sacs originally attached to bones, or 

penetrated into them, and similar traces documented in the fossil record can be used to infer the 

presence of pneumatic sacs in saurischian dinosaurs (O’Connor 2006; O’Connor 2007; Wedel 

2009; Yates et al. 2012), following the logic of extant phylogenetic bracketing (Witmer 1995). 

However, even the certain existence of pneumatic sacs in a given fossil dinosaur would not 

guarantee their involvement in ventilation, just as the existence of pennaceous feathers in some 



6 

 

non-avian dinosaurs does not guarantee a capacity for powered flight comparable to that seen in 

extant birds (Currie et al. 2004; Foth and Rauhut 2020). 

 Lastly, the muscle-driven motions involved in expanding the thorax are three 

dimensionally complex, and can be described as rotations about three orthogonal joint axes 

following various conventions (Brainerd et al. 2015; Brocklehurst et al. 2017; Brocklehurst et al. 

2019; Capano et al. 2019). Furthermore, the ribcage in extant birds and crocodylians is 

constituted of thoracic vertebrae each connected to the sternum via two or three rib segments, 

forming something like a closed kinematic chain (Levin 2013; Levin et al. 2017), and this was 

presumably true of extinct archosaurs as well. The segments of the ribcage would likely have 

rotated in tandem to expand the thorax, and the entire ribcage would accordingly need to be 

analysed as a single, integrated system.  

 

1.4 Thesis objectives 

This doctoral dissertation is focused on the form and function of the trunk in extant and 

fossil archosaurs. The goal of my thesis is to provide updated anatomical knowledge of the 

archosaur trunk, and to gain new insights on how musculoskeletal structures in the trunk 

contribute to ventilation in modern archosaurs, and would plausibly have contributed to 

ventilation in extinct ones. In this interdisciplinary study, I combined traditional comparative 

anatomy and histology techniques with statistical methods from the field of data science, and 

with 3D modelling techniques and principles from the field of biomechanics.  

More specifically, my thesis has six main objectives: (1) to identify the cervicodorsal 

transition in various archosaurs using the morphology of the presacral vertebrae, so that the 

vertebral column can be regionalised accurately and consistently; (2) to evaluate whether 

uncinate processes are homologous structures shared by most archosaurs, or were gained 

independently to improve ventilatory performance in different archosaur groups; (3) to evaluate 

how uncinate processes are attached to the vertebral ribs in extant taxa and may have been 

attached in fossil ones, such that the mobility of uncinate processes relative to the vertebral ribs 
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can be inferred, providing insights into ventilatory mechanisms in archosaurs; (4) to provide 

updated information on the muscle architecture of the trunk in extant archosaurs, so that 

osteological correlates that will be useful in reconstructing trunk muscles in their fossil relatives 

can be established; (5) to develop a new workflow and set of kinematic models of extant 

archosaur thoracic skeletons for estimating ventilatory motions of the ribcage comparable to 

those observed in in vivo studies, so that ventilatory motions of the ribcage can be reconstructed 

in a reasonable manner for fossil archosaurs; and (6) to develop an updated workflow and a set 

of kinetic models for drawing inferences about the ventilatory function of the trunk musculature 

in archosaurs. 
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CHAPTER 2 

A qualitative anatomical approach to the understudied problem of 

pinpointing the boundary between cervical and dorsal vertebrae in 

fossil archosaurian reptiles 

 

2.1 Introduction 

Archosaurs appeared in the Triassic Period, diversified rapidly, and accounted for major 

portion of amniote diversity throughout the rest of the Mesozoic Era (Nesbitt 2011; Nesbitt et al. 

2013; Benton 2014). The vertebral column of an archosaur may be divided for descriptive or 

analytical purpose into cervical, thoracic, lumbar, sacral, and caudal regions, the vertebrae of the 

first three regions being conventionally referred to as presacral (Cong et al. 1988; Baumel et al. 

1993; Kardong 2015). The vertebrae of thoracic and lumbar regions are generally not 

morphologically distinct in archosaurs, compared to those of mammals, and thoracic and lumbar 

vertebrae are often collectively called the dorsal vertebrae (Benton 2014; Kardong 2015). The 

thoracic region is traditionally defined by the presence of connections between the vertebral 

column and the sternum via rib segments, and the transition from cervical to dorsal vertebrae 

(cervicodorsal transition) is pinpointed by the first presacral connected to the sternum (Romer 

1956).  

A relatively large number of cervical vertebrae, ranging from 10 to 26 occurs in extant 

birds (Böhmer et al. 2019), whereas nine cervical vertebrae are found in extant crocodylians 

(Cong et al. 1988; Frey 1988). Based on the logic of extant phylogenetic bracketing (Witmer 

1995) and the parsimony principle in phylogenetic inference (Sober 1988), the plesiomorphic 

condition in ancestral archosaurs could theoretically have been closer to either the avian 

condition or the crocodylian one. 

In principle, the rich Triassic record of archosaurs (Brusatte et al. 2010) should shed 

considerable light on the question of the number of cervical vertebrae in plesiomorphic members 

of the group, but the number of cervical vertebrae present in a given fossil archosaur is difficult 
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to precisely determine even if a well-preserved skeleton is available. Although the first 

connection between a presacral vertebrae and the sternum via rib segments provides a clear 

criterion for identifying the cervicodorsal transition, the criterion is inapplicable in most fossil 

archosaurs due to preservational factor (Walker 1990) except in the case of exquisitely preserved 

specimens (Fisher et al. 2000; Turner 2006). Even the so call “complete skeletons” representing 

members of most archosaur clades do not include the sternum or sternal ribs, suggesting that 

these structures were generally cartilaginous as in most living reptiles (Maidment et al. 2015; 

Currie et al. 2016; Drysdale et al. 2018). With the criterion of sternal connectedness off the table, 

several alternate approaches have been used in the literature to address the difficulty of 

identifying the cervicodorsal transition in fossil archosaurs and, by extension, distinguishing 

between their cervical and dorsal vertebrae. 

Identifying the cervicodorsal transition as accurately and consistently as possible is more 

than a trivial point of anatomical pedantry. In phylogenetic studies, anatomical comparisons and 

character scorings that involve the vertebral column are meaningful only when they pertain to 

regions that are homologous across all taxa being considered (e.g. the posterior cervical 

vertebrae) (Nesbitt, 2011, Cau et al., 2017). In the domain of functional morphology, the 

vertebral column displays a wide range of adaptations associated with enhancing rigidity (e.g. 

hyposphene-hypantrum) (Stefanic and Nesbitt, 2019), facilitating locomotion (Abourachid et al., 

2011, Molnar et al., 2015), and respiration (Schachner et al., 2011, Brocklehurst et al., 2018). 

Identification of the cervicodorsal transition can facilitate sound interpretation of such 

adaptations, by ensuring that functionally relevant features can be correctly situated with respect 

to the first costal connection to the sternum and potentially other landmarks associated with the 

transition. 

2.1.1 Five alternate methods to identify the cervicodorsal transition 

Locating the transition using intuition. Some anatomical studies of archosaurs have 

drawn a distinction between cervical and dorsal vertebrae without clearly and explicitly 

describing how the cervicodorsal transition was identified (Luca, 1984, Altangarel et al., 1994, 

Chen et al., 1998, Wang et al., 2010, Xu et al., 2010, Carpenter et al., 2011, Makovicky et al., 

2011, Nobre and Carvalho, 2013, McDonald et al., 2014, Prieto-Márquez, 2014, Lecuona et al., 
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2016), suggesting the authors may have partitioned the presacral column into cervical and dorsal 

regions based on intuition. Scholarly expertise could conceivably provide a solid foundation for 

an “educated guess” regarding the location of the cervicodorsal transition. However, this 

intuitive approach is likely to introduce confusion, because it offers no explicit criteria that can 

be followed. Such disagreements are likely to be small, in the sense that all but the posteriormost 

cervical vertebrae in a fossil archosaur can generally be recognized as unambiguous cervicals 

and all but the anteriormost dorsal vertebrae can generally be recognized as unambiguous 

dorsals. However, inconsistencies across studies regarding whether even one or two vertebrae 

should be assigned to the cervical or to the dorsal region may introduce confusion, result in 

discrepant scoring of phylogenetic characters pertaining to posterior cervicals or anterior dorsals, 

and/or affect reconstructions of soft tissues associated with the transitional region. 

Avoiding the cervical-dorsal distinction. The challenge of identifying the cervicodorsal 

transition may be circumvented by simply treating the presacral vertebrae as a single 

undifferentiated series, and referring to them based on their ordinal position within this “super-

region” (presacral numbering). This approach highlights the fact that the total number of 

presacral vertebrae is relatively strongly conserved in extant and fossil archosaurs: for example, 

24 presacrals are present in Alligator sinensis, 23 in Rhea, 23 in Tyrannosaurus rex, 23 in 

Majungasaurus crenatissimus, and 24 in Changchunsaurus parvus, although there are 30 

presacrals in Parasaurolophus walkeri (Mivart, 1877, Parks, 1922, Cong et al., 1988, Brochu, 

2003, O'Connor, 2007, Butler et al., 2011). Presacral numbering is feasible for descriptive 

purposes, but is not very satisfactory for anatomical comparisons across taxa because cervical 

and dorsal counts are variable among extant birds, and between birds and crocodylians (Mivart, 

1877, Cong et al., 1988, Baumel, 1993). Therefore, presacral vertebrae in different taxa with 

similar presacral numbers are not guaranteed to be from homologous parts of the vertebral 

column, if the cervicodorsal transition is regarded as an important landmark for determining 

homology. Alternatively, some scholars have referred informally to a “pectoral” region or a 

“cervico-dorsal” region of the vertebral column encompassing the posterior cervical and anterior 

dorsal vertebrae (Mivart 1877; Wilson et al. 2011; Novas et al. 2015). Precisely defining the 

anterior and posterior limits of the pectoral region using criteria that can be applied across a wide 
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range of taxa, however, is hardly guaranteed to be easier than precisely identifying the 

cervicodorsal transition. 

Locating the transition using living analogues. Cervical counts from extant birds 

and/or crocodylians are occasionally used as an extant point of reference for identifying the 

cervicodorsal transition in fossil archosaurs (Walker, 1990, Salisbury et al., 2006, Sereno and 

Larsson, 2009). Although all extant crocodylians have nine cervical vertebrae (Cong et al., 1988, 

Frey, 1988), the number of cervicals is variable in extant birds: for example, 16 cervical 

vertebrae are present in Rhea americana (UAMZ 1368, 5019), 19 in Casuarius australis (UAMZ 

1369) and 22 in Olor columbianus (UAMZ 5229, 5230). Given the lack of consistency in extant 

birds, identifying the cervicodorsal transition by assuming that a fossil archosaur will have the 

same number of cervicals as a living analogue is not feasible except in crocodylians and their 

closest relatives. This assumption, however, becomes increasingly uncertain as we move 

phylogenetically away from Crocodylia. Walker (1990), for example, assumed by analogy with 

modern crocodylians that nine cervicals were present in the basal crocodylomorph 

Sphenosuchus, but explicitly acknowledged the difficulty of identifying the cervicodorsal 

transition in fossil archosaurs. 

Locating the transition using cervical rib features. In extant birds and crocodylians, 

unambiguous cervical ribs are short and are oriented anteroposteriorly, whereas the last one or 

two cervical ribs and unambiguous dorsal ribs are long and are oriented mostly dorsoventrally 

(Mivart 1877; Cong et al. 1988; Frey 1988; Baumel et al. 1993). In well-preserved fossil 

archosaurs, the vertebral ribs from unambiguous cervicals to unambiguous dorsals change in 

length and orientation as in their extant counterparts (Ostrom 1978; Dalla Vecchia 2009; Dilkes 

and Sues 2009; Maidment et al. 2015). Accordingly, vertebral ribs that are elongated but not 

reaching the same length as the vertebral ribs of unambiguous dorsals could conceivably be used 

to recognise the last cervical ribs, and by extension, the cervicodorsal transition. Most of the 

cervical ribs are short in extant crocodylians, but the last cervical rib is strikingly different from 

the others, being so elongate as to resemble the anterior dorsal vertebral ribs (Cong et al., 1988, 

Frey, 1988). In extant birds, the last and penultimate cervical ribs can both be elongated (e.g. 

Struthio camelus (UAMZ 7159), Falco sparverius (UAMZ 4022) and Tympanuchus 
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phasianellus (UAMZ 4668)). In both birds and crocodylians, the last cervical ribs can extend 

ventrally to a position adjacent to the sternum. If the last cervical ribs in fossil archosaurs also 

closely approached the sternum, the last cervical ribs could readily be misidentified as the 

anteriormost dorsal ribs in the absence of fossilized sterna and sternal ribs. Therefore, the last 

cervical ribs cannot be used to reliably identify the first sternal connection except perhaps in 

crocodylians and their closest fossil relatives. Nonetheless, changes in length and orientation of 

the last cervical ribs compared to unambiguous cervical and dorsal ribs can help locating the 

approximate position of the first sternal connection in exquisitely preserved specimens (Currie et 

al., 2016).  

Locating the transition using vertebral features. Morphological features known to 

differ between unambiguous cervical and unambiguous dorsal vertebrae are frequently used to 

identify the cervicodorsal transition in fossil archosaurs (Ewer, 1965, Cuthbertson and Holmes, 

2010, Maidment et al., 2015, Norell et al., 2018). We refer to these morphological features as 

“transitional features” for the sake of clarity and brevity. Three transitional features are used 

most often in the literature. 

(5.1) Parapophyseal displacement. Along the length of the presacral vertebral column, the 

parapophysis undergoes a gradual change in position, often being situated ventral to the 

neurocentral suture (NCS) on unambiguous cervicals but dorsal to the NCS more on 

unambiguous dorsals (Whetstone and Whybrow, 1983, Luca, 1984, Wu and Chatterjee, 1993, 

Maidment and Barrett, 2010, Pol et al., 2012, Wang et al., 2013, Campione, 2014, 

Lautenschlager and Rauhut, 2015, Drymala and Zanno, 2016). However, the parapophysis may 

be intersected the NCS in presacral vertebrae in the vicinity of the first sternal connection, so that 

portion of the parapophysis is positioned ventral to the NCS whereas the remaining portion is 

positioned dorsal to the NCS. This may result in ambiguous interpretation of the state of the 

feature. A clear standard for interpreting the parapophyseal position is needed for accurate and 

consistent practices.  

(5.2) Loss of distinct hypapophysis. In many archosaurs hypapophyses, ventral midline 

keels situated on the centra, are present on at least the more posteriorly situated unambiguous 
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cervicals, and absent on unambiguous dorsals (Luca, 1984, Chatterjee, 1985, Sues et al., 2003, 

Jouve et al., 2006, Fiorelli and Calvo, 2008, Peyer et al., 2008, Butler et al., 2011). However, 

hypapophyses are entirely absent in many fossil archosaurs, limiting even the potential 

usefulness of this feature in identifying the cervicodorsal transition (Currie and Zhao, 1993, 

Brochu, 2003, Carballido and Sander, 2013, Campione, 2014, Lecuona et al., 2016, McPhee et 

al., 2016). Among archosaurs with hypapophyses, at least two patterns of occurrence exist for 

this transitional feature. In extant crocodylians, hypapophyses are present on all postaxial 

cervical vertebrae and several dorsal vertebrae (Iijima and Kubo, 2019), whereas in extant birds, 

hypapophyses are present only on the posterior cervical vertebrae and anterior dorsal vertebrae 

(Ghetie, 1976, Baumel, 1993). The posterior disappearance of the hypapophysis is therefore 

helpful in locating the cervicodorsal transition, at best, in phylogenetically restricted subgroups 

of Archosauria. 

(5.3) Angle of zygapophyseal facets. The zygapophyseal facets are gradually reoriented 

across the cervicodorsal transition, often being steeply inclined in unambiguous postaxial 

cervicals but sub-horizontal in unambiguous dorsals (Schwarz et al., 2006, Peyer et al., 2008, 

Georgi and Krause, 2010, Pol et al., 2012, Nobre and Carvalho, 2013, Blanco et al., 2015, Leardi 

et al., 2015, Han et al., 2018). As with parapophyseal position, however, ambiguity arises with 

respect to “scoring” this transitional feature, in this case because no standard, explicit angular 

threshold has been established for determining whether a given zygapophyseal facet should be 

considered steeply inclined or sub-horizontal. In addition, the zygapophyseal facets are steeply 

inclined on all preserved presacral vertebrae in at least two basal crocodylomorphs, namely 

Junggarsuchus sloani and Dibothrosuchus elaphros (Wu and Chatterjee, 1993, Clark et al., 

2004). For these reasons, zygapophyseal facet orientation may not provide a good criterion for 

identifying the cervicodorsal transition. 

Among the five approaches to identifying the cervicodorsal transition in fossil 

archosaurs, reliance on transitional features appears to be the most promising because (1) these 

features can be described and potentially scored in explicit terms, (2) they can be directly 

observed in both articulated skeletons and disarticulated vertebrae, and (3) their distribution 

along the vertebral column can be examined with respect to the traditionally defined 
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cervicodorsal transition in extant archosaurs and fossil specimens that are either exceptionally 

well-preserved or have the sternal ribs and sternum mineralized. In this study, we survey 

transitional features in extant birds and crocodylians and propose three classes of criteria for 

narrowing down the location of the cervicodorsal transition in extant and fossil archosaurs.  

 

2.2 Materials and Methods 

 For the sake of clarity, brevity and consistency, a simplified terminology is used 

throughout the rest of this study. The anteriormost presacral connected to the sternum via rib 

segments is referred to as the first true dorsal. Presacral vertebrae and dorsal vertebrae are 

referred to as presacrals and dorsals, respectively. Postaxial cervical vertebrae, or post-

syncervical cervical vertebrae in taxa in which a syncervical is present, are referred to simply as 

cervicals, because the atlas, the axis, and the syncervical each have unique morphological 

features unrelated to the cervicodorsal transition. The term cervicodorsal region is used for a 

transitional region made up of posterior cervicals and anterior dorsals, corresponding essentially 

to the “pectoral” region of some authors. The number of vertebrae within the presacral, cervical, 

cervicodorsal, or dorsal region is referred to as the count of the respective region (e.g. presacral 

count). Individual presacrals are referenced according to their sequential numbers starting from 

atlas, from anterior to posterior, within their respective regions (i.e. P#, C#, CD#, and D#). For 

convenience and brevity, morphological changes along the presacral column are described as if 

the frame of observation is moving from anterior to posterior; thus, if a feature is said to “shift 

from” condition A to condition B, this means that condition B is characteristic of more 

posteriorly located presacrals. Unless specified otherwise, statements about the distribution of 

trasitional features are based on the extant and fossil archosaur taxa sampled in this study. 

Data pertaining to transitional features in the presacral region were collected directly 

from 27 extant birds, two extant crocodylians, and 38 fossil archosaur specimens, six of which 

were taxonomically indeterminate. Specimens sampled directly in this study are housed in 

collections in Canada, China, and the United States. Data on an additional 15 fossil archosaur 
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species represented by articulated or associated skeletons were taken from the literature (Table 1 

and Supplementary Table 1).  

 No feature, or combination of features, unambiguously diagnostic of the first sternal 

connection across a wide diversity of archosaurs could be identified in this study (see Result 

section for additional information). However, it was possible to identify criteria that were useful 

in defining a relatively short cervicodorsal region within which, or at least adjacent to could be 

presumed with a high degree of confidence to lie. Three classes of criteria were developed based 

on data from extant birds and crocodylians, using a two-step procedure. First, eight transitional 

features, including two commonly used in the literature, were scored as categorical characters for 

each presacral in each specimen considered in this study. The parts of the presacral region in 

which the eight transitional features changed from one state to the other were documented in 

extant archosaurs, relative to the first sternal connection. Second, the four transitional features 

that most consistently showed discernible changes in the vicinity of the first sternal connection 

were used to formulate the three classes of criteria for delineating the cervicodorsal region, the 

classes having different strengths and weaknesses. Each class included two of the four selected 

transitional features, one feature defining the anterior limit of the cervicodorsal region and the 

other the posterior limit. The cervicodorsal regions delineated by the three classes of criteria 

were assessed for reliability in birds and crocodylians based on whether they included the first 

sternal connection.  

 Using the three classes of criteria developed based on the data from extant birds and 

crocodylians, the presacrals of the fossil archosaurs in the study sample were regionalized into 

cervicals, cervicodorsals, and dorsals, a procedure that required the anteroposterior order of the 

presacrals to first be established. For articulated specimens, the order of the presacrals was 

known a priori. For disarticulated skeletons with anteroposterior order of the presacrals stated in 

the literature or labelled on/with the specimens, the stated order was accepted (see 

Supplementary Information for the presacral numbering in the original studies). For 

disarticulated presacrals without additional information, the order was established based on 

parapophyseal positioning, presacrals with more dorsally situated parapophyses being considered 

to lie farther posteriorly. This approach is predicated on the observation that the typical condition 
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in archosaurs, seen in almost all the well-preserved, articulated presacral series examined in this 

study, is for the parapophysis to gradually transition from a ventral position on the centrum in 

anterior cervicals to a relatively dorsal position on the neural arch pedicle in posterior dorsals. 

The sole exception is the presacral series of Po. gracilis YPM 51700, a specimen in which the 

presacrals were originally articulated and were labelled before being separated during 

preparation. Po. gracilis YPM 51700 might represent a unique case, as the position of the 

parapophysis follows the usual anteroposterior trend in another poposauroid, Lotosaurus adentus 

IVPP V 4910.  

The patterns of regionalization dictated by applying the three classes of criteria to well-

preserved fossil archosaurs were contrasted, to better assess the utility of each class. As all 

classes of criteria defined the anterior boundary of the cervicodorsal region in the same way, the 

number of cervicals (i.e. cervical count) was consistent across all classes of criteria. Therefore, 

the cervical counts were compared across Archosauria, to infer patterns of cervical count 

evolution in the avian and crocodylian lineages. 

 

2.3 Results 

 2.3.1 Individual transitional features 

 Four of the eight transitional features sampled in this study show relatively consistent and 

discernible morphological shifts adjacent to the first sternal connection. Below, patterns of 

change are described first for these four relatively consistently varying characters, and 

subsequently for the other four, which are less regular in their anteroposterior variation. 

Parapophyseal drift — The parapophysis gradually drifts dorsally across the 

neurocentral suture (NCS) in most archosaur taxa, a condition referred to in this study as 

complete parapophyseal drift. Observed exceptions include most neognaths and the poposauroid 

Po. gracilis (YPM 51700). In most neognaths, the parapophysis either drifts dorsally but remains 

ventral to the NCS, as in all galliforms and most anseriforms (e.g. Meleagris gallopavo (UAMZ 

5351)), or the parapophysis becomes divided by the NCS but never drifts fully onto the neural 
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arch (e.g. Gavia immer (UAMZ 1793)). The former condition is referred to as absence of 

parapophyeal drift, and the latter as partial parapophyseal drift. Accipiter gentilis (UAMZ 5708), 

Aquila chrysaetos (UAMZ 5029), Falco peregrinus (UAMZ 6769), Grus monacha (UAMZ 

6806), and Haliaeetus leucocephalus (UAMZ 5028) were the only five extant birds found to 

display complete parapophyseal drift. In Po. gracilis (YPM 51700), the parapophysis does not 

deviate far from the NCS, but instead fluctuates eight times between being divided by the NCS 

and being positioned dorsal to it. In another poposauroid, Lotosaurus adentus (IVPP V 4910), 

the parapophysis unidirectionally drifts from being positioned ventral to the NCS, to being 

divided by the NCS, and finally to being positioned dorsal to the NCS, as in most archosaurs.  

 In extant crocodylians (e.g. Caiman crocodilus ROM R7707 and ROM R275) and the 

five extant birds with complete parapophyseal drift, the number of presacrals divided by the NCS 

may be one (e.g. Cai. crocodilus (ROM R7707)), two (e.g. Aq. chrysaetos(UAMZ 5029)), three 

(e.g. Gr. monacha (UAMZ 6806)), or five (e.g. Ac. gentilis (UAMZ 5708)). 

 In extant crocodylians, the parapophysis becomes divided by the NCS either one 

presacral anterior to (e.g. Alligator mississippiensis (ROM R395)), on the same presacral as (e.g. 

Cai. crocodilus (ROM R275)), or two presacrals posterior to (e.g. Cai. crocodilus (ROM 

R7707)) the first sternal connection. In the five extant birds with complete parapophyseal drift, 

the parapophysis becomes divided by the NCS either two presacrals anterior to (e.g. Gr. 

monacha (UAMZ 6806)), or on the same presacral as, the first sternal connection (e.g. Ac. 

gentilis (UAMZ 5708)). After becoming divided by the NCS, the parapophysis drifts dorsal to 

the NCS one to five presacrals posterior to the first sternal connection in crocodylians, and in 

four of the five birds with complete parapophyseal drift. In F. peregrinus (UAMZ 6769), the 

parapophysis drifts dorsal to the NCS on one presacral anterior to the first sternal connection, but 

this condition is unique among birds examined in this study. In the 14 extant birds in the sample 

with partial parapophyseal drift, the parapophysis becomes divided by the NCS one presacral 

anterior to (e.g. Bubo virginianus (UAMZ 6846)), on the same presacral as (e.g. Gavia immer 

(UAMZ 1793)), or up to five presacrals posterior to, the first sternal connection (e.g. Pica pica 

(UAMZ 3725)). A noteworthy intrageneric variation is that the parapophysis becomes divided by 

the NCS one presacral anterior to the first sternal connection in Larus californicus (UAMZ 
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5066), but three presacrals posterior to the first sternal connection in Larus delawarensis (UAMZ 

5103). Similar variations occur in some bird species (e.g. Olor columbianus (UAMZ 5229, 

5230)). Overall, the parapophysis becomes divided by the NCS at a level posterior to the first 

sternal connection in most extant crocodylians, and in most extant birds with complete or partial 

parapophyseal drift. 

 Complete parapophyseal drift, as seen in extant crocodylians, was observed in most fossil 

archosaur taxa in our study sample. In five well-preserved cerapodans (e.g. Edmontosaurus 

regalis (CMN 2289), Leptoceratops gracilis (CMN 8889)), the parapophysis shiftts abruptly 

from being ventral to the NCS to being dorsal to it, a condition which was not observed in extant 

birds or crocodylians. Parapophyseal drift could also be observed even in fossil taxa with 

disarticulated presacrals whose anteroposterior order could only be established based on 

parapophyseal position. However, these disarticulated presacral series were all highly 

incomplete, as indicated by the small number of presacrals available in each case, so each of 

them provided only limited information about the pattern of parapophyseal drift in the taxon in 

question. 

Diapophyseal orientation — The diapophysis gradually shifts its orientation from 

ventrolateral to lateral, and a second shift, to dorsolateral, may occur subsequently. At least the 

first shift occurs in almost all taxa sampled in this study. The only exceptions are Po. gracilis 

(YPM 51700) and seven less well-preserved fossil taxa with relatively few presacrals available 

for sampling in this study, in which the diapophysis has the same orientation on all preserved 

presacrals. 

 In almost all extant archosaurs in our sample, except three birds, diapophyseal orientation 

gradually shifts once, from ventrolateral to lateral. Diapophyseal orientation shifts twice in M.  

gallopavo (UAMZ 5351), and three times in Cas. australis (UAMZ 1369) and R. americana 

(UAMZ 1368). In all three of these species the second shift is from lateral to dorsolateral, as is 

typical. In the last one or two presacrals of Cas. australis (UAMZ 1369) and R. americana 

(UAMZ 1368), however, diapophyseal orientation reverts from dorsolateral to lateral. 
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 The shift in diapophyseal orientation from ventrolateral to lateral consistently occurs 

from one to four presacrals anterior to the first sternal connection in extant birds and 

crocodylians. The shift from lateral to dorsolateral takes place one or two preacrals anterior to 

the first sternal connection in Cas. australis (UAMZ 1369) and M.  gallopavo (UAMZ 5351), but 

on the same presacral as the first sternal connection in R. americana (UAMZ 1368). The final 

shift from dorsolateral back to lateral occurs three and four presacrals posterior to the first sternal 

connection in Cas. australis (UAMZ 1369) and R. americana (UAMZ 1368), respectively. 

 The number of observed shifts in diapophyseal orientation shows greater variation in 

fossil taxa than in extant birds and crocodylians. Among the fossil archosaurs examined in this 

study, diapophyseal orientation shifts only once in 25 taxa, twice in ten texa, three times in seven 

taxa, and four times in two taxa, namely Camptosaurus dispar (YPM 1877) and Crocodylus 

grinnelli (YPM 300). Some taxa are represented by well-preserved specimens in which the 

anteroposterior order of the presacrals is known (e.g. Ty. rex (FMNH PR2081) (Brochu, 2003)), 

but for others the only available specimens are relatively poorly preserved ones with 

disarticulated presacrals (e.g. Hesperosuchus agilis (AMNH 6758)) It is possible that the 

distribution of transition counts would be slightly different if every taxon were represented by 

complete and articulated material, but overall patterns are clear. Some fossil taxa (e.g. Sinraptor 

dongi (Currie and Zhao, 1993)) display gradual transitions in diapophyseal orientation as in 

extant birds and crocodylians, but some observed transitions are abrupt, resulting from a single 

presacral that differs in diapophyseal orientation from the anteriorly and posteriorly adjacent 

ones (e.g. the second and third shifts from between the seventh and the ninth preserved 

presacrals in Cro. grinnelli (YPM 300)).  

 Shifts in diapophyseal orientation typically demonstrate similar patterns across closely 

related fossil taxa, and may have both functional and phylogenetic implications. In most fossil 

pseudosuchian taxa, diapophyseal orientation shifts once from ventrolateral to lateral, as in 

extant crocodylians. Only Cro. grinnelli (YPM 300), Simosuchus clarki and two less well-

preserved taxa show evidence of multiple shifts in diapophyseal orientation. By comparison, half 

of the fossil avemetatarsalians in the sample show evidence of multiple shifts. In Le. gracilis 

(CMN 8889) and four less well-preserved fossil taxa (e.g. Majungasaurus crenatissimus 
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(O'Connor, 2007)), diapophyseal orientation shifts directly from ventrolateral to dorsolateral, a 

phenomenon not observed in other taxa. However, this may be a result of incomplete 

preservation at least in the four less well-preserved taxa, because intervening presacrals with 

horizontally oriented diapophyses may originally have been present. In the ceratopsian Le. 

gracilis (CMN 8889), the anteriormost preserved presacral identified as P4 has laterally directed 

diapophyses, but diapophyseal orientation gradually transitions to dorsolateral. Ventrolaterally 

oriented diapophyses are not present on any presacral of Le. gracilis (CMN 8889) but occur in 

two well-preserved ceratopsians (i.e. Montanoceratops cerorhynchus (AMNH 5464) and 

Chasmosaurus belli (NHMUK R4948) (Maidment and Barrett 2011)), suggesting variation in 

patterns of diapophyseal orientation within Ceratopsia.  

Foramen transversarium — The foramen transversarium gradually decreases in size, 

and is entirely absent from the posterior presacrals of most archosaurs in the study sample. The 

only exceptions are extant birds, Si. dongi (Currie and Zhao, 1993), and nine less well-preserved 

taxa, in which the foramen transversarium is present on all preserved presacrals. 

 In extant crocodylians, the foramen transversarium consistently disappears two or three 

presacrals posterior to the first sternal connection (e.g. Al. mississippiensis ROM R395), leaving 

12 or 13 presacrals without foramina transversaria. 

 In most well-preserved fossil taxa outside Theropoda sampled in this study, 10 to 13 

posterior presacrals were observed to lack foramina transversaria, approximately as in extant 

crocodylians. In Lo. adentus (IVPP V 4910), all sampled theropods (e.g. Ty. rex (Brochu, 2003)), 

and two ceratopsians (e.g. Mo. cerorhynchus AMNH 5464), however, fewer than 10 presacrals 

lack foramina transversaria. By contrast, 13 and 15 preserved presacrals lack foramina 

transversaria in the ornithopods Tenontosaurus tilletti (Forster, 1990) and Ed. regalis (CMN 

2289), respectively. Despite these exceptions, a pattern of foramen transversarium loss similar to 

that seen in extant crocodylians is clearly common in fossil archosaurs. The condition seen in 

extant birds may have been acquired in theropods situated phylogenetically closer to birds than 

are tyrannosaurids.        
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Hypapophysis — Well-developed or not, hypapophysis as an anatomical structure is not 

prevalent in fossil archosaurs, but occurs in extant birds and crocodylians, Hesperosuchus agilis 

(AMNH 6758), Junggarsuchus sloani (IVPP V 14010), Hesperornis regalis (YPM 1207), 

Deinonychus antirrhopus (YPM 5204), and Si. dongi (Currie and Zhao, 1993). Unlike in most 

crocodyliforms, all available presacrals of Baurusuchus albertoi (Nascimento and Zaher, 2010) 

and Simosuchus clarki (Georgi and Krause, 2010) lack the hyapophysis, even though both 

species are represented by well-preserved specimens.  

Two general patterns were observed in extant birds and crocodylians. In most extant 

birds, hypapophyses are typically absent on the anterior presacrals, though the first three 

presacrals may carry distinct hypapophyses. Throughout the presacral series, hypapophyses 

become present and well-developed on more than two presacrals in vicinity of the first sternal 

connection, and either remain present on all successive presacrals as in most neognaths (e.g. 

Gallus gallus (UAMZ 5919)) or eventually become absent again as in all palaeognaths (e.g. Cas. 

australis (UAMZ 1369)) and 11 neognaths examined in this study. In Branta canadensis 

(UAMZ 4685), however, the nature of the hypapophysis changes between present and absent six 

times throughout the presacral series. P6 in Ardea herodias (UAMZ 4048) and P14 in L. 

delawarensis (UAMZ 5103) carries hypapophysis, which are absent on the immediately adjacent 

presacrals. In O. columbianus (UAMZ 5229, 5230), the hypapophysis is absent on P20 but is 

present on the immediately adjacent presacrals. In extant crocodylians, unlike in extant birds, 

hypapophyses are present on from anterior cervicals to anterior dorsals, and only become absent 

posterior to the first sternal connection. 

In extant palaeognaths, the hypapophysis disappears one or two presacrals posterior to 

the first sternal connection. In the 11 neognaths in which the hypapophysis disappears close to 

the first sternal connection, the hypapophysis can disappear one presacral before (e.g. Gr. 

monacha (UAMZ 6806)), on the same presacral as (e.g. F. sparverius (UAMZ 4022)), or two to 

five presacrals posterior to (e.g. Ha. leucocephalus (UAMZ 5028)) the first sternal connection. 

In extant crocodylians, the hypapophysis disappears three to five presacrals posterior to the first 

sternal connection. Extant palaeognaths and crocodylians thus resemble one another in that the 
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hypapophysis disappears at a point posterior to the first sternal connection, although the exact 

region in which disappearance occurs differs between the two groups. 

De. antirrhopus (YPM 5204) and Si. dongi (Currie and Zhao, 1993) resemble extant birds 

in having distinct hypapophyses on two presacrals in vicinity of the first sternal connection, but 

not on more anterior and posterior presacrals. In fossil crocodyliforms and J. sloani (IVPP V 

14010), distinct hypapophyses are present on anterior presacrals and absent on posterior ones, as 

in extant crocodylians. In He. agilis (AMNH 6758), hypapophyses are present on all preserved 

presacrals, except one in which the ventral part of the centrum is damaged. The distribution of 

hypapophyses in particular fossil taxa seemingly resembles that observed in their closest extant 

relatives. Hypapophysis is absent on all presacrals in other fossil archosaurs sampled in this 

study. 

Uninformative transitional features — Parapophyseal morphology, presence of neural 

spines, neural spine orientation, and presence of epipophyses are transitional features that do not 

appear to have the potential to act as good indicators of the location of the first sternal 

connection in the archosaurs examined in this study. These four transitional features (1) do not 

display consistent patterns of change in extant archosaurs, and/or (2) are phylogenetically 

variable to the extent that they are only informative in relatively exclusive clades. 

 In all archosaur presacrals examined, the outline of the parapophysis in lateral view could 

be scored as subcircular, anteroposteriorly elongated, or dorsoventrally elongated. In extant 

birds, the parapophysis is anteroposteriorly elongated in the anterior presacrals, and becomes 

subcircular or dorsoventrally elongated in the posterior presacrals. However, four distinct 

patterns of change were observed. In the first pattern, seen in six birds (e.g. Anas rubripes 

(UAMZ 4683)), the parapophysis becomes and remains dorsoventrally elongated. In the second 

pattern, seen in 16 birds, the parapophysis initially becomes subcircular, and only subsequently 

becomes dorsoventrally elongated. The number of subcircular parapophyses in the intermediate 

zone varies, and in posterior presacrals the parapophysis may revert from dorsoventrally 

elongated to subcircular (e.g. Ha. leucocephalus (UAMZ 5028)). In the third pattern, seen in six 

birds, the parapophysis first becomes subcircular, then reverts to anteroposteriorly elongated, and 
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finally becomes either dorsoventrally elongated or subcircular in the posterior preasacrals. In 

Dendragapus canadensis (UAMZ 5702), the parapophysis first changes from anteroposteriorly 

elongated to dorsoventrally elongated, then reverts to anteroposteriorly elongated, and finally 

becomes dorsoventrally elongated again. 

In extant crocodylians, the parapophysis changes from anteroposteriorly elongated to 

subcircular along the presacral series, and two patterns of change are observed. In the first 

pattern, the parapophysis initially becomes dorsoventrally elongated, and subsequently changes 

to subcircular (e.g. Al. mississippiensis (ROM R4406)). In the second pattern, the parapophysis 

initially becomes subcircular, then changes to dorsoventrally elongated, and finally reverts to 

subcircular (e.g. Al. mississippiensis (ROM R395)). Crocodylians thus resemble birds in that the 

parapophysis consistently changes from being anteroposteriorly elongated to having a different 

outline, but also in that anteroposterior elongation of the parapophysis cannot be used to 

unambiguously identify a given presacral as being from the anterior part of the series, because 

the anteroposteriorly elongated condition may eventually reappear in the posterior presacrals.  

 In fossil crocodylomorphs and ornithopods, as in extant archosaurs, the parapophysis is 

anteroposteriorly elongated in the anteriormost presacrals, but changes shape more posteriorly, 

with the specifics varying across taxa. The parapophysis may undergo several such changes 

along the presacral series (e.g. Le. gracilis (CMN 8889)), making patterns difficult to interpret. 

In 12 fossil theropods and ceratopsians (e.g. Mo. cerorhynchus (AMNH 5464)) of this study 

sample, the parapophysis is either subcircular or dorsoventrally elongated on the anteriormost 

presacrals, rather than anteroposteriorly elongated. Given the lack of consistent patterns of 

change in both extant and fossil archosaurs, parapophyseal morphology is unhelpful in 

identifying the cervicodorsal transition.  

 A distinct neural spine that is approximately as tall as the centrum is present on all 

presacrals in extant crocodylians, but is absent on the anterior presacrals of extant birds, which 

bear at most a small, subdued protuberance. The neural spine gradually becomes taller along the 

presacral series. Although a distinct neural spine is typically absent on anterior cervicals, it was 

found on P3 to P6 in 17 birds examined in this study (e.g. Pica pica (UAMZ 3725)). A variation 
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was observed in Ga. immer (UAMZ 1793), in which the neural spine becomes distinct on P6 but 

immediately reverts to being subdued on P7, only to again become distinct four presacrals later 

on P11. Among extant birds included in this study, the minimum number of presacrals without a 

distinct neural spine is five (e.g. Ga. immer (UAMZ 1793)), and the maximum number is 17 (e.g. 

O. columbianus (UAMZ 5229, 5230)). The neural spine consistently becomes distinct anterior to 

the first sternal connection. However, this change can take place one to six, presacrals anterior to 

the first sternal connection. The most extreme case was observed in Cas. australis (UAMZ 

1369), in which the neural spine becomes distinct 12 presacrals anterior to the first sternal 

connection. Absence of a distinct neural spine may thus be unambiguously diagnostic of avian 

cervicals, but presence of a distinct spine is not diagnostic of unambiguous dorsals even in extant 

birds.  

 Only ten of the fossil archosaur taxa examined in this study lacked a distinct neural spine 

on one or more presacrals, including the fossil bird Hp. regalis (YPM 1207), two non-avian 

theropods (Coelurus fragilis (YPM 2010) and Coelophysidae indet. (NMMNH P 61887, 61888, 

61897)), the sauropod Camarasaurus grandis (YPM 1905), five ornithopods (e.g. Ed. regalis 

(CMN 2289), and the stegosaur Stegosaruus stenops (Maidment et al., 2015). In contrast to the 

condition in extant birds, only two ornithopods and St. stenops (Maidment et al., 2015) have 

more than five presacrals lacking a prominent neural spine. Taken together, these observations 

suggest that absence of a distinct neural spine may be a useful character for identifying 

unambiguous cervicals in several specific extinct archosaur clades, but that presence of a distinct 

neural spine is unlikely to be a reliable indicator that a presacral belongs to the dorsal part of the 

column, even in these same groups.   

 Changes in neural spine orientation were observed in nine extant birds and all five 

crocodylians examined in this study. In most of the extant birds, however, the neural spine is 

oriented dorsally on all presacrals with distinct neural spines. Among the nine extant birds that 

show changes in neural spine orientation, there are five (e.g. Pi. pica (UAMZ 3725)) in which 

the change occurs prior to P6 and all distinct neural spines present beyond the point of transition 

are dorsally oriented. In Bu. virginianus (UAMZ 6846), the neural spine is posterodorsally 

oriented on P3 and P4, inconspicuous on P5 to P12, anterodorsally oriented on P13, and dorsally 
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oriented on all successive presacrals. Aq. chrysaetos (UAMZ 5029), Br. canadensis (UAMZ 

4685), and O. columbianus (UAMZ 5229) display patterns of change similar to that seen in Bu. 

virginianus (UAMZ 6846). In Aq. chrysaetos (UAMZ 5029), Bu. virginianus (UAMZ 6846), Br. 

canadensis (UAMZ 4685), and O. columbianus (UAMZ 5229), the first change in neural spine 

orientation after the neural spine variously takes place one, two, three, or five presacrals anterior 

to the first sternal connection. 

In the extant crocodylians examined, except Cai. crocodilus (ROM R7707), the neural 

spine is dorsally oriented on the anterior presacrals, but spine orientation first changes to 

posterodorsal and then reverts back to dorsal along the presacral series. A variation was observed 

in Al. mississippiensis (ROM R4406), in which neural spine orientation undergoes four gradual 

shifts between dorsal and posterodorsals. In Cai. crocodilus (ROM R7707), the neural spine is 

posterodorsally oriented on the anterior presacrals, but neural spine orientation gradually changes 

to dorsal. In these extant crocodylians, the first change in neural spine orientation may take place 

four to six presacrals anterior to (e.g. Cai. crocodilus (ROM R275)), on the same presacral as 

(e.g. Cai. crocodilus (UAMZ unnumbered)), or eight presacrals posterior to (e.g. Cai. crocodilus 

(ROM R7077)), the first sternal connection. Using the posteriormost change in neural spine 

orientation yields similar results in both extant birds and crocodylians.  

 Neural spine orientation shifts along the presacral series in highly variable ways in the 28 

fossil taxa included in this study, as in extant birds and crocodylians. Among the taxa 

represented by well-preserved specimens, neural spine orientation changes from dorsal to 

posterodorsal only once along the presacral series in Mo. cerorhynchus (AMNH 5464), Le. 

gracilis (CMN 8889), Ba. albertoi (Nascimento and Zaher, 2010), and Lo. adentus (IVPP V 

4910). However, the neural spine is anterodorsally oriented on the first three or four preserved 

presacrals in three notosuchians (e.g. Sm. clarki (Georgi and Krause, 2010)), and on the first ten 

preserved presacrals in Lo. adentus (IVPP V 4910). Patterns of change in neural spine orientation 

are highly variable in extant and fossil archosaurs, making this transitional feature unreliable for 

identifying the cervicodorsal transition.  



38 

 

 The epipophysis, a distinct dorsal protuberance on the postzygapophysis, was observed in 

30 extant birds, six fossil theropods (e.g. Co. fragilis (YPM 2010)), the sauropod C. grandis 

(YPM 1905), the ornithopod Cp. dispar (YPM 1877), and two ankylosaurs (e.g. Ankylosaurus 

magniventris (AMNH 5895)), but not in other archosaur taxa. In extant birds, multiple 

transitional patterns were observed. In the first pattern, seen in eight birds (e.g. A. rubripes 

(UAMZ 4683)), the epipophysis is present on the anterior presacrals, and disappears on 

subsequent presacrals. Pi. pica (UAMZ 3725) displays a variation on this pattern, in which the 

epipophysis is conversely absent on the anterior presacrals and present on subsequent presacrals. 

In the second pattern, seen in in R. americana (UAMZ 1368) and O. columbianus (UAMZ 

5230), the epipophysis is absent on the anterior presacrals, becomes distinctly developed on 

subsequent presacrals, and then disappears again. In the third pattern, seen in 19 birds (e.g. Bu. 

virginianus (UAMZ 6846)), the epipophysis switches between being present and absent multiple 

times throughout the presacral series. As the epipophysis comes and goes more than once in most 

birds in the study sample, neither the presence nor the absence of this feature is unambiguously 

diagnostic of a particular region of the presacral column across avian taxa. 

 Non-avian dinosaurs that have the epipophysis differ from extant birds in that this 

structure is distinct on the anterior presacrals but absent on subsequent presacrals, and does not 

reappear towards the posterior end of the presacral series. The presence of the epipophysis may 

thus distinguish anterior from posterior presacrals, but only within non-avian dinosaur clades in 

which this feature occurs in the first place. 

 Summary of findings on transitional features — None of the transitional features 

examined in this study can pinpoint the exact presacral on which the first sternal connection is 

established, at least when considered individually. Nevertheless, parapophyseal position, 

diapophyseal orientation, occurrence of a foramen transversarium, and occurrence of a distinct 

hypapophysis change consistently enough along the presacral series to offer transition points that 

are likely to be within several presacrals of the first sternal connection.  
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2.3.2 Sequential orders of transitional features 

Among the observed changes in the four consistent transitional features in both extant 

birds and crocodylians, only the first shift in diapophyseal orientation consistently takes place 

anterior to the first sternal connection. Movement of the parapophysis to a position dorsal to the 

NCS, disappearance of the foramen transversarium, and loss of a distinct hypapophysis 

predominantly take place following the first sternal connection. The first appearance of a 

parapophysis that is divided by the NCS lacks a consistent relationship with the first sternal 

connection, but is helpful for incorporating archosaur taxa with partial parapophyseal drift (e.g. 

Cas. australis (UAMZ 1369)) for comparisons across Archosauria.  

 The first shift in diapophyseal orientation is the earliest shift in any transitional feature to 

take place in most archosaur taxa examined in this study. The sole exception is De. antirrhopus 

(YPM 5204), in which the parapophysis becomes divided by the NCS one presacral anterior to 

the first shift in diapophyseal orientation. Next, the parapophysis typically becomes divided by 

the NCS. Drift of the parapophysis into a position dorsal to the NCS, loss of a distinct foramen 

transversarium, and disappearance of the hypapophysis occur subsequently, and these changes 

do not consistently occur in any particular sequence. Accordingly, no single sequential order that 

includes all four transitional features could be determined. However, it was nevertheless possible 

to establish four classes of plausible criteria for delineating a distinct cervicodorsal region of the 

vertebral column that is likely to contain, or at least be adjacent to, the first sternal connection. 

Each class of criteria uses the first shift in diapophyseal orientation to mark the beginning of the 

cervicodorsal region (i.e. the first vertebra with laterally rather than ventrolaterally diapophyses 

is the first cervicodorsal vertebra) and a change in one of the remaining three transitional features 

to mark the end of the cervicodorsal region (i.e. identify the first post-cervicodorsal vertebra).  

 The respective gaps between the first shift in diapophyseal orientation and changes of 

other transitional features can be measured in presacral vertebrae. The number of presacrals 

between the first presacral with horizontally orientated diapophysis and the first presacral with a 

parapophysis divided by the NCS range from zero to seven in extant birds with parapophyseal 

drift, one to eight in fossil ornithischians, zero to five in fossil pseudosuchians, two or three in 

extant crocodylians, and zero or one in most fossil theropods. A higher number of presacrals is 
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present between the first presacral with horizontally orientated diapophysis and the first presacral 

with a parapophysis dorsal to the NCS, the count being 13 in Lo. adentus (IVPP V 4910), zero to 

nine in fossil dinosaurs including the fossil bird Hp. regalis YPM 1207, one to six in extant 

birds, one to four in most non-crocodylian pseudosuchians, and four in extant crocodylians. The 

number of presacrals between the first shift in diapophyseal orientation and the disappearance of 

the foramen transversarium is ten in Lo. adentus (IVPP V 4910), zero to nine in fossil dinosaurs, 

zero to five presacrals in most pseudosuchians, and three to five in extant crocodylians. The 

number of presacrals between the first shift in diapophyseal orientation and the disappearance of 

the hypapophysis is one to six in extant birds, five or six in extant crocodylians and fossil 

pseudosuchians, and two in non-avian theropods.    

2.3.3 Transitional criteria for identifying the cervicodorsal transition 

The transitional features considered in this study cannot provide a basis for pinpointing 

the exact location of the first sternal connection, but morphological evidence suggests that the 

first shift in diapophyseal orientation seen in any extinct archosaur can be used to identify the 

first vertebra of a cervicodorsal region that the first sternal connection is almost certainly either 

located within or adjacent to. The last vertebra of the cervicodorsal region, in turn, is delimited 

by one of three other transitions in vertebral morphology that shows a relatively high level of 

positional consistency. The cervicodorsal region used by early anatomists (e.g. (Mivart, 1877)) is 

redefined using the combinations of the first shift in diapophyseal orientation and another 

transitional feature. Three classes of transitional criteria are proposed.  

 The first shift in diapophyseal orientation is from ventrolateral to lateral in all extant and 

most fossil archosaurs sampled in this study, the sole exception among well-preserved specimens 

being Le. gracilis (CMN 8889). In practice, any change in diapophyseal orientation from 

ventrolateral to lateral observed in an incomplete fossil archosaur vertebral column can be 

assumed with minimal uncertainty to represent the first such shift. 
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2.4 Discussion 

2.4.1 Implications of using parapophyseal position as a basis for anteroposterior 

ordering of presacrals 

In this study, dorsoventral parapophyseal location was used as a basis for establishing the 

anteroposterior order of disarticulated presacrals in fossil archosaurs, presacrals with more 

dorsally placed parapophyses being assigned more posterior positions. Once anteroposterior 

order had been determined, the distributions of several transitional features along the presacral 

series were documented. Use of parapophyseal location as the ordering criterion potentially 

introduced a subtle bias, as two of the transitional features (i.e. parapophyseal drift, and presence 

or absence of a foramen transversarium) are related to the position of the parapophysis on the 

presacrals. More dorsally positioned parapophyses were naturally more likely to lie dorsal to the 

NCS, or at least be divided by the NCS, than to lie ventral to the NSC, and presacrals with more 

dorsally positioned parapophyses were more likely to lack foramina transversaria because of 

close association of the parapophysis with the diapophysis. If parapophyseal location is 

unreliable as a basis for determining the anteroposterior sequence of a series of disarticulated 

presacrals, then some presacrals in such series are being incorrectly placed too far posteriorly in 

our analysis. Relative to their true anterior and posterior neighbors, the presacrals being placed 

too far posteriorly will have dorsally displaced parapophyses, and may therefore lack a foramen 

transversarium when this feature is present in their neighbors, have a parapophysis that lies 

dorsal to the NCS when their neighbors have one that lies on or ventral to the NCS, or have a 

parapophysis that lies on the NCS when their neighbors have one that lies ventral to the NCS. As 

a result, the number of observed shifts in parapophyseal position relative to the NCS and in 

presence of the foramen transversarium may be artificially reduced, and the locations of the 

shifts may be artificially displaced posteriorly along the presacral series.  

However, this bias likely had at most a minor effect on the findings reported herein, for 

the following reasons. In most neognaths sampled in this study, the parapophysis remains ventral 

to the NCS throughout the presacral column, despite drifting closer to the NCS along the series. 

Accordingly, some taxa lack a scorable shift in parapophyseal position that could be affected by 

errors in establishing the anteroposterior order of the presacrals. Disappearance of the foramen 

transversarium is universal, but the correlation between presence of a foramen transversarium 
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and dorsoventral position of the parapophysis is imprecise, so a presacral with a slightly more 

dorsally placed parapophysis is not necessarily less likely to have an open foramen 

transversarium. Therefore, parapophyseal drift and occurrence of a foramen transversarium can 

be legitimately scored as transitional features on disarticulated preacrals whose anteroposterior 

order has been established based on the dorsoventral position of the parapophysis.   

  The relationship between parapophyseal position and presence of a foramen 

transversarium is complex. If the parapophysis lies ventral to the NCS, a foramen transversarium 

is invariably present, based on data collected in this study. In taxa in which the parapophysis 

shifts to a position dorsal to the NCS, however, this shift may take place anterior to, on the same 

presacral as, or posterior to disappearance of the foramen transversarium (e.g. extant 

crocodylians (ROM R395, 7707), Ty. rex (Brochu, 2003)). Parapophyseal drift relative to the 

NCS therefore cannot be used as an unambiguous proxy for presence/absence of a foramen 

transversarium. Alternatively, the two transitional features (i.e. parapophyseal drift and foramen 

transversarium) can be combined into one feature, in which the disappearance of the foramen 

transversarium becomes a state of parapophyseal drift and is identified by the parapophyseal 

position being immediately ventral to the diapophysis. Combining parapophyseal drift and 

presence of a foramen transversarium in this way would be feasible for extant birds and 

crocodylians, and for fully prepared fossil archosaur specimens. In some fossil archosaur 

specimens in which the presacral vertebrae remain in articulation with the corresponding ribs, 

however, the locations of the parapophyses may be difficult to observe (Drysdale et al., 2019). 

Treating the foramen transversarium as a separate transitional feature allows character states for 

this feature to be scored based on whether a visible, distinct gap exits between the vertebra and 

vertebral rib, and the topological relationship between the capitulum and tuberculum, potentially 

increasing the number of fossil archosaur taxa that can be sampled in future studies.  

2.4.2 Comparisons among three classes of transitional criteria 

Among the three classes of transitional criteria, the Type I Diapophysis-Parapophysis 

(DP) criteria can be applied to most of the archosaur taxa considered in this study, the exceptions 

being De. antirrhopus (YPM 5204), Po. gracilis (YPM 51700), five cerapodans, one 

indeterminate ceratopsid (AMNH 5422), and 12 taxa represented only by less well-preserved 
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specimens. In De. antirrhopus (YPM 5204), the parapophysis becomes divided by the NCS 

before diapophyseal orientation becomes lateral. In Po. gracilis (YPM 51700), the parapophysis 

lacks a clear transitional pattern, fluctuating along the column in its dorsoventral position with 

respect to the NCS. In the five cerapodans and AMNH 5422, the parapophysis goes directly from 

being ventral to the NCS to being dorsal to the NCS, without ever being divided by the NCS. 

The Type II DP criteria, by contrast, can be applied regardless of whether the parapophysis is 

ever divided by the NCS. However, the Type II DP criteria cannot be applied in most neognaths, 

in which the parapophysis never drifts dorsal to the NCS, or in De. antirrhopus (YPM 5204), Po. 

gracilis (YPM 51700), and two taxa represented only by less well-preserved specimens. The 

Diapophysis-Foramen-Transversarium (DFT) criteria are the most versatile, being applicable to 

the vast majority of the archosaurs in the sample. The only exceptions are the consistently 

problematic Po. gracilis (YPM 51700) and three taxa represented only by less well-preserved 

specimens. The Diapophysis-Hypapophysis (DH) criteria can be applied to most of the theropods 

and crocodylomorphs in the sample that possess distinct hypapophyses, the exceptions being Br. 

canadensis (UAMZ 4685), Hp. regalis (YPM 1207), and two pseudosuchian taxa represented by 

less well-preserved specimens. The advantages and disadvantages of each class of criteria are 

discussed here, with a focus on how each class of criteria performs when applied to the various 

archosaur taxa in the sample. 

Type I DP criteria — The Type I DP criteria regionalise the presacrals into cervicals, 

cervicodorsals, and dorsals in the extant birds and crocodylians in the sample, and the first 

sternal connection is often located within or immediately posterior to the cervicodorsal region.   

Across the five palaeognaths and 14 neognaths in the sample, the presacrals are 

regionalized into cervicals, cervicodorsals, and dorsals in five ways. (1) In four palaeognaths and 

six neognaths, the first sternal connection is located in the cervicodorsal region, which includes  

two to seven presacrals and is situated between P12 and P26 inclusively. CD1 is positioned one 

to three presacrals anterior to the first sternal connection, and D1 is positioned one to four 

presacrals posterior to the first sternal connection. (2) In five neognaths, the first sternal 

connection is located on D1, and CD1 is positioned one to three presacrals anterior to the first 

sternal connection. The cervicodorsal region includes one to three presacrals and is situated from 



44 

 

P13 to P17. (3) In Cas. australis (UAMZ 1369) and three neognaths, the first sternal connection 

is on a dorsal posterior to D1, and the cervicodorsal region includes only one or two 

cervicodorsals, situated either between P13 and P14 or between P17 and P19. CD1 is positioned 

two to four presacrals anterior to the first sternal connection, and D1 is positioned one or two 

presacrals anterior to the first sternal connection. (4) There is no cervicodorsal region in F. 

peregrinus (UAMZ 6769), as diapophyseal orientation shifts to lateral on the same presacral on 

which the parapophysis becomes divided by the NCS. D1 is positioned two presacrals anterior to 

the first sternal connection. (5) In all seven galliforms included in the study, and most 

anseriforms, the presacrals are regionalized into cervicals and cervicodorsals, as the 

parapophysis remains ventral to the NCS on all presacrals. The first sternal connection is located 

within the cervicodorsal region, which includes five to seven presacrals and is situated between 

P14 and P24. CD1 is positioned one to three presacrals anterior to the first sternal connection.  

In all five extant crocodylians in the sample, the presacrals are regionalized into 

cervicals, cervicodorsals, and dorsals in one of three ways. (1) In Cai. crocodilus (ROM R7077) 

and Al. mississippiensis (ROM R4406), the first sternal connection is located within the 

cervicodorsal region, which comprises three presacrals (from P9 to P11). CD1 and D1 are 

positioned one presacral anterior and two presacrals posterior to the first sternal connection, 

respectively. (2) In Cai. crocodilus (ROM R275), the first sternal connection is located on D1, 

and only P8 and P9 are identified as cervicodorsals. In Cai. crocodilus (UAMZ unnumbered), 

the first sternal connection is located on D1, and CD1 is positioned two presacrals anterior to the 

first sternal connection. Therefore, Type I DP criteria can sometimes pinpoint the first dorsal in 

the same way as regionalisation based on the first sternal connection. (3) In Al. mississippiensis 

(ROM R395), the first sternal connection is located in the dorsal region, and only P7 and P8 are 

identified as cervicodorsals. CD1 and D1 are positioned three presacrals and one presacral 

anterior to the first sternal connection, respectively.  

Under the Type I DP criteria, the first sternal connection is commonly located either in 

the cervicodorsal region or on D1 in extant birds and crocodylians, notwithstanding the 

variations described above. As the total presacral count is known in extant birds and 

crocodylians, the ratio of cervicals to cervicodorsals to dorsals can be determined for particular 



45 

 

sets of taxa in the study sample, based on the average count for each region. The average ratio is 

12:7:0 in extant galliforms and those anseriforms lacking a dorsal region, 4:1:1 in other extant 

birds, and 5:2:17 in extant crocodylians.  

The vertebral counts of the cervical, cervicodorsal and dorsal regions can be ranked with 

a high degree of certainty in relatively well-preserved specimens that have ten or more preserved 

presacrals. In most fossil taxa represented by such specimens, the dorsal count is higher than the 

cervical count, which is in turn higher than the cervicodorsal count, as in extant crocodylians. 

Unlike extant birds and crocodylians, the cervical count is only three and the cervicodorsal count 

is eight in St. stenops (Maidment et al., 2015). Unlike the other fossil taxa, Si. dongi (Currie and 

Zhao, 1993), Sm. clarki (Georgi and Krause, 2010), and Edentosuchus tienshanensis (IVPP V 

3236) lack a cervicodorsal region, as in the neognath F. peregrinus (UAMZ 6769). 

Type II DP criteria — In the extant birds and crocodylians in the sample, other than F. 

peregrinus (UAMZ 6769) and those neognaths to which the Type II DP criteria are inapplicable, 

the presacrals are regionalized by these criteria into cervicals, cervicodorsals, and dorsals, and 

the first sternal connection is consistently located in the cervicodorsal region. 

The presacrals are regionalized in three ways in extant birds. (1) In most extant birds, 

complete parapophyseal drift is absent. All presacrals posterior to the first shift in diapophyseal 

orientation are accordingly identified as cervicodorsals, and the cervicodorsal count ranges from 

four to eight. CD1 is positioned one to three presacrals anterior to the first sternal connection. (2) 

In four of the five extant birds with complete parapophyseal drift, the cervicodorsal region 

includes three to six presacrals and is situated from P13 to P21. CD1 is positioned one, two, or 

four presacrals anterior to the first sternal connection, and D1 is positioned one, two, or five 

presacrals posterior to the first sternal connection. (3) In F. peregrinus (UAMZ 6769), the first 

sternal connection is located within the dorsal region. CD1 and D1 are positioned two and one 

presacrals anterior to the first sternal connection, respectively. 
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In extant crocodylians, the cervicodorsal region consistently includes four presacrals, 

situated from P7 to P12. CD1 and D1 are positioned one to three presacrals anterior and posterior 

to the first sternal connection, respectively.  

In extant archosaurs, the first sternal connection is commonly located within the 

cervicodorsal region. Average C:CD:D ratios are broadly similar to those resulting from use of 

the Type I DP criteria, namely 2:1:0 for most birds, 11:4:4 for the five extant birds with complete 

parapophyseal drift, and 5:4:15 for extant crocodylians. 

In fossil taxa with ten or more preserved presacrals, the greatest number of presacrals 

may be present in either the cervical region (Si. dongi (Currie and Zhao, 1993)), the 

cervicodorsal region (e.g. Lo. adentus (IVPP V 4910)), or the dorsal region (e.g. Cro. grinnelli 

(YPM 300)). The cervical region contains the greatest number of presacrals only in Si. dongi 

(Currie and Zhao, 1993), among taxa in the sample. Consistent ranking in the number of 

cervicals, cervicodorsals, and dorsals is only evident among species of cerapodans, and among 

species of Stegosaurus, respectively. Among the sampled species of both clades, the dorsal 

region contains the greatest number of presacrals, as in extant crocodylians.  

DFT criteria — In the extant birds in the study sample, the presacrals are regionalized 

by the DFT criteria into cervicals and cervicodorsals only, whereas in the extant crocodylians the 

presacrals are regionalized into cervicals, cervicodorsals, and dorsals.  

In extant birds, all presacrals posterior to the first shift in diapophyseal orientation are 

identified as cervicodorsals, and the cervicodorsal count ranges from four to nine. As a result, the 

DFT regionalization is identical to the Type II DP regionalization in most extant birds. The 

exceptions are the five birds with complete parapophyseal drift, in which the DFT criteria place 

CD1 one to four presacrals anterior to the first sternal connection.  

The first sternal connection is consistently located within the cervicodorsal region in all 

five extant crocodylians, though the exact location varies. (1) In Cai. crocodilus (ROM R275, 

7707, UAMZ unnumbered), four presacrals (either P8 to P11, or P9 to P12) are identified as 

cervicodorsals, as in the Type II DP regionalization. CD1 is therefore positioned one or two 
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presacrals anterior to the first sternal connection, and D1 is positioned two or three presacrals 

posterior to the first sternal connection. (2) In Al. mississippiensis (ROM R395, 4406), either 

three (P9 to P11) or five (P7 to P11) presacrals are identified as cervicodorsals. CD1 is 

positioned either one or three presacrals anterior to the first sternal connection, and D1 is 

positioned two presacrals posterior to the first sternal connection. 

 The average C:CD:D ratio is 2:1:0 for extant birds and 5:4:15 in extant crocodylians, 

values identical to those resulting from use of the Type II DP criteria. 

In fossil taxa with ten or more preserved presacrals, no consistent ranking among the 

vertebral counts of the presacral regions is evident. However, the dorsal count is consistently the 

highest in ornithischians (e.g. Mo. cerorhynchus (AMNH 5464)) and the three well-preserved 

crocodyliforms in the study sample (e.g. Cro. grinnelli (YPM 300)), and is followed by either the 

cervical or the cervicodorsal count. The cervicodorsal count is the same as the dorsal count in 

Iguanodon bernissartensis (Norman, 1980) and Necrosuchus ionensis (AMNH 3219), but this 

finding may be biased by taphonomic factors if additional dorsals were originally present but 

have not been preserved or sampled. Unlike in ornithischians, the cervicodorsal count is the 

highest in non-avian theropods and Lo. adentus (IVPP V4910). The dorsal count is zero in Si. 

dongi (Currie and Zhao, 1993), as in extant birds, but De. antirrhopus (YPM 5204) has at least 

one dorsal despite having close avian affinities (Pittman et al., 2020). 

 DH criteria — Presacrals in extant birds are typically regionalised in one mode with a 

few examples deviated from it, whereas presacrals in crocodylians is consistently regionalised in 

the same way. The first sternal connection is often located either within or immediately posterior 

to the cervicodorsal region. Br. canadensis (UAMZ 4685) is the only extant bird in which the 

DH criteria could not be applied, because the hypapophysis undergoes multiple shifts between 

distinct and absent after the diapophyseal orientation shifts to lateral.  

 In extant birds, the presacrals may be regionalized into cervicals, cervicodorsals, and 

dorsals in any of three ways. (1) In 16 extant birds, the hypapophysis shifts from conspicuous to 

inconspicuous after the first shift in diapophyseal orientation, and the presacrals are therefore 
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regionalized into cervicals, cervicodorsals, and dorsals. The cervicodorsal region includes two to 

six presacrals, situated from P12 to P22. The first sternal connection is located within the 

cervicodorsal region in 13 of the 16 birds. CD1 is positioned one to three presacrals anterior to 

the first sternal connection, and D1 is positioned one to five presacrals posterior to the first 

sternal connection. (2) In F. peregrinus (UAMZ 6769) and Pelecanus erythrorhynchos (UAMZ 

5181) of the remaining three birds deviated from the typical mode, CD1 is positioned two or 

three presacrals anterior to the first sternal connection, which is located on D1. In Gr. monacha 

(UAMZ 6806), CD1 and D1 are respectively positioned four and one presacrals anterior to the 

first sternal connection, which is located within the dorsal region. In 11 extant birds, the 

hypapophysis is distinct on all presacrals posterior to the first shift in diapophyseal orientation, 

so the presacrals are regionalized into cervicals and cervicodorsals. The cervicodorsal region 

includes five to eight presacrals, situated from P13 to P28. CD1 is positioned one to three 

presacrals anterior to the first sternal connection. (3) In O. columbianus (UAMZ 5229) and L. 

delawarensis (UAMZ 5103), the presacrals are regionalised into cervicals and dorsals, as the 

first presacral without a conspicuous hypapophysis is also the first with laterally oriented 

diapophyses. D1 is positioned two presacrals anterior to the first sternal connection. The DH 

criteria may not regionalize the presacrals consistently in birds that display multiple shifts 

between the presence and absence of conspicuous hypapophyses. For example, the DH criteria 

regionalize the presacrals into cervicals and dorsals in O. columbianus (UAMZ 5229), and into 

cervicals and cervicodorsals in O. columbianus (UAMZ 5230). 

 In all five extant crocodylians, the DH criteria regionalize the presacrals into cervicals, 

cervicodorsals, and dorsals. The first sternal connection is consistently located with the 

cervicodorsal region, and the cervicodorsal region includes five or six presacrals, situated from 

P7 to P14. CD1 is one to three presacrals anterior to the first sternal connection, and D1 is three 

to five presacrals posterior to the first sternal connection. 

 The average C:CD:D ratio is 12:4:3 in most extant birds, 11:7:0 in birds with only 

cervicals and cervicodorsals, 2:0:1 in birds with only cervicals and dorsals, and 5:6:13 in extant 

crocodylians. 
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 Among fossil specimens in the study sample, the DH criteria can only be applied to two 

theropods and 12 crocodylomorphs. In Si. dongi (Currie and Zhao, 1993), the dorsal region 

includes the greatest number of presacrals, followed by the cervical region. In De. antirrhopus 

(YPM 5204), the cervical and dorsal counts are both three, which is one presacral more than the 

two cervicodorsals. This is likely a taphonomic artifact given that only eight presacrals are 

present in this specimen. Fossil crocodylomorphs with more than ten preserved presacrals 

uniformly resemble extant crocodylians in that the dorsal region contains the highest number of 

presacrals, followed by the cervicodorsal region, whereas counts of each region are too variable 

to be informative in less complete fossil crocodylimorphs. It is likely that the dorsal region 

consistently contains the most presacrals in fossil theropods and crocodylomorphs under the DH 

criteria, but additional sampling would be needed to confirm this. 

 Special cases — For almost all well-preserved archosaur specimens in the study sample, 

the presacrals are regionalized into cervicals, cervicodorsals, and dorsals by at least one class of 

transitional criteria. In all seven galliforms and two anseriforms in the sample, however, the 

presacrals are regionalized into only cervicals and cervicodorsals.  

 Le. gracilis (CMN 8889) is the only well-preserved specimen in which all the preserved 

presacrals are regionalized into only cervicodorsals and dorsals by Type II DP and DFT criteria, 

there being six of the former and 11 of the latter. The first preserved presacral sampled in this 

study in Le. gracilis (CMN 8889) is labelled as P4, and the first post-syncervical presacral in 

both Ch. belli (NHMUK R4948) (Maidment and Barrett 2011) and the first preserved presacral 

Mo. cerorhynchus has likewise been identified in the literature as P4 (Brown and Schlaikjer, 

1942, Maidment and Barrett, 2010). CD1 is the second post-syncervical presacral in Ch. belli 

(Maidment and Barrett, 2010), and the fourth preserved presacral presacral in Mo. cerorhynchus 

(AMNH 5464). Occurrence of the first shift in diapophyseal orientation within the anteriormost 

part of the presacral series may be a general feature of euceratopsians, with Le. gracilis (CMN 

8889) as an exception. 

 Selecting transitional criteria — None of the three classes of transitional criteria 

considered above is clearly superior to the others. In any study that adopts the general approach 
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introduced here, the choice of transitional criteria will need to be made carefully, taking into 

account the study’s objectives and taxonomic scope. None of the three classes can be applied 

across the entire diversity of Archosauria, so investigators will wish to avoid choosing a class 

that is inapplicable to at least some of the taxa of interest. Moreover, the variations among 

species discussed above suggest that transitional features sampled in this study for criteria may 

have been altered by functional demands and phylogenetic inheritance in the long evolutionary 

history of archosaur. Therefore, the transitional criteria introduced above would inevitably 

contain some functional and phylogenetic signals, which could potentially impact the reliability 

of the transitional criteria for studies with a broad scope across the Archosauria. Three specific 

recommendations are proposed here. (1) The Type II DP criteria are likely to be appropriate for 

studies that include extant birds, extant crocodylians, and fossil archosaurs, whereas the Type II 

DP and the DH criteria are equally promising for studies that only include pseudosuchians. (2) 

The DFT and DH criteria can be used to avoid dependency on parapophyseal position, but care 

will need to be taken if extant birds are included in the study. (3) The Type I DP criteria may be 

useful for estimating minimum cervicodorsal counts, or for ranking the cervical, cervicodorsal 

and dorsal regions according to the number of presacrals they contain. 

2.4.3 Implications for the evolution of cervical count in archosaurs 

Under all three classes of transitional criteria, the first shift in diapophyseal orientation, 

from ventrolateral to lateral, is used to identify the transition from cervicals to dorsals. The 

(postaxial) cervical count is therefore consistent across classes of transitional criteria, and can be 

compared across studies in which different criteria have been used. Although the sample size of 

this study is limited, basic inferences can be drawn regarding evolutionary transitions in cervical 

count. Well-preserved fossil taxa in which the order of the presacrals is known are given 

particular weight in the following discussion, and the two types of DP criteria are used where 

discussion of cervicodorsal and dorsal counts is necessary. 

Cervical counts of nine or greater are observed only in extant birds, whereas 

comparatively low counts of three to six are observed in extant crocodylians. Either extant birds 

or crocodylians may theoretically be closer to the plesiomorphic archosaurian condition. In most 

fossil pseudosuchians (e.g. Sm. clarki, Sebecus icaeorhinus (Georgi and Krause, 2010, Pol et al., 
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2012)), three to six cervicals are identified, positioned from P3 to P8, and fewer than four 

presacrals are identified as cervicodorsals. The only clear exception is observed in Lo. adentus 

(IVPP V 4910) in which seven cervicals are identified, positioned from P3 to P9. Lo. adentus 

(IVPP V 4910) is further distinguished from other pseudosuchians in that five or 13 presacrals 

are identified as cervicodorsals using the Type I and Type II DP criteria, respectively. Taken 

together with the unusual, fluctuating pattern of parapophyseal placement described above for 

Po. gracilis, the condition seen in Lo. adentus suggests that the evolution of the presacral series 

may have been relatively unconstrained in poposauroids. Outside Poposauroidea, however, the 

regionalization of the presacrals likely remained largely uniform in fossil pseudosuchians. 

Although considerable differences in habitat and lifestyle existed across Pseudosuchia, with taxa 

varying from carnivorous to herbivorous and from terrestrial to marine (Georgi and Krause, 

2010), this ecological diversity may not have resulted in a commensurate range of functional 

demands on the presacral series, or by extension a commensurate range of regionalization 

schemes.  

 Compared to pseudosuchians, non-avian dinosaurs appear to have been more diverse in 

their patterns of presacral regionalization, based on hints provided by the study sample. In the 

two theropods represented by well-preserved specimens, Ty. rex (Brochu, 2003) and Si. dongi 

(Currie and Zhao, 1993), the anteriormost six presacrals are identified as cervicals, and eight and 

five presacrals, respectively, as cervicodorsals, by the Type II DP criteria (cervicodorsal counts 

are one and zero, respectively, under the Type I DP criteria). The cervicodorsal counts in Ty. rex 

and Si. dongi resemble those of extant birds, but Ty. rex differs from extant birds in that the 

number of cervicodorsals exceeds the number of cervicals under the Type II DP criteria. 

Previous studies have identified eight post-axial cervicals in fossil theropods, including at least 

one fossil bird (e.g., Coelophysis bauri, Linheraptor exquisitus, Sapeornis chaoyangensis) (Zhou 

and Zhang, 2003, Rinehart et al., 2009, Xu et al., 2015).  

  A low cervical count is observed in most ornithischians in the study sample. The 

ceratopsians, except Le. gracilis (CMN 8889), have three or fewer cervicals, positioned from P4 

to P6. The next two to four presacrals are identified as cervicodorsals. The low cervical count in 

ceratopsians reflects the fact that the first shift in diapophyseal orientation takes place among the 
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anteriormost presacrals. The presence of a syncervical in ceratopsian would also reduce the 

number of cervicals available for regionalisation. In most ornithopods and St. stenops (Maidment 

et al., 2015), there are two or three cervicals and five, six or nine cervicodorsals under the Type 

II DP criteria (compared to one to eight cervicodorsals under the Type I DP criteria). However, 

six cervicals and four cervicodorsals are present in Te. tilletti (Forster, 1990) under the Type II 

DP criteria (the Type I DP criteria are not applicable), counts that resemble those for Ty. rex 

(Brochu, 2003), Si. dongi (Currie and Zhao, 1993) and most pseudosuchians.  

 Overall, the low cervical count in extant crocodylians likely represents the plesiomorphic 

archosaur condition as the high cervical counts are restricted to birds in this study sample. This 

would unfortunately align with the infamous misconception that crocodylians are in some sense 

“living fossils”. The low cervical count was retained in most pseudosuchians, and further 

reduced in many ornithischians. The high cervical count observed in extant birds might not have 

appeared until after the origin of Avialae.      

 2.4.3. Implications for pulmonary morphology in archosaurs 

 In extant birds, the immobile lung is fixed to the thoracic ceiling and functions solely as 

an apparatus for gas exchange, as air is ventilated into and out of the lung via changes in the 

pressure applied to pneumatic sacs attached to the ribcage (Scanes, 2015). Being positioned 

ventrolaterally on the vertebral centra, the parapophyses likely restricts the capitulum of the 

vertebral ribs to be positioned lateral to the vertebral centrum, which could contribute to 

immobilizing the avian lung (Maina, 2002, Brocklehurst et al., 2018). The fact that the 

parapophyses are relatively ventral in position over a large portion of the presacral series has 

been adduced as evidence for the presence of a heterogeneous, multi-chambered, avian-like lung 

in fossil theropods (e.g., Ty. rex, Si. dongi) (Schachner et al., 2009, Brocklehurst et al., 2018).  

 The parapophysis remains ventral to, or divided by, the NCS on the first 14 and 11 

preserved presacrals in Ty. rex and Si. dongi respectively, which hints at the presence of an 

avian-like, rigid lung as inferred by Schachner et al. (2009). However, ventral positioning of the 

parapophysis throughout most of the presacral series is not unique to theropods. In the 

poposauroid Lo. adentus (IVPP V4910), but not in the other pseudosuchians in our study sample, 
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the parapophysis is ventral to or divided by the NCS from P3 to P22. However, a rigid lung was 

likely absent in Lo. adentus (IVPP V4910), given the lack of vertebral pneumaticity. Movements 

of the ribcage have been found to contribute to both respiration by rhythmical expansion of the 

ribcage to generate airflow and locomotion by undulating the trunk in squamates (Brainerd et al., 

2016, Capano et al., 2019, Cieri et al., 2020). There is no direct evidence that the thorax has, or 

had, a locomotor role in archosaurs. Multiple congruent osteological correlates may be needed to 

justify inferring the presence of avian-like pulmonary structures in fossil taxa from anatomical 

evidence, which should be interpreted with caution.  

 In extant crocodylians, the “hepatic piston” mechanism is achieved by M. 

diaphragmaticus pulling the viscera posteriorly to generate inspiratory airflow, which can then 

passively rebound anteriorly (Carrier and Farmer 2000a; Farmer and Carrier 2000). In 

crocodyliforms leading to extant crocodylians, the pubis can be elevated and depressed by a 

small amount relative to the rest of the pelvis, which potentially would secondarily enhance the 

effects of the “hepatic piston”.  (Claessens, 2004, Claessens and Vickaryous, 2012). A form of 

visceral pump resembling the “hepatic piston” has been considered plesiomorphic for archosaurs 

(Carrier and Farmer, 2000). Anteroposterior movement of the viscera may require a smooth 

thoracic ceiling, which results in extant crocodylians from dorsal drift of the parapophysis onto 

the neural arch to unite with the diapophysis (transverse process) along the presacral series 

(Schachner et al., 2011). By contrast, two important studies (Schachner et al., 2011, Brocklehurst 

et al., 2018) examined the degree of separation between the parapophysis and diapophysis in a 

wide variety of dinosauriforms, for vertebrae that had been previously identified in the literature 

as dorsals, and concluded that the gap between the two processes was large enough to suggest 

absence of a crocodylian-like hepatic piston. A caveat, however, is that consistent criteria may 

not have been used to distinguish the ‘dorsals’ from the rest of the presacral series. Based on the 

well-preserved fossil archosaur taxa examined in the present study, a different inference may be 

drawn regarding the evolution of the hepatic piston mechanism, if the DFT criteria are applied. 

In the extant crocodylians in the sample, the foramen transversarium disappears on P13 or P14, 

as reported in the literature (Schachner et al., 2011). In fossil crocodylomorphs, the foramen 

transversarium is present on the first six to ten preserved presacrals, and absent on the following 

presacral. Assuming the presacral series to be largely complete in these well-preserved 
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specimens, the foramen transversarium in fossil crocodylomorphs seems to consistently 

disappear no further posteriorly than the true P12 (ten preserved presacrals + atlas + axis). By 

comparison, the foramen transversarium is present on the first five or six preserved presacrals in 

ceratopsians, on the first eight to ten preserved presacrals in ornithopods and Ak. magniventris 

(AMNH 5985), and on the first 12 presacrals in St. stenops (Maidment et al., 2015). Accounting 

for the atlas and axis, disappearance of the foramen transversarium, potentially interpretable as 

defining the anterior boundary of the dorsal region, appears to take place anterior to P14 in 

ornithopods, Ak. magniventris (AMNH 5895), and St. stenops, and anterior to P9 in ceratopsians. 

Therefore, a smooth thoracic ceiling and a form of visceral pump could have been present not 

only in crocodylomorphs, but also in ornithischians, as has been suggested for 

Heterodontosaurus (Radermacher et al., 2021). However, drift of the parapophysis onto the 

neural arch along the presacral series could be an adaptation to increase the range of 

vertebrocostal motion, as demonstrated by a cineradiographic study on the ventilation of Al. 

mississippiensis (Claessens, 2009), rather than an adaptation to uniquely facilitate “hepatic 

piston” style ventilation. As many archosaur taxa considered in this study have parapohpysis 

drifts dorsal to the NCS and onto the neural arch, they would presumably have a smooth thoracic 

ceiling. We postulate that an anatomical foundation for increasing the range of vertebrocostal 

motion and for the advent of “hepatic piston” might have been plesiomorphic for archosaurs, but 

its initial function remains uncertain. 

 

2.5 Conclusions 

(1) Sampled transitional features of the preascrals could not consistently identify the first sternal 

connection as D1. 

(2) The Type II DP criteria among the three classes is most promising at locating the first sternal 

connection in the cervicodorsal region. 

(3) Ancestral archosaurs likely have low cervical counts as in extant crocodylians, and the high 

cervical counts in extant birds may be obtained after the origin of Avialae. 
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Tables 

Table 2. 1 List of archosaur taxa sampled for transitional features (see Supplementary 

Information for the full list of taxa and the sequential orders of presacrals where available) 

Pseudosuchia Avemetatarsalia 

Clade Number of Taxa Clade Number of Taxa 

Crocodylia 11 Aves 26 

Pholidosauridae 1 Hesperornithidae 1 

Dyrosauridae 2 Tyrannosauroidea 2 

Thalattosuchia 1 Allosauroidea 4 

Ziphosuchia 4 Ceratosauria 1 

Protosuchidae 1 Coelophysidae 1 

“Sphenosuchia” 3 Camarasauridae 1 

Poposauroidea 2 Ceratopsia 4 

Gracilisuchidae 1 Ornithopoda 7 

Rauisuchidae 1 Stegosauridae 3 

Phytosauria 2 Ankylosauria 3 

  Dromaeosauridae 1 

  Basal avemetatarsalians 2 
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Table 2. 2. Definition of the eight transitional features examined in this study (see 

Supplementary Information for detailed definition of the transitional features) 

Transitional 

features 

Definitions  

Parapophyseal 

drift 

The position of the parapophysis drifts from a position ventral to the 

neurocentral suture (NCS), to a position divided by the NCS, and to a 

position dorsal to the NCS.  

The parapophysis may drift dorsal to the NCS without being divided by it, 

and the parapophysis on posterior presacrals may merge with the 

diapophysis/transverse process. 

Diapophyseal 

orientation 

The diapophyseal orientation shifts from ventrolateral to lateral, or from 

lateral to dorsolateral.  

After the initial shift from ventrolateral to lateral, the laterally oriented 

diapophysis can shift secondarily from lateral to dorsolateral on successive 

presacrals.  

Foramen 

transversarium 

The foramen transversarium formed by presacrals and presacral ribs 

becomes smaller and disappears posteriorly. 

In the absence of presacrals ribs, the foramen transversarium is interpred as 

absent if the parapophysis drifts to a position immediately next to or merged 

with the diapophysis. 

Hypapophysis The hypapophysis changes from being a distinct, ventral blade to 

inconspicuous or absent 

Parapophyseal 

morphology 

The outline of the parapophysis in lateral view changes from 

anteroposteriorly elongated, to subcircular, and to dorsoventrally elongated.  

Neural spine 

absence 

The neural spine changes from being absent or small protuberance, to a 

distinct blade with the height that approximate the height of the centrum 

Neural spine 

orientation 

The neural spine orientation changes from anterodorsal to posterodorsal, and 

to dorsal. Alternatively, the neural spine orientation could change from 

posterodorsal to dorsal.  

Epipophysis Epipophysis changes from being a distinct protuberance to indistinguishable 

from the postzygapophysis 
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Table 2. 3 Definitions of three classes of transitional criteria 

Criteria Definitions of the cervicodorsal regions 

Type I DP AM: The first shift of the diapophyseal orientation, from ventrolateral to 

lateral.   

PM: Parapophysis drifts from being ventral to the NCS, to being divided by 

the NCS. 

Type II DP AM: The first shift of the diapophyseal orientation, from ventrolateral to 

lateral. 

PM: Parapophysis drifts from being ventral to or divided by the NCS, to being 

dorsal to the NCS. 

DFT AM: The first shift of the diapophyseal orientation, from ventrolateral to 

lateral. 

PM: Foramen transversarium disappears. 

DH AM: The first shift of the diapophyseal orientation, from ventrolateral to 

lateral. 

PM: Hypapophysis becomes and remains inconspicuous as or after the first 

shift in diapophyseal orientation. 

Abbreviations: AM, anterior margin; DP criterion, Diapophysis-Parapophysis criterion; DFT 

criterion, Diapophysis-Foramen transversarium criterion; DH mode, diapophysis-hypapophysis 

criterion; NCS, neurocentral suture; PM, posterior margin. 
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Figures 

Figure 2.1. Eight transitional features from unambiguous cervicals to unambiguous dorsals 

sampled in this study depicted on schematic diagrams of presacrals. 

Parapophysis drifts dorsally across the NCS in anterior views (A); Diapophyseal orientation 

shifts from ventrolateral to lateral in anterior view (B); Foramen transversarium gradually 

disappears in anterior views (C); Hypapophysis gradually disappears in anterior views (D); 

Parapophyseal morphology changes from anteroposteriorly elongated to, subcircular, and to 

dorsoventrally elongated in lateral views (E); Neural spine gradually becomes distinct in lateral 

views (F); Neural spine orientation gradually shifts from anterodorsal, to posterodorsal, and to 

dorsal in lateral views (G); Epipophysis gradually disappears from the postzygapophysis in 

lateral views (H). The star shape indicates presacrals transitioning between two states of each 

transitional feature. Abbreviations: CV: cervical; DV, dorsals; NCS, neurocentral suture.  
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Figure 2.2. Four consistent transitional features in representative extant archosaurs. 

Line drawings of presacrals in lateral views sampled from Struthio camelus (UAMZ 7159) (A), 

Gavia immer (UAMZ 1793) (B), Haliaeetus leucocephalus (UAMZ 5028) (C), and Caiman 

crocodilus (UAMZ unnumbered) (D). Vertical lines mark the first sternal connection. 

Abbreviations: CS0, character state 0; CS1, character state 1; CS2, character state 2; DO, 

diapophyseal orientation; FT, foramen transversarium; Hy, hypapophysis; PD, parapophyseal 

drift. 
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Figure 2.3. Four consistent transitional features in representative fossil dinosaurs. 

Line drawings of presacrals in lateral views sampled from Deinonychus antirrhopus (YPM 5204) 

(A), Sinraptor dongi (drawn from (Currie and Zhao 1993)) (B), Tyrannosaurus rex (drawn from 

(Brochu 2003)) (C), Camarasaurus grandis (YPM 1905) (D), Stegosaurus stenops (drawn from 

(Maidment et al. 2015)) (E), Iguanodon bernissati (drawn from (Norman 1980)) (F), 

Montanoceratops cerorhynchus (AMNH 5464) (G), Leptoceratops gracilis (CMN 8889) (H), 

Chasmosaurus belli (drawn from (Maidment and Barrett 2011)) (I), Ankylosaurus magniventris 

(AMNH 5895) (J), and Euoplocephalus tutus (AMNH 5377) (K). Abbreviations: CS0, character 

state 0; CS1, character state 1; CS2, character state 2; DO, diapophyseal orientation; FT, foramen 

transversarium; Hy, hypapophysis; NA, missing data; PD, parapophyseal drift. 
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Figure 2.4. Four consistent transitional features in representative fossil pseudosuchians. 

Line drawings of presacrals in lateral views sampled from Crocodilus grinnelli (YPM 300) (A), 

Simosuchus clarki (drawn from (Georgi and Krause 2010)) (B), Baurusuchus albertoi (drawn 

from (Nascimento and Zaher 2010)) (C), Sebecus icaeornis (drawn from (Pol et al. 2012)) (D), 

Dibothrosuchus elaphros (drawn from(Wu and Chatterjee 1993)) (E), and Lotosaurus adentus 

(IVPP V 4880) (F). Abbreviations: CS0, character state 0; CS1, character state 1; CS2, character 

state 2; DO, diapophyseal orientation; FT, foramen transversarium; Hy, hypapophysis; NA, 

missing data; PD, parapophyseal drift. 

  



65 

 

 

  



66 

 

Figure 2.5. Three classes of transitional criteria proposed in this study. 

Transitional criteria defined by the combination of the shift in the diapophyseal orientation (A - 

D) and one of the three consistent transitional features (B – D). Regionalization of hypothetical 

presacrals is provided under each class of transitional criteria with colour labelled. The anterior 

and posterior margins of the cervicodorsal regions are emphasised by the red and blue vertical 

lines. Abbreviations: C, cervicals; CD, cervicodorsals; CS0, character state 0; CS1, character 

state 1; CS2, character state 2; D, dorsals; DFT, diapophysis-foramen transversarium; DH, 

diapophysis-hypapophysis; DO, diapophyseal orientation; Di, diapophysis; DP, diapophysis-

parapophysis; FT, foramen transversarium; Hy, Hypapophysis; NCS, neurocentral suture; Pa, 

parapophysis; PD, parapophyseal drift. 
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Figure 2.6. Comparisons of the three classes of transitional criteria in representative archosaurs. 

Regionalization delineated by three classes of transitional criteria in Haliaeetus leucocephalus 

(UAMZ 5028) (A), Caiman crocodilus (UAMZ unnumbered), Sinraptor dongi (drawn from 

(Currie and Zhao 1993)) (C), Tyrannosaurus rex (drawin from (Brochu, 2003)) (D), 

Chasmosaurus belli (drawn from (Maidment and Barrett 2011)) (E), Stegosaurus stenops (drawn 

from (Maidment et al. 2015)) (F), Iguanodon bernissati (drawn from (Norman 1980)) (G), 

Montanoceratops cerorhynchus (AMNH 5464) (H), and Lotosaurus adentus (IVPP V 4880) (I). 

Vertical lines mark the first sternal connection. Abbreviations: C, cervicals; CD, cervicodorsals; 

D, dorsals; DFT, diapophysis-foramen transversarium criteria; DH, diapophysis-hypapophysis 

criteria; DP I, Type I DP criteria; DP II, Type II DP criteria. 
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Figure 2.7. Regionalization of representative archosaurs mapped on an archosaur cladogram. 

Presacrals regionalized using the Type II DP criteria of representative fossil archosaurs placed 

under a phylogenetic context. Cladogram modified from Fig 4.3 in Chapter 4, and clades with 

sky blue background are clades with well-preserved specimen(s).  
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2.7 Supplementary Information 

 2.7.1 Detailed description on the criteria used to score the eight transitional features 

Parapophyseal drift — Throughout the presacral series, the parapophyseal position 

gradually drifts from being ventral to the neurocentral suture (NCS) to a position dorsal to it, 

which was characterized into three discrete states. In extant birds or skeletally matured 

archosaurs, NCS may be inconspicuous, and a straight line at the contact between the pedicle and 

the centrum was used to approximate the location of the NCS. Character state 0 was defined as 

the parapophysis positioned ventral to the NCS, which can leave a distinct gap between the 

parapophysis and the NCS, or the NCS tangentially contacts the dorsal aspect of the 

parapophysis. Character state 1 was defined as the parapophysis divided by the NCS, in which 

case the paraophysis has distinct portions both dorsal and ventral to the NCS. Character state 2 

was defined as the parapophysis positioned dorsal to the NCS, which can leave a distinct gap 

between the parapophysis and the NCS, the NCS tangentially contacts the ventral margin of the 

parapophysis, or the parapophysis merges with the diapophysis. 

 Diapophyseal orientation — Throughout the presacral series, the diapophyseal 

orientation gradually shifts from ventrolateral to lateral, which may shift again to dorsolateral 

(see the result section for description on the variations of the transitional pattern). The changes of 

the diapophyseal orientation were characterized into two discrete states. Character state 0, 1, and 

2 were defined as the diapophysis being oriented ventrolaterally, laterally, and dorsolaterally, 

respectively. The approximate angles between the long axis of the diapophysis and the 

sagittal/horizontal plane was used to estimate the diapophyseal orientation, and the arch or bend 

at the distal end of the diapophysis was not included in the estimation of the diapophyseal 

orientation. A diapophysis nearly perpendicular to the sagittal/horizontal plane was considered 

laterally oriented. Diapophyseal orientations clear deviated from the perpendicular position are 

interpreted as ventrolateral or dorsolateral. Quantitative measurements were not taken due to two 

limitations. Firstly, the exact angles between the long axis of the diapophysis and the 

sagittal/horizontal plane may not be measurable from articulated skeleton (e.g. Ankylosaurus 

magniventris (AMNH 5895)). In addition, taphonomic impacts could distort the diapophyseal 

orientation (e.g. Allosaruus fragilis (AMNH 666)), and precise, quantitative measurements may 

take the taphonomic signals as that of the changes in diapophyseal orientation.   
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 Foramen transversarium — Throughout the presacral series, the foramen 

transversarium gradually becomes inconspicuous/absent, which was characterized into two 

discrete states. Character state 0 and 1 were defined as the presence and absence of a distinct 

foramen transversarium, respectively. In sampled archosaurs taxa in which the presacrals and the 

presacral ribs are not articulated or associated, the parapophyseal position was used to interpret 

the presence/absence of a foramen transversarium. A foramen transversarium was interpreted as 

absence if the parapophysis is immediately ventral to or merged with the diapophysis. 

 Hypapophysis — Throughout the presacral series in most sampled extant birds, the 

hypapophysis gradually becomes distinct, which gradually fade to absence in successive 

presacrals. By comparison, throughout the presacral series in extant crocodylians, the 

hypapophysis is gradually changes from distinct to absent. The changes in hypapophysis were 

characterized into two discrete states. Character state 0 was defined as the presence of a distinct, 

blade-like hypapophysis, whereas character state 1 was defined as the absence of a distinct 

hypapophysis. Presence of a ventral keel (e.g. Neuquensuchus universitas (Lio et al. 2018) and 

ventrolateral protrusions from the centrum are not interpreted as equivalent to a hypapophysis. 

 Parapophyseal morphology — Throughout the presacrals series in extant birds and 

crocodylians, the parapophyseal morphology changes from anteroposteriorly elongated, to 

subcircular, and to dorsoventrally elongated. The parapophysis could change from being 

anteroposteriorly elongated directly to dorsoventrally elongated (e.g. Larus californicus (AMNH 

5066)). In extant crocodylians, the parapophysis is merged with the diapophysis on posterior 

presacrals, which render the interpretation on the parapophyseal morphology impossible. The 

changes in the parapophyseal morphology were characterized into three discrete states. Character 

state 0, 1, 2, and 3 as the parapophysis is anteroposteriorly elongated, subcircular, dorsoventrally 

elongated, and merged with the diapophysis, respectively. The parapophysis could be in 

articulated or fused with the capitulum of the presacral rib (e.g. extant birds), and the contact 

between the parapophysis and the capitulum was used to interpret the parapophyseal 

morphology. 

 Neural spine absence — Throughout the presacrals in extant birds, the neural spine is 

inconspicuous/absent on most if not all anterior presacrals, which gradually becomes a distinct, 

blade-like neural spine on successive presacrals. The changes in the neural spine absence were 
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characterized into two discrete states. Character state 0 and 1 were defined as the absence and 

presence of a distinct neural spine, respectively. A neural spine was interpreted as present only if 

its height at least approximates the height of the centrum. 

 Neural spine orientation — Throughout the presacrals in extant birds and crocodylians, 

the neural spine orientation typically changes from posterodorsal to dorsal. In some extant birds 

(e.g. Grus monachal (UAMZ 6806)) and Lotosaurus adentus (IVPP V 4910), the neural spine is 

oriented anterodorsally on one or multiple anterior presacrals. The changes in the neural spine 

orientation were characterized into three discrete states. Character state 0, 1, and 2 were defined 

as the neural spine oriented anterodorsally, posterodorsally, and dorsally, respectively. 

Orientations of the neural spine was qualitatively estimated based on the approximate angle 

between the long axis of the neural spine and the long axis of the centrum. The long axis of the 

neural spine was estimated using its the anterior and posterior margins. In extant crocodylians, 

the anterior margin of the posterior presacrals (e.g. P16 in Caiman crocodilus (UAMZ 

unnumbered)) is inclined posteriorly whereas the posterior margin is positioned vertically. In this 

cases, the inclination of the dorsal margin of the neural spine was used to assist in the 

interpretation of the neural spine orientation. 

 Epipophysis — Throughout the presacrals in extant birds, the epipophysis gradually 

becomes inconspicuous from the postzygapophysis, which was characterized into two discrete 

states. Character state 0 and 1 were defined as the presence and absence of a distinct epipophysis, 

respectively. The epipophysis was interpreted as present only if a distinct protuberance was 

observed on top of the postzygapophysis. The presence of a rugose surface on the 

postzygapophysis was not interpreted as equivalent to a distinct epipophysis. 
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Table S2. 1. List of archosaur taxa sampled in this study for transitional features, the 

regionalization identified in the original studies, and the regionalization identified using the three 

classes of transitional criteria proposed in this study.  

Refer to raw_data.csv for the regionalization of individual presacral. 

Taxa Specimen 

Number 

Presacral 

number 

TYPE I 

DP 

TYPE II 

DP 

DFT DH 

Casuarius 

australis (*) 

UAMZ 

1369 

P3 to P24 

(22 PV) 

C: 14 

CD: 2 

D: 6 

C: 14 

CD: 8 

D: 0 

C: 14 

CD: 8 

D: 0 

C: 14 

CD: 4 

D: 4 

Dromaius 

novehollandiae 

(*) 

UAMZ 

unnumbered 

P3 to P25 

(23 PV) 

C:15 

CD: 5 

D: 3 

C: 15 

CD: 8 

D: 0 

C: 15 

CD: 8 

D: 0 

C: 15 

CD: 5 

D: 3 

Rhea  

americana (*) 

UAMZ 

5019 

P5 to P22 

(18 PV) 

C: 11 

CD: 5 

D: 2 

C: 11 

CD: 7 

D: 0 

C: 11 

CD: 7 

D: 0 

C: 11  

CD: 3 

D: 4 

Rhea  

americana (*) 

UAMZ 

1368 

P5 to P21 

(17 PV) 

C: 10 

CD: 4 

D: 3 

C: 10 

CD: 7 

D: 0 

C: 10 

CD: 7 

D: 0 

C: 10 

CD: 4 

D: 3 

Struthio  

camelus (*) 

UAMZ 

7159 

P3 to P25 

(23 PV) 

C: 15 

CD: 6 

D: 2 

C: 15 

CD: 8 

D: 0 

C: 15 

CD: 8 

D: 0 

C: 15 

CD: 5 

D: 3 

Gallus  

gallus (*) 

UAMZ 

5919 

P3 to P20 

(18 PV) 

C: 11 

CD: 7 

D: 0 

C: 11 

CD: 7 

D: 0 

C: 11 

CD: 7 

D: 0 

C: 11 

CD: 7 

D: 0 

Dendragopus 

canadensis (*) 

UAMZ 

5702 

P3 to P20 

(18 PV) 

C: 12 

CD: 6 

D: 0 

C: 12 

CD: 6 

D: 0 

C: 12 

CD: 6 

D: 0 

C: 12 

CD: 6 

D: 0 

Dendragopus 

canadensis (*) 

UAMZ 

5841 

P3 to P20 

(18 PV) 

C: 13 

CD: 5 

D: 0 

C: 13 

CD: 5 

D: 0 

C: 13 

CD: 5 

D: 0 

C: 13 

CD: 5 

D: 0 

Meleagris 

gallopavo (*) 

UAMZ 

5351 

P5 to P21 

(17 PV) 

C: 11 

CD: 6 

D: 0 

C: 11 

CD: 6 

D: 0 

C: 11 

CD: 6 

D: 0 

C: 11 

CD: 6 

D: 0 

Phasianus 

colchicus (*) 

UAMZ 

6890 

P3 to P20 

(18 PV) 

C: 11 

CD: 7 

D: 0 

C: 11 

CD: 7 

D: 0 

C: 11 

CD: 7 

D: 0 

C: 11 

CD: 7 

D: 0 

Canachites 

canadensis (*) 

UAMZ 

5097 

P4 to P20 

(17 PV) 

C: 10 

CD: 7 

D: 0 

C: 10 

CD: 7 

D: 0 

C: 10 

CD: 7 

D: 0 

C: 10 

CD: 7 

D: 0 

Tympanuchus 

phasianellus (*) 

UAMZ 

4668 

P3 to P20 

(18 PV) 

C: 12 

CD: 6 

D: 0 

C: 12 

CD: 6 

D: 0 

C: 12 

CD: 6 

D: 0 

C: 12 

CD: 6 

D: 0 

Anas 

rubripes (*) 

UAMZ 

4683 

P3 to P21 

(19 PV) 

C: 12 

CD: 7 

C: 12 

CD: 7 

C: 12 

CD: 7 

C: 12 

CD: 6 
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D: 0 D: 0 D: 0 D: 1 

Branta 

canadensis (*) 

UAMZ 

4685 

P3 to P24 

(22 PV) 

C: 15 

CD: 7 

D: 0 

C: 15 

CD: 7 

D: 0 

C: 15 

CD: 7 

D: 0 

— 

Bucephala 

clangula (*) 

UAMZ 

4892 

P3 to P20 

(18 PV) 

C: 11 

CD: 7 

D: 0 

C: 11 

CD: 7 

D: 0 

C: 11 

CD: 7 

D: 0 

C: 11 

CD: 7 

D: 0 

Chauna  

chavaria (*) 

UAMZ 

1249 

P3 to P24 

(22 PV) 

C: 16 

CD: 3 

D: 3 

C: 16 

CD: 6 

D: 0 

C: 16 

CD: 6 

D: 0 

C: 16 

CD: 3 

D: 3 

Olor  

columbianus (*) 

UAMZ 

5229 

P3 to P27 

(25 PV) 

C: 18 

CD: 3 

D: 4 

C: 18 

CD: 7 

D: 0 

C: 18 

CD: 7 

D: 0 

C: 18 

CD: 0 

D: 7 

Olor  

columbianus (*) 

UAMZ 

5230 

P3 to P28 

(26 PV) 

C: 19 

CD: 5 

D: 2 

C: 19 

CD: 7 

D: 0 

C: 19 

CD: 7 

D: 0 

C: 19 

CD: 7 

D: 0 

Larus 

californicus (*) 

UAMZ 

5066 

P3 to P20 

(18 PV) 

C: 11 

CD: 1 

D: 6 

C: 11 

CD: 7 

D: 0 

C: 11 

CD: 7 

D: 0 

C: 11 

CD: 4 

D: 3 

Larus 

delawarensis (*) 

UAMZ 

5103 

P3 to P20 

(18 PV) 

C: 11 

CD: 4 

D: 3 

C: 11 

CD: 7 

D: 0 

C: 11 

CD: 7 

D: 0 

C: 11 

CD: 0 

D: 7 

Ardea  

herodias (*) 

UAMZ 

4048 

P3 to P20 

(17 PV) 

C: 12 

CD: 2 

D: 3 

C: 12 

CD: 5 

D: 0 

C: 12 

CD: 5 

D: 0 

C: 12 

CD: 4 

D: 1 

Grus  

monachal (*) 

UAMZ 

6806 

P3 to P25 

(23 PV) 

C: 14 

CD: 2 

D: 7 

C: 14 

CD: 5 

D: 4 

C: 14 

CD: 9 

D: 0 

C: 14 

CD: 3 

D: 6 

Gavia  

immer (*) 

UAMZ 

1793 

P3 to P20 

(18 PV) 

C: 10 

CD: 2 

D: 6 

C: 10 

CD: 8 

D: 0 

C: 10 

CD: 8 

D: 0 

C: 10 

CD: 8 

D: 0 

Bubo  

virginianus (*) 

UAMZ 

6846 

P3 to P19 

(17 PV) 

C: 10 

CD: 1 

D: 6 

C: 10 

CD: 7 

D: 0 

C: 10 

CD: 7 

D: 0 

C: 10 

CD: 4 

D: 3 

Falco  

peregrinus (*) 

UAMZ 

6769 

P3 to P20 

(18 PV) 

C: 11 

CD: 0 

D: 7 

C: 11 

CD: 1 

D: 6 

C: 11 

CD: 7 

D: 0 

C: 11 

CD: 2 

D: 5 

Accipiter  

gentilis (*) 

UAMZ 

5708 

P4 to P20 

(17 PV) 

C: 9 

CD: 1 

D: 7 

C: 9 

CD: 6 

D: 2 

C: 9 

CD: 8 

D: 0 

C: 9 

CD: 6 

D: 2 

Haliaeetus 

leucocephalus (*) 

UAMZ 

5028 

P3 to P19 

(17 PV) 

C: 10 

CD: 2 

D: 5 

C: 10 

CD: 3 

D: 4 

C: 10 

CD: 7 

D: 0 

C: 10 

CD: 6 

D: 1 

Aquila  

chrysaetos (*) 

UAMZ 

5029 

P3 to P19 

(17 PV) 

C: 10 

CD: 2 

D: 5 

C: 10 

CD: 4 

D: 3 

C: 10 

CD: 7 

D: 0 

C: 10 

CD: 7 

D: 0 
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Pelecanus 

erythrorhynchos 

(*) 

UAMZ 

5181 

P6 to P18 

(13 PV) 

C: 9 

CD: 3 

D: 1 

C: 9 

CD: 4 

D: 0 

C: 9 

CD: 4 

D: 0 

C: 9 

CD: 3 

D: 1 

Pica  

pica (*) 

UAMZ 

3725 

P3 to P19 

(17 PV) 

C: 9 

CD: 7 

D: 1 

C: 9 

CD: 8 

D: 0 

C: 9 

CD: 8 

D: 0 

C: 9 

CD: 4 

D: 4 

Hesperornis 

regalis 

YPM 1270 (7 PV) C: 0 

CD: 1 

D: 5 

NA: 1 

C: 0 

CD: 6 

D: 0 

NA: 1 

C: 0 

CD: 6 

D: 0 

NA:1 

C: 0 

CD: 0 

D: 0 

NA: 7 

Deinonychus 

antirrhopus (*) 

( (Ostrom 1969) 

+ collection 

labels) 

YPM 5204 C4, C5, 

C7, D1, 

D6, D7, 

D9, D10 

(8 PV) 

— — C: 3 

CD: 3 

D: 1 

NA: 1 

C: 3 

CD: 2 

D: 3 

NA: 0 

Tyrannosaurus 

rex (*)  

(Brochu 2003) 

FMNH 

PR2081 

P3 to P19 

(17 PV) 

C: 6 

CD: 1 

D: 10 

NA: 0 

C: 6 

CD: 8 

D: 3 

NA: 0 

C: 6 

CD: 9 

D: 2 

NA: 0 

— 

Coelurus  

agilis (*) 

(Collection 

labels) 

YPM 2010 C5, C8, 

C9, C10, 

D1  

(5 PV) 

C: 3 

CD: 2 

D: 0 

NA: 0 

C: 3 

CD: 2 

D: 0 

NA: 0 

C: 3 

CD: 1 

D: 1 

NA: 0 

— 

Allosaurus 

fragilis (*) 

( (Gilmore 1920) 

+ collection 

labels) 

AMNH 666 P8 to P22 

(15 PV) 

C: 3 

CD: 1 

D: 11 

NA: 0 

C: 3 

CD: 5 

D: 7 

NA: 0 

C: 3 

CD: 8 

D: 4 

NA: 0 

— 

Allosaurus  

sp. 

AMNH 680 (3 PV) C: 0 

CD: 0 

D: 3 

NA: 0 

C: 0 

CD: 0 

D: 3 

NA: 0 

C: 0 

CD: 0 

D: 3 

NA: 0 

— 

Allosaurus  

sp. 

AMNH 813 (4 PV) C: 0 

CD: 1 

D: 3 

NA: 0 

C: 0 

CD: 2 

D: 2 

NA: 0 

C: 0 

CD: 2 

D: 2 

NA: 0 

— 

Sinraptor  

dongi (*) 

(Currie and 

Zhao 1993) 

IVPP V 

10600 

C3 to C6, 

D3 to D14 

(16 PV)  

C: 6 

CD: 0 

D: 10 

NA: 0 

C: 6 

CD: 5 

D: 5 

NA: 0 

C: 6 

CD: 10 

D: 0 

NA: 0 

C: 6 

CD: 2 

D: 8 

NA: 0 

Majungasaurus 

crenatissimus (*) 

(O’Connor 2007) 

FMNH PR 

2295 

C3, C5, 

C10, D5, 

D9 

(5 PV)  

C: 3 

CD: 0 

D: 0 

NA: 2 

C: 3 

CD: 0 

D: 2 

NA: 0 

C: 3 

CD: 1 

D: 1 

NA: 0 

— 

Coelophysidae  

sp. 

NMMNH 

P61888 

(5 PV) C: 1 

CD: 0 

C: 1 

CD: 0 

C: 1 

CD: 0 

— 
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NMMNH 

P61887 

NMMNH 

P61897 

NMMNH 

P61898 

NMMNH 

P61899 

D: 0 

NA: 4 

D: 4 

NA: 0 

D: 4 

NA: 0 

Camarasaurus 

grandis 

YPM 1905 (7 PV) C: 4 

CD: 0 

D: 0 

NA: 3 

C: 4 

CD: 0 

D: 3 

NA: 0  

C: 4 

CD: 0 

D: 3 

NA: 0 

— 

Chasmosaurus 

belli (*) 

(Maidment and 

Barrett 2011) 

NHMUK 

R4948 

C4 to C8, 

D1 to D6 

(11 PV) 

C: 1 

CD: 2 

D: 8 

NA: 0 

C: 1 

CD: 4 

D: 6 

NA: 0 

C: 1 

CD: 4 

D: 6 

NA: 0 

— 

Montanoceratops 

cerhrhynchos (*) 

((Brown and 

Schlaikjer 1942) 

+ collection 

labels) 

AMNH 

5464 

P4 to P16 

(13 PV) 

C: 3 

CD: 3 

D: 0 

NA: 7 

C: 3 

CD: 3 

D: 7 

NA: 0 

C: 3 

CD: 3 

D: 7 

NA: 0 

— 

Leptoceratops 

gracilis (*) 

(Collection 

labels) 

CMN 8889 P4 to P22 

(17 PV)  

C: 0 

CD: 6 

D: 0 

NA: 11 

C: 0 

CD: 6 

D: 11 

NA: 0 

C: 0 

CD: 6 

D: 11 

NA: 0 

— 

Ceratopsidae 

indet. 

AMNH 

5422 

(8 PV) — C: 0 

CD: 0 

D: 7 

NA: 1 

C: 0 

CD: 0 

D: 7 

NA: 1 

— 

Edmontosaurus 

regalis (*) 

(Campione 2014) 

 

CMN 2289 (18 PV) C: 2 

CD: 1 

D: 0 

NA: 15 

C: 2 

CD: 1 

D: 15 

NA: 0 

C: 2 

CD: 1 

D: 15 

NA: 0 

— 

Equijubus 

normani (*) 

(McDonald et al. 

2014) 

IVPP V 

12534 

C3, C4, 

C7 to C10, 

D1, D2, 

D5 

(9 PV) 

C: 2 

CD: 1 

D: 6 

NA: 0 

C: 2 

CD: 5 

D: 2 

NA: 0 

C: 2 

CD: 5 

D: 1 

NA: 1 

— 

Tanius  

sinensis (*) 

(Borinder 2015) 

PMUR248 

PMUR249 

PMUR244 

PMUR250 

PMUR251 

PMUR247 

PMUR260 

P3 to P11 

(9 PV) 

C: 3 

CD: 3 

D: 0 

NA: 3 

C: 3 

CD: 3 

D: 1 

NA: 2 

C: 3 

CD: 3 

D: 1 

NA: 2 

— 
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PMUR252 

PMUR237 

Gilmoreosaurus 

mongoliensis 

AMNH 

30671 

AMNH 

30672 

AMNH 

30673 

AMNH 

30678 

AMNH 

30680 

AMNH 

30681 

(6 PV) C: 1 

CD: 1 

D: 4 

NA: 0 

C: 1 

CD: 2 

D: 3 

NA: 0 

C: 1 

CD: 2 

D: 3 

NA: 0 

— 

Camptosaurus 

dispar 

(Collection 

labels) 

YPM 1877 P3 to P10 

(8 PV) 

C: 1 

CD: 2 

D: 4 

NA: 1 

C: 1 

CD: 5 

D: 1 

NA: 1 

C: 1 

CD: 5 

D: 1 

NA: 1 

— 

Iguanodon 

bernissartensis  

(*)  

(Norman 1980) 

IRSNB 

1536 

IRSNB 

1561 

C3 to C11, 

D1 to D8 

(17 PV) 

C: 3 

CD: 6 

D: 0 

NA: 8 

C: 3 

CD: 6 

D: 8 

NA: 0 

C: 3 

CD: 7 

D: 7 

NA: 0 

— 

Tenontosaurus 

tilletti (*) 

(Forster 1990) 

AMNH 

3040 

C3 to C12, 

D1 to D15 

(25 PV) 

C: 6 

CD: 4 

D: 0 

NA: 15 

C: 6 

CD: 4 

D: 15 

NA: 0 

C: 10 

CD: 0 

D: 15 

NA: 0 

— 

Ankylosaurus 

magniventris (*) 

( (Carpenter 

2004)+ collection 

labels) 

AMNH 

5895 

C3 to C7, 

D1 to D11 

(16 PV) 

C: 0 

CD: 3 

D: 11 

NA: 2 

C: 0 

CD: 6 

D: 8 

NA: 2 

C: 0 

CD: 6 

D: 8 

NA: 2 

— 

Euoplocephalus 

tutus 

AMNH 

5377 

(5 PV) C: 0 

CD: 1 

D: 4 

NA: 0 

C: 0 

CD: 4 

D: 1 

NA: 0 

C: 0 

CD: 4 

D: 1 

NA: 0 

— 

Sauropelta 

edwardsi 

YPM 5167 

YPM 5168 

YPM 5166 

YPM 5145 

YPM 5148 

(5 PV) C: 0 

CD: 3 

D: 0 

NA: 2 

C: 0 

CD: 3 

D: 2 

NA: 0 

C: 0 

CD: 3 

D: 2 

NA: 0 

— 

Stegosaurus 

stenops (*) 

(Maidment et al. 

2015) 

NHMUK 

PV R36730 

C3 to C13, 

D1 to D13  

(24 PV) 

C: 2 

CD: 8 

D: 13 

NA: 1 

C: 2 

CD: 9 

D: 12 

NA: 1 

C: 2 

CD: 9 

D: 12 

NA: 1 

— 

Stegosaurus sp. AMNH 536 (11 PV) C: 0 

CD: 0 

C: 0 

CD: 0 

C: 0 

CD: 0 

— 
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D: 11 

NA: 0 

D: 11 

NA: 0 

D: 11 

NA: 0 

Stegosaurus 

stenops 

YPM 1856 (12 PV) C: 0 

CD: 4 

D: 8 

NA: 0 

C: 0 

CD: 5 

D: 7 

NA: 0 

C: 0 

CD: 5 

D: 7 

NA: 0 

— 

Scutellosaurus 

lawleri 

MCZ 8800 (6 PV) — — C: 1 

CD: 0 

D: 5 

NA: 0 

— 

Lagosuchus 

chanensis 

MCZ 4137 (10 PV) C: 0 

CD: 0 

D: 9 

NA: 1 

C: 0 

CD: 1 

D: 8 

NA: 1 

C: 0 

CD: 1 

D: 8 

NA: 1 

— 

Caiman 

crocodilus (*) 

ROM R 275 P4 to P18 

(15 PV) 

C: 4 

CD: 2 

D: 9 

C: 4 

CD: 4 

D: 7 

C: 4 

CD: 4 

D: 7 

C: 4 

CD: 6 

D: 5 

Caiman 

crocodilus (*) 

ROM R 

7707 

P4 to P18 

(15 PV) 

C: 5 

CD: 3 

D: 7 

C: 5 

CD: 4 

D: 6 

C: 5 

CD: 4 

D: 6 

C: 5 

CD: 6 

D: 4 

Caiman 

crocodilus (*) 

UAMZ 

unnumbered 

P3 to P23 

(21 PV) 

C: 5 

CD: 2 

D: 14 

C: 5 

CD: 4 

D: 12 

C: 5 

CD: 4 

D: 12 

C: 5 

CD: 6 

D: 10 

Alligator 

mississippiensis 

(*) 

ROM R 395 P3 to P24 

(22 PV) 

C: 4 

CD: 2 

D: 16 

C: 4 

CD: 4 

D: 14 

C: 4 

CD: 5 

D: 13 

C: 4 

CD: 6 

D: 12 

Alligator 

mississippiensis 

(*) 

ROM R 

4406 

P3 to P20 

(18 PV) 

C: 6 

CD: 3 

D: 9 

C: 6 

CD: 4 

D: 8 

C: 6 

CD: 3 

D: 9 

C: 6 

CD: 5 

D: 7 

Alligator  

mcgrewi (*) 

(Articulated 

skeleton) 

AMNH 

10316 

P4 to P11 

(8 PV)  

C: 5 

CD: 1 

D: 2 

NA: 0 

C: 5 

CD: 3 

D: 0 

NA: 0 

C: 5 

CD: 3 

D: 0 

NA: 0 

C: 5 

CD: 3 

D: 0 

NA: 0 

Alligator  

olseni 

MCZ 4753 (10 PV) C: 2 

CD: 3 

D: 5 

NA: 0 

C: 2 

CD: 4 

D: 4 

NA: 0 

C: 2 

CD: 4 

D: 4 

NA: 0 

C: 2 

CD: 6 

D: 2 

NA: 0 

Crocodylus 

grinnelli (*) 

(Collection 

labels) 

YPM 300 C4 to C8, 

D1 to D16 

(21 PV) 

C: 4 

CD: 2 

D: 15 

NA: 0 

C: 4 

CD: 4 

D: 13 

NA: 0 

C: 4 

CD: 4 

D: 13 

NA: 0 

C: 4 

CD: 5 

D: 12 

NA: 0 

Necrosuchus 

ionensis (*) 

( (Brochu 2011) 

+ collection 

labels) 

AMNH 

3129 

C5 to C9, 

D1 to D8 

(11 PV) 

C: 3 

CD: 1 

D: 7 

NA: 0 

C: 3 

CD: 4 

D: 4 

NA: 0 

C: 3 

CD: 4 

D: 4 

NA: 0 

C: 3 

CD: 5 

D: 3 

NA: 0 
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Pristichampsus 

vorax (*) 

(Collection 

labels) 

AMNH 

29993 

C3 to C9  

(7 PV) 

C: 6 

CD: 1 

D: 0 

NA: 0 

C: 6 

CD: 1 

D: 0 

NA: 0 

C: 6 

CD: 1 

D: 0 

NA: 0 

C: 6 

CD: 1 

D: 0 

NA: 0 

Diplocynodon 

ratelii 

AMNH 

19135 

(5 PV) C: 2 

CD: 1 

D: 0 

NA: 2 

C: 2 

CD: 1 

D: 2 

NA: 0 

C: 2 

CD: 1 

D: 2 

NA: 0 

C: 2 

CD: 1 

D: 2 

NA: 0 

Terminonaris 

browni 

AMNH 

5844 

(3 PV) C: 2 

CD: 1 

D: 0 

NA: 0 

C: 2 

CD: 1 

D: 0 

NA: 0 

C: 2 

CD: 1 

D: 0 

NA: 0 

C: 2 

CD: 1 

D: 0 

NA: 0 

Baurusuchus 

albertoi (*) 

(Nascimento and 

Zaher 2010) 

MZSP‑PV 

140 

C3 to C8, 

D1 to D7 

(12 PV) 

C: 5 

CD: 2 

D: 0 

NA: 5 

C: 5 

CD: 2 

D: 3 

NA: 2 

C: 5 

CD: 2 

D: 3 

NA: 2 

— 

Sebecus 

icaeorhinus (*) 

(Pol et al. 2012) 

MPEF-PV 

1776 

C3 to C7, 

D1 to D12 

(15 PV) 

C: 3 

CD: 2 

D: 10 

NA: 0 

C: 3 

CD: 4 

D: 8 

NA: 0 

C: 3 

CD: 5 

D: 7 

NA: 0 

C: 3 

CD: 5 

D: 7 

NA: 0 

Simosuchus 

clarki (*) 

(Georgi and 

Krause 2010)  

 

UA 8679 C3 to C8, 

D1 to D9 

(11 PV) 

C: 5 

CD: 0 

D: 6 

NA: 0 

C: 5 

CD: 1 

D: 4 

NA: 1 

C: 5 

CD: 1 

D: 4 

NA: 1 

— 

Yacarerani 

boliviensis (*) 

(Leardi et al. 

2015) 

MNK-

PAL5064-E 

C3 to C7, 

D3 to D7 

(10 PV) 

C: 4 

CD: 1 

D: 5 

NA: 0 

C: 4 

CD: 3 

D: 3 

NA: 0 

C: 4 

CD: 3 

D: 3 

NA: 0 

C: 4 

CD: 6 

D: 0 

NA: 0 

Hyposaurus 

natotor (*) 

(Collection 

labels) 

YPM 985 P3, P6, 

P8, P9, 

P10, P15 

(6 PV) 

C: 2 

CD: 0 

D: 4 

NA: 0 

C: 2 

CD: 3 

D: 1 

NA: 0 

C: 2 

CD: 3 

D: 1 

NA: 0 

C: 2 

CD: 3 

D: 1 

NA: 0 

Hyposaurus sp. YPM 764 (2 PV) — — — — 

Metriorhynchus 

sp. 

AMNH 997 (8 PV) C: 4 

CD: 1 

D: 3 

NA: 0 

C: 4 

CD: 1 

D: 3 

NA: 0 

C: 4 

CD: 1 

D: 0 

NA: 3 

— 

Edentosuchus 

tienshanensis (*) 

(Li and Downs 

1985) 

IVPP V 

3236 

C3 to C9, 

D1 to D3 

(10 PV) 

C: 5 

CD: 0 

D: 5 

NA: 0 

C: 5 

CD: 4 

D: 1 

NA: 0 

C: 5 

CD: 5 

D: 0 

NA: 0 

— 

Hesperosuchus 

agilis 

AMNH 

6758 

(8 PV) C: 4 

CD: 3 

D: 0 

NA: 2 

C: 4 

CD: 3 

D: 0 

NA: 2 

C: 4 

CD: 1 

D: 0 

NA: 4 

C: 4 

CD: 4 

D: 0 

NA: 1 
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Dibothrosuchus 

elaphros (*) 

(Wu and 

Chatterjee 1993) 

IVPP V 

7907 

P3 to P12 

(10 PV) 

C: 3 

CD: 2 

D: 3 

NA: 2 

C: 3 

CD: 4 

D: 1 

NA: 2 

C: 3 

CD: 4 

D: 1 

NA: 2 

— 

Junggarsuchus 

sloani (*) 

(Articulated 

skeleton)  

IVPP V 

14010 

(21 PV) C: 3 

CD: 2 

D: 0 

NA: 10 

C: 3 

CD: 2 

D: 6 

NA: 4 

C: 3 

CD: 1 

D: 5 

NA: 6 

C: 3 

CD: 0 

D: 6 

NA: 6 

Lotosaurus 

adentus (*) 

(Collection 

labels) 

IVPP V 

4910 

P3 to P24 

(22 PV) 

C: 7 

CD: 5 

D: 10 

NA: 0 

C: 7 

CD: 13 

D: 2 

NA: 0 

C: 7 

CD: 10 

D: 5 

NA: 0 

— 

Poposaurus 

gracilis (*) 

(Collection 

labels) 

YPM 51700 C8, D1 to 

D13  

(14 PV) 

— — — — 

Gracilisuchus 

stipanicicorum 

(*) (Articulated 

skeleton) 

MCZ 

4118_1 

(4 PV) C: 4 

CD: 0 

D: 0 

NA: 0 

C: 4 

CD: 0 

D: 0 

NA: 0 

C: 4 

CD: 0 

D: 0 

NA: 0 

— 

Gracilisuchus 

stipanicicorum 

(*) (Articulated 

skeleton) 

MCZ 

4118_2 

(3 PV) C: 0 

CD: 0 

D: 3 

NA: 0 

C: 0 

CD: 0 

D: 3 

NA: 0 

C: 0 

CD: 0 

D: 3 

NA: 0 

— 

Pseudopalatus 

buceros (*) 

(Articulated 

skeleton) 

NMMNH 

P4256 

(10 PV) — — — — 

Pseudopalatus 

pristinus 

NMMNH P 

4679 

(8 PV) C: 4 

CD: 0 

D: 0 

NA: 4 

C: 4 

CD: 0 

D: 4 

NA: 0 

C: 4 

CD: 0 

D: 4 

NA: 0 

— 

Postosuchus 

kirkpatricki (*) 

(Chatterjee 

1985) 

TTU P9000 

TTU P9002 

C3, C4, 

C8, D2, 

D4, D7, 

D16  

(7 PV) 

C: 2 

CD: 0 

D: 0 

NA: 5 

C: 2 

CD: 0 

D: 4 

NA: 1 

C: 2 

CD: 1 

D: 3 

NA: 1 

— 

Taxa marked with * are taxa with known anteroposterior order, either from articulated/associated 

skeleton or from the original studies. Transitional criteria inapplicable to the taxa are labelled by 

“—”. Presacrals are labelled as “NA” if regionalization could not be determined. Abbreviations: 

C, cervical; CD, cervicodorsal; D, dorsal; NA, not identifiable; P, presacral; PV, presacral 

vertebrae. 
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2.8 Digital Supplementary Data 

 Digital supplementary data is stored and managed by the author, the documents of which 

are listed as follow: 

(1) criteria used to code states of transitional features sampled in this study. 

(2) raw data and R script to visualised transitional features in all sampled taxa. 

latest version of this script may be found at:   

https://github.com/Wani2Y/Bioinformatics/blob/main/Qualitative%20feature%20to%20identify

%20cervicodorsal%20transition/visualise%20transitional%20features 

(3) raw results of transitional features mapped against presacrals in anteroposterior order in 90 

sampled taxa 
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CHAPTER 3 

Characterizing the cervicodorsal transition in archosaurs using 

supervised statistical models 

 

3.1 Introduction 

 Birds and crocodylians are modern representatives of archosaurs, a group of amniotes 

first appeared in the Triassic Period and utilised the many ecological niches available for large-

bodied vertebrate throughout the Mesozoic Era (Nesbitt 2011; Nesbitt et al. 2013; Benton 2014).  

The axial skeleton of an archosaur is constituted of skull and four or five regions of the 

vertebral column. Vertebrae anterior to the sacral region at the pelvis are conventionally referred 

to as the presacral vertebrae, which can be further divided into the cervical, thoracic, and lumbar 

series, constituting the neck, chest, and back regions, respectively (Cong et al. 1988; Baumel et 

al. 1993; Kardong 2015). The thoracic region is traditionally defined by the presence of 

connections between the vertebral column and the sternum via rib segments, and the transition 

from cervical to thoracic vertebrae is pinpointed by the first presacral connected to the sternum 

(Romer 1956). Dorsal vertebra(e) is often used to collectively represent the combination of 

thoracic and lumbar vertebrae, and the transition from cervical to thoracic vertebrae is 

conventionally termed the cervicodorsal transition.  

Using the traditional definition of cervicodorsal transition, extant birds have long necks 

typically constituted of 10 to 26 cervical counts (Böhmer et al. 2019), whereas nine cervical 

vertebrae consistently constitute the short necks in extant crocodylians (Cong et al. 1988; Frey 

1988). Following the rationale of extant phylogenetic bracketing (Witmer 1995), if the short 

necks in extant crocodylians represent the ancestral condition of archosaurs, a long neck with 

high number of cervical counts may be acquired on the evolutionary path to birds. Alternatively, 

the high cervical counts seen in extant birds may be the ancestral condition, which is reduced on 

the evolutionary path to crocodylians.  

The fossil record houses direct evidence for evolutionary inferences on the cervical 

count. However, the traditional definition is not applicable in most fossil archosaurs with 

cartilaginous sterna, because cartilages, if unmineralized, have low preservation potential in the 
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fossil record.      Several alternate methods are used in the literature to identify the cervicodorsal 

transition and by extension, identify the cervical and dorsal vertebrae in fossil archosaurs (Wu 

and Chatterjee 1993; Brochu 2003; Sereno and Larsson 2009; McDonald et al. 2014; Han et al. 

2018), and anatomical features of the cervical and dorsal vertebrae are used most often. As a 

consensus is absent on which alternate method should be used, the cervical counts, and by 

extension, the “long” and “short” necks identified in some fossil dinosaurs may not be accurate 

(Rauhut et al. 2005; Mateus et al. 2009; Müller et al. 2018).  

Combinations of two anatomical features that transitions between character states from 

unambiguous cervical to univocal dorsal vertebrae can consistently regionalise presacral 

vertebrae into cervical, cervicodorsal, and dorsal vertebrae (see Chapter 2). Cervicodorsal 

vertebrae accordingly represent a transitional region that most likely includes the first connection 

between the presacral vertebrae and the sternum. However, the number of cervicodorsal 

vertebrae is variable, and may exceed six in some taxa (e.g. Tyrannosaurus rex, Lotosaurus 

adentus) (see Chapter 2).   

Identifying the cervicodorsal transition as accurate and precise as possible is relevant to 

accurate inference in multiple fields of evolutionary study. In systematic studies, morphological 

characters used to generate phylogenies need to be made on homologous regions (e.g. cervical 

vertebrae vs cervical vertebrae) (Nesbitt 2011; Turner et al. 2012; Pittman et al. 2020). In 

functional studies, traces of a variety of adaptations can be found from the vertebral column, 

including aspects of weight bearing (Stefanic and Nesbitt 2018), locomotion (Abourachid et al. 

2011; Cieri et al. 2020), and respiration (O’Connor 2007; Wedel 2009; Schachner et al. 2011). 

Accurate identifications of the cervicodorsal transition aid the students in locating positions of 

these functional adaptations on the axial skeletons.   

In this Chapter, we establish supervised statistical models based on linear measurements 

taken from presacral vertebrae of extant birds and crocodylians, which are compared and 

selected based on the accuracy of their predictions. Using the newly established supervised 

models, presacral vertebrae of fossil archosaurs in the study sample are regionalised into only 

cervical and dorsal vertebrae without cervicodorsal vertebrae as a transitional reagion in 

between. Finally, regionalisations of fossil presacral vertebrae using supervised models are 

compared to those regionalised using the Type II DP criterion in Chapter 2 and in the literature. 
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3.2 Materials and Methods 

Following the terminology used in Chapter 2, the first connection between the presacral 

vertebrae and the sternum is termed the first sternal connection. Presacral vertebrae, cervical 

vertebrae, cervicodorsal vertebrae, and dorsal vertebrae are termed presacrals, cervicals, 

cervicodorsals, and dorsals, respectively. Individual presacral is referred by the sequential 

number of the respective regions (i.e. P#, C#, CD#, and D#) where necessary. 

Seven linear measurements on presacrals (Fig. 3.1) (Table 3.1) were taken as continuous 

variables from species of nine extant birds, five extant crocodylians, 26 fossil archosaurs, and 

five taxonomically indeterminate archosaurs (Table 3.2). Linear measurements were taken 

directly from specimens using digital calipers, except three measurements in the sampled fossil 

archosaurs (i.e. appp, lpre, lpost) which were measured using ImageJ (Schneider et al. 2012) 

from specimen photos. Specimens sampled in this study are housed in collections in Canada and 

the United States. To test whether supervised statistical models can be developed using 

measurements only from presacrals, femoral lengths (f_length) were taken from sampled extant 

archosaurs to standardise other sampled measurements as training data for the supervised 

models, the accuracy of which are compared with supervised models trained with data 

standardised by linear measurements taken from the presacrals. Data processing and supervised 

modelling were performed using R in RStudio 4.4.2 (RStudio Team 2020; R Core Team 2021). 

 An eight-step procedure was followed to develop supervised models using data from 

extant archosaurs (Fig. 3.2). (1) To standardise the sampled continuous variables and account for 

size discrepancies among the sampled taxa, the seven variables were examined individually. 

Distributions of centrum anterior width (caw) and zygapophyseal length (appp) were found 

overall to have the lowest statistical mode values and the distributions were least spread. To 

standardise the continuous variables in this study sample, all variables were divided by f_length, 

and all variables except caw were divided by caw, respectively. (2) data from extant archosaurs 

were organised into an avian dataset, a crocodylian dataset, and a total archosaurian dataset 

combining the other two. For each dataset, 70% of the data was used as training data, and the 

remaining 30% was used as validation data. (3) multicollinearity among the variables was 

examined using the psych package (Revelle 2022), and variables with Pearson correlation 
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coefficient less than 0.65 were considered independent enough to be used in the same model. 

Two sets of independent variables were recovered: centrum length (cl_f), centrum anterior width 

(caw_f), and prezygapophyseal width (lpre_f) standardised by f_length, and  centrum anterior 

heigh (cah_caw), height of the pedicle (hp_caw), and prezygapophyseal width (lpre_caw) 

standardised by caw. (4) As the sample of linear measurements collected in this study is 

relatively small, the training data from the avian, crocodylian, and archosaurian datasets were 

upsampled with replacement, so that supervised statistical models were trained from 1,000 

cervicals and 1,000 dorsals. (5) the Boruta package (Kursa and Rudnicki 2010) was used to 

examine the significance of all sampled variables in distinguishing cervicals from dorsals, and no 

variable was found to be uninformative. (6) four types of supervised models were created from 

the avian, crocodylian, and archosaurian training datasets both standardised by f_length and caw: 

linear discriminant analysis (LDA), logistic regression, NaïveBayse classifier, and randomForest 

(Liaw and Wiener 2002; Marschner 2011; Venables and Ripley 2013; Majka 2019). Independent 

variables were used collectively for creating multivariate models. As the sampled variables are 

not all independent, additional univariate models were created using all sampled variable. A total 

of 146 supervised models including multivariate and univariate models were trained from the 

training datasets of this study sample. (7) for each supervised model, presacrals from validation 

data were regionalised into cervicals and dorsals. Regionalisations predicted by the supervised 

statistical models were compared to the known true regionalisation based on the position of the 

first sternal connection. The accuracy of each supervised model was examined using the caret 

package (Kuhn 2008). (8) Final regionalisations based on the validation, termed majority rule 

models, were were made using a majority rule procedure from the regionalisations predicted by 

the supervised models that demonstrated at least 80% accuracy using validation data in the 

previous stage. This resulted in majority rule models based on archosaurian, avian, and 

crocodylain datasets, respectively. Accuracy of the final regionalisation was examined again 

using the caret package (Kuhn 2008). R script is provided in the supplementary information. 

 As f_length was not available in the sampled fossil archosaurs at the time of this study, all 

variables were standardised by caw. Presacrals of fossil archosaurs were regionalised into 

cervicals and dorsals using majority rule model on supervised models trained from archosaurian, 

avian, and crocodylain datasets standardised by caw. The results were then compared to 



96 

 

regionalisation using the type II DP criterion (see Chapter 2) and to the regionalisation in the 

literature where possible. 

 

3.3 Results 

 3.3.1. Overall accuracies of sampled variables in supervised models 

 As represented by the medians of the supervised models presented in this study, models 

trained from data standardised by f_length typically have moderately higher accuracies than 

those trained from data standardised by caw (Fig. 3.3). Among the supervised models, 

multivariate model and majority rule model trained from data standardised by f_length have 

highest accuracies (> 80%) than multivariate models and majority rule models trained from data 

standardised by caw, and higher than the univariate models. The use of majority rule does not 

significantly impact model accuracy when the models are trained from data standardised by 

f_length. For models trained from data standardised by caw, however, using majority rule to 

summarise predictions increases accuracy from a median of 76.1% to 80.4% which is just above 

the threshold accepted by this study.  

Among univariate models, models trained from data standardised by f_length have higher 

accuracies when they are trained from cah and hp, whereas models trained from data 

standardised by caw have higher accuracies when they are trained using the variable appp. 

Models trained from variables cl, lpre, and lpost have similar accuracies below 80% regardless 

how the data is standardised. Eight out of 76 supervised models trained from data standardised 

by f_length and six out of 70 supervised models trained on data standardised by caw have 

accuracies below 50% (Table S3.1). Of the models with accuracies lower than 50%, three have 

accuracies below 30% and they are all based on data standardised by caw, whereas only one 

model based on data standardised by f_length has accuracy below 40%. Accordingly, 

multivariate supervised models are preferred over univariate ones, and majority rule should be 

performed especially when the data is standardised by caw.  

 3.3.2 Accuracies of the four training methods 

 LDA models — Accuracies of the trained LDA models trained on archosaurian, avian, 

and crocodylian datasets are overall similar, with models trained the avian datasets being slightly 

more accurate (Fig. 3.4, A – C). Among models trained on archosaurian and avian datasets, 
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multivariate models and univariate models trained on cah and hp standardised by f_length have 

higher accuracies compared to their counterparts standardised by caw. Furthermore, models 

based on variables standardised by caw are decently accurate if the supervised models are trained 

on variables appp and cl using archosaurian dataset, and on variables lpre and lpost using avian 

dataset. By comparison, all models trained on crocodylian dataset have higher accuracies when 

the variables are standardised by f_length, except for cl and hp which have higher and similar 

accuracies when the variables are standardised by caw. The multivariate model trained on 

crocodylian dataset from variables standardised by f_length reaches 100% accuracy, which may 

be related to the small training sample available for this study. Accordingly, training multivariate 

LDA models with small data such as the one we presented using the crocodylian dataset may 

have overfitting issues, and could be abandoned if individual or subsets of variables have high 

enough predictive accuracies (Qiao et al. 2008; Mai 2013). 

 Logistic regression models — Accuracies of the trained logistic regression models 

trained from archosaurian and avian datasets are overall similar, whereas those trained from 

crocodylian dataset from variables standardised by caw have substantially lower accuracies (Fig. 

3.4, D – F). Among models trained on archosaurian and avian datasets, standardising the 

variables by f_length and caw of our training data resulted in similar accuracies, except for cl 

from archosaurian dataset, and appp, lpre, and lpost from the avian dataset which standardising 

the variables by caw offers decently higher accuracies. Models trained from crocodylian dataset 

have substantially higher accuracies when variables are standardised by f_length, with the 

exception of cah that have similar accuracies between standardisation by f_length and caw.  

 NaïveBayse models — Accuracies of the trained NaïveBayse models trained on 

archosaurian, avian, and crocodylian datasets are overall similar, with some of the models trained 

from avian and crocodylian datasets having lower accuracies (Fig. 3.4, G – I). Among models 

trained from archosaurian dataset, the multivariate model trained on variables standardised by 

f_length and univariate models trained on cah and hp have higher accuracy than their 

counterparts standardised by caw. By comparison, univariate models trained on appp and cl have 

higher accuracies when they are standardised by caw. Among models trained from avian dataset, 

the accuracies are substantially higher for univariate models trained on appp, lpre, and lpost 

standardised by caw. Among the models trained from crocodylian dataset, all models have higher 
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accuracies when variables are standardised by f_length, except the univariate models trained on 

cah which both standardisation approaches offer similar accuracies. Accordingly, NaïveBayse 

models and LDA models trained from the datasets in this study have similar accuracies.   

 Random Forest models — Random Forest models have overall similar accuracies 

among the three multivariate models trained in this study (Fig. 3.4, J – L). Standardised by caw, 

accuracy is slightly higher for the multivariate model trained from avian dataset.   

 Overall accuracies of multivariate models are similar regardless of the type of supervised 

models. Univariate models have most consistent accuracies when they are trained from 

archosaurian dataset. For models trained from avian dataset, accuracies are similar except for 

those trained on appp, lpre, and lpost, which are lower for LDA and NaïveBayse models trained 

on variables standardised by f_length. For models trained from crocodylian dataset, accuracies 

are comparable among the four types of supervised models when variables are standardized by 

f_length, and are substantially lower when variables are standardized by caw.    

 3.3.3 Predictions on sampled fossil presacrals 

 Among the 31 sampled fossil archosaur taxa, predictions using majority rule models 

predicted classification of cervicals and dorsals comparable to the identifications in the literature 

and/or using the type II DP criterion (see Chapter 2) only in four non-avian dinosaurs and one 

crocodylian (Table S3.2). Among the three majority rule models, the ones based on archosaurian 

and avian datasets are more consistent and comparable to the regionalisation from the literature 

and from the type II DP criterion. By comparison, majority rule model based on crocodylian 

dataset is not comparable to the regionalisation in the literature and the type II DP criterion. For 

example, the first three preserved presacrals in Montanoceratops cerhrhynchos (AMNH 5464) 

are regionalised as cervicals both in the literature and by the type II DP criterion. However, these 

most definitely cervicals are regionalised as dorsals by the supervised statistical models trained 

in this study. In the original descriptive study of Ao. fragilis (AMNH 666), P11 was identified by 

Gilmore (1920) and documented in the collection as the D1, and by the type II DP criterion as 

the CD1. By comparison, P11 of Ao. fragilis (AMNH 666) is regionalised as D3. 

The supervised statistical models in this study generated regionalisations comparable to 

those seen in the literature and/or resulting from the type II DP criterion in three non-avian 

dinosaurs and one fossil crocodylian. Our majority rule model produced a regionalisation into 
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cervicals and dorsals for Deinonychus antirrhopus (YPM 5204) identical to that in the original 

descriptive study (Ostrom 1969), apart from the classification of one presacral: the vertebra 

identified by Ostrom (1969) as D1 was regionalised as a cervical by our majority rule model. In 

Gilmoreosaurus mongoliensis (AMNH 30671, 30672, 30673, 30678, 30680, and 30681), the two 

cervicodorsals regionalised as cervicals by the type II DP criterion are regionalised as cervicals 

by our majority rule model, and D1 is regionalised identically between the two methods. In 

Ankylosaurus magniventris (AMNH 5859), the vertebrae identified by Carpenter (2004) as D1 to 

D3 are regionalised identically by our majority rule model, but as the last three cervicodorsals by 

the type II DP criterion. As the type II DP criterion typically takes several dorsals as 

cervicodorsals (see Chapter 2), the last three cervicodorsal in Ak. magniventris (AMNH 5859) 

identified by the type II DP criterion could have been the first three presacrals after the first 

sternal connection. In Alligator mcgrewi (AMNH 10316) with comparable classification, the 

presacrals are preserved in articulation. Presacral 9 is regionalised as CD1 by the type II DP 

criterion, and as D1 by our majority rule model. As extant crocodylians consistently have nine 

cervicals (Cong et al. 1988; Frey 1988), the closely related fossil crocodylians such as Al. 

mcgrewi (AMNH 10316) would likely have nine cervicals. Our majority rule model therefore 

identified the cervicodosal transition in Al. mcgrewi (AMNH 10316) one presacral anterior to the 

first sternal connection. 

 

3.4 Discussion 

3.4.1 Anatomical features with potential for identifying the cervicodorsal transition  

Among the sampled variables, appp and cl capture the length of presacrals, caw, lpre, and 

lpost capture the width of presacrals, and cah and hp capture the height of presacrals. All models 

developed in this study have similar median of accuracy, except for the models trained on cah 

and hp that are standardised by caw and the models trained on appp and cl that are standardised 

by f_length. Among the 14 models with less than 50% accuracy (Fig. 3.3) (Table S3.1), seven of 

the models are based on variables characterising the width of presacrals, whereas four and three 

of the models are based on variables characterising the height and length of presacrals, 

respectively. Sampling variables from the length and height of the presacrals are seemingly 

preferrable compared to those using the width of presacrals. However, all seven models based on 



100 

 

the width of prescarals have accuracies above 35%, whereas the two and one model(s) using the 

length and height of presacrals have accuracies below 30%.  

 As majority rule could increase the accuracy of supervised models to identify the 

cervicodorsal transition, sampling variables capturing the width of presacrals is recommended, 

because of the potential to avoid severely low accuracy. This recommendation is consistent with 

the findings of a morphometric study on the presacrals in extant crocodylians (Iijima and Kubo 

2019), in which the standardised centrum width is increased towards the cervicodorsal transition. 

Unlike centrum width, pre-zygapophyseal width examined by Ijima and Kubo (2019) does not 

show a clear contrast between cervicals and dorsals. Our univariate models trained on lpre from 

crocodylian dataset are high in accuracy (Fig. 3.4), which suggests a distinct contrast in pre-

zygapophyseal width exist between the cervicals and dorsals.  

3.4.2 Plausible factors contributing to inconsistent regionalisation in fossil 

archosaurs 

 Limitation of training procedure — data sampled from extant archosaurs in this study 

is relatively small, especially from the extant crocodylians, and criterion for input of majority 

rule models was set to accuracy at 80%. As supervised learning can be improved by increasing 

the sizes of high-quality training data with good representations (Ajiboye et al. 2015), continue 

sampling extant archosaurs may improve the robustness of supervised models, and the models 

with much higher accuracies may be filtered out input for majority rule models. Further 

augmenting the training dataset would theoretically reduce the degrees of multicollinearity (Kim 

2019), allowing more sample variables to be trained collectively in multivariate models, which in 

turn may increase accuracy of models (e.g. comparisons between multivariate and univariate 

models in this study) (Fig. 3.3). However, increasing the size of training dataset does not 

guarantee the elimination of multicollinearity in empirical studies (Vatcheva et al. 2016), and 

sampled variables should be examined and filtered every time the training dataset is altered. 

Furthermore, augmenting training dataset would risk overfitting supervised models with training 

data, and factors such as sampled variables and rounds of cross-validation should be taken into 

account (Vabalas et al. 2019).  

Influences from biological adaptations — Archosaurs have a deep evolutionary history 

(Brusatte et al. 2010; Benton 2014; Pol and Leardi 2015; Puértolas Pascual et al. 2015; Nesbitt et 
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al. 2017), and the vertebral columns of many taxa were likely altered for functional adaptations 

such as weight bearing (e.g. hyposphene-hypantrum) (Stefanic and Nesbitt 2018), facilitating 

locomotion (Abourachid et al. 2011; Molnar et al. 2015), promoting head movements (Terray et 

al. 2020), and respiration (Schachner et al. 2011; Brocklehurst et al. 2018). The logic of the level 

I extant phylogenetic bracket (Witmer 1995) may not be appropriate to follow in inferring the 

cervicodorsal transition across Archosauria. With articulated skeletons of fossil archosaurs 

(Norelli and Makovicky 1999; Brochu 2003; Clark et al. 2004; Salisbury et al. 2006; Xu et al. 

2015; Currie et al. 2016), the first sternal connection may be approximated, and supervised 

models could be trained using data collected from both extant and fossil archosaurs. 

Regionalisation of presacrals in other fossil archosaurs could be made following the logic of the 

level II extant phylogenetic bracket (Witmer 1995). If such supervised modelling can accurately 

and perhaps even precisely identify the cervicodorsal transitions in fossil archosaurs, an 

anatomical framework may be established for the regionalisation of the axial skeletons, and 

evolutionary timing of functional adaptations along the vertebral column seen in extant birds and 

crocodylians (Fujiwara et al. 2009; Molnar et al. 2014; Molnar et al. 2015; Terray et al. 2020) 

may be traced back to their ancestral precursors. Furthermore, such an anatomical framework 

would allow presacrals of extant and fossil archosaurs to be regionalised in a consistent manner, 

and insights from anatomical studies of the presacral vertebral column in deep time may be 

combined with insights from studies of embryonic development of presacral vertebral column 

(Mansfield and Abzhanov 2010; Böhmer et al. 2015; Bui and Larsson 2021), which in turn has 

the potential to perceive the evolutionary transitions of vertebral column since the bygone days 

of archosaurian history.  

 

  



102 

 

Tables 

Table 3. 1. Definitions of seven linear measurements on presacrals sampled in this study. 

Variable Definition 

Centrum length 

(cl) 

Maximal anteroposterior distance between the pedicle and the centrum 

along the NCS. 

Centrum anterior 

height (cah) 

Dorsoventral distance from the NCS to the base of the centrum. 

Centrum anterior 

width (caw) 

Maximal distance between the left and right NCS at their anterior ends. 

Height of the 

pedicle (hp) 

Maximal dorsoventral distance from the prezygapophyseal facet to the 

NCS. 

Zygapophyseal 

length (appp) 

Maximal anteroposterior distance between the prezygapophyseal and 

the postzygapophyseal facets of the same side. 

Prezygapophyseal 

width (lpre) 

Maximal distance between the left and right prezygapophyseal facets. 

Postzygapophyseal 

width (lpost) 

Maximal distance between the left and right postzygapophyseal facets 
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Table 3. 2. List of archosaur taxa sampled for linear measurements on presacrals (see Table S3.2 

for the full list of taxa and the sequential orders of presacrals where available). 

Pseudosuchia Avemetatarsalia 

Clade Number of Taxa Clade Number of Taxa 

Crocodylia 11 Aves 11 

Dyrosauridae 2 Hesperornithidae 1 

Poposauroidea 2 Dromaeosauridae 1 

Gracilisuchidae 1 Coeluridae 1 

Rauisuchidae 1 Allosauroidea 3 

Phytosauria 1 Camarasauridae 1 

  Ceratopsia 3 

  Ornithopoda 3 

  Stegosauridae 2 

  Ankylosauria 3 

  Basal avemetatarsalians 2 
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Figures 

Figure 3.1. Linear measurements taken from presacrals sampled in this study. 

Line drawings of dorsal in crocodylian illustrating seven linear measurements sampled in 

anterior (A) and left lateral (B) views. Abbreviations: appp, zygapophyseal length; caw, centrum 

anterior width; cah, centrum anterior height; cl, centrum length; hp, height of pedicle; lpre, 

prezygapophyseal width; and lpost, postzygapophyseal width. 
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Figure 3.2. Experimental design of constructing supervised models. 

Flow chart illustrating the steps taken to construct supervised models. Abbreviations: LDA, 

linear discriminant analysis. 
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Figure 3.3. Overall accuracies of 146 supervised models. 

Boxplot of model accuracies plotted against variables of multivariate, univariate, and majority 

rule supervised models. Medians are labelled by horizontal solid lines within box; box ranges 

represent 25% to 75% quartiles in accuracy; length of whiskers equal interquartile range; and 

outliers are labelled as solid dots. Models trained on variables standardised by caw and f_length 

are coloured orange and navy blue, respectively. Abbreviations: 3var, multivariate models trained 

on a combination of three independent variables; appp, zygapophyseal length; caw, centrum 

anterior width; cah, centrum anterior height; cl, centrum length; hp, height of pedicle; lpre, 

prezygapophyseal width; and lpost, postzygapophyseal width; mjr, majority rule model. 

  



109 

 

 

  



110 

 

Figure 3.4. Accuracy of four types of supervised models. 

Bar graphs of model accuracies plotted against variables of multivariate and univariate 

supervised models. Accuracies of LDA models trained on variables from archosaurian (A), avian 

(B), and crocodylian (C) datasets; accuracies of logistic regression models trained on variables 

from archosaurian (D), avian (E), and crocodylian (F) datasets; accuracies of NaïveBayse models 

trained on variables from archosaurian (G), avian (H), and crocodylian (I) datasets; accuracies of 

Random Forest models trained on variables from archosaurian (J), avian (K), and crocodylian 

(L) datasets. Models trained on variables standardised by caw and f_length are coloured orange 

and navy blue, respectively. Abbreviations: 3var, multivariate models trained on a combination 

of three independent variables; appp, zygapophyseal length; caw, centrum anterior width; cah, 

centrum anterior height; cl, centrum length; hp, height of pedicle; lpre, prezygapophyseal width; 

and lpost, postzygapophyseal width. 
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3.6 Supplementary Information 

Table S3. 1. List of supervised models trained in this study, datasets supervised models trained 

from, variables supervised models trained on, and model accuracies. Names of supervised 

models are the same as in the r script (Script S3.1). 

Names of supervised 

models 

Datasets Variable use 

for 

standardisation 

Variables models 

trained on 

Model 

accuracy 

ar_f_3var archo f_length 3var 84.80% 

ar_f_cl archo f_length cl 53.30% 

ar_f_cah archo f_length cah 73.90% 

ar_f_caw archo f_length caw 85.90% 

ar_f_hp archo f_length hp 78.30% 

ar_f_appp archo f_length appp 48.90% 

ar_f_lpre archo f_length lpre 64.10% 

ar_f_lpost archo f_length lpost 63.00% 

b_f_3var bird f_length 3var 89.60% 

b_f_cl bird f_length cl 61.20% 

b_f_cah bird f_length cah 68.70% 

b_f_caw bird f_length caw 88.10% 

b_f_hp bird f_length hp 70.10% 

b_f_appp bird f_length appp 59.70% 

b_f_lpre bird f_length lpre 43.30% 

b_f_lpost bird f_length lpost 47.80% 

c_f_3var croc f_length 3var 100.00% 

c_f_cl croc f_length cl 61.20% 

c_f_cah croc f_length cah 68.70% 

c_f_caw croc f_length caw 52.00% 

c_f_hp croc f_length hp 52.00% 

c_f_appp croc f_length appp 80.00% 

c_f_lpre croc f_length lpre 84.00% 

c_f_lpost croc f_length lpost 84.00% 

ar_caw_3var archo caw 3var 77.20% 

ar_caw_cl archo caw cl 72.80% 

ar_caw_cah archo caw cah 72.80% 

ar_caw_hp archo caw hp 53.30% 

ar_caw_appp archo caw appp 75.00% 

ar_caw_lpre archo caw lpre 67.40% 

ar_caw_lpost archo caw lpost 67.40% 

b_caw_3var bird caw 3var 86.60% 
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b_caw_cl bird caw cl 71.60% 

b_caw_cah bird caw cah 67.20% 

b_caw_hp bird caw hp 52.20% 

b_caw_appp bird caw appp 76.10% 

b_caw_lpre bird caw lpre 85.10% 

b_caw_lpost bird caw lpost 83.60% 

c_caw_3var croc caw 3var 72.00% 

c_caw_cl croc caw cl 71.60% 

c_caw_cah croc caw cah 67.20% 

c_caw_hp croc caw hp 52.00% 

c_caw_appp croc caw appp 64.00% 

c_caw_lpre croc caw lpre 72.00% 

c_caw_lpost croc caw lpost 60.00% 

ar_f_3var archo f_length 3var 80.40% 

ar_f_cl archo f_length cl 54.30% 

ar_f_cah archo f_length cah 75.00% 

ar_f_caw archo f_length caw 83.70% 

ar_f_hp archo f_length hp 71.70% 

ar_f_appp archo f_length appp 64.10% 

ar_f_lpre archo f_length lpre 75.00% 

ar_f_lpost archo f_length lpost 75.00% 

b_f_3var bird f_length 3var 89.60% 

b_f_cl bird f_length cl 77.60% 

b_f_cah bird f_length cah 68.70% 

b_f_caw bird f_length caw 89.60% 

b_f_hp bird f_length hp 71.60% 

b_f_appp bird f_length appp 74.60% 

b_f_lpre bird f_length lpre 68.70% 

b_f_lpost bird f_length lpost 67.20% 

c_f_3var croc f_length 3var 96.00% 

c_f_cl croc f_length cl 76.00% 

c_f_cah croc f_length cah 40.00% 

c_f_caw croc f_length caw 36.00% 

c_f_hp croc f_length hp 40.00% 

c_f_appp croc f_length appp 84.00% 

c_f_lpre croc f_length lpre 84.00% 

c_f_lpost croc f_length lpost 84.00% 

ar_caw_3var archo caw 3var 69.60% 

ar_caw_cl archo caw cl 80.40% 
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ar_caw_cah archo caw cah 68.50% 

ar_caw_hp archo caw hp 58.70% 

ar_caw_appp archo caw appp 80.40% 

ar_caw_lpre archo caw lpre 70.70% 

ar_caw_lpost archo caw lpost 70.70% 

b_caw_3var bird caw 3var 92.50% 

b_caw_cl bird caw cl 86.60% 

b_caw_cah bird caw cah 73.10% 

b_caw_hp bird caw hp 74.60% 

b_caw_appp bird caw appp 89.60% 

b_caw_lpre bird caw lpre 85.10% 

b_caw_lpost bird caw lpost 86.60% 

c_caw_3var croc caw 3var 64.00% 

c_caw_cl croc caw cl 20.00% 

c_caw_cah croc caw cah 44.00% 

c_caw_hp croc caw hp 24.00% 

c_caw_appp croc caw appp 20.00% 

c_caw_lpre croc caw lpre 48.00% 

c_caw_lpost croc caw lpost 40.00% 

ar_f_3var archo f_length 3var 83.70% 

ar_f_cl archo f_length cl 64.10% 

ar_f_cah archo f_length cah 76.10% 

ar_f_caw archo f_length caw 85.90% 

ar_f_hp archo f_length hp 77.20% 

ar_f_appp archo f_length appp 55.40% 

ar_f_lpre archo f_length lpre 66.30% 

ar_f_lpost archo f_length lpost 69.60% 

b_f_3var bird f_length 3var 89.60% 

b_f_cl bird f_length cl 67.20% 

b_f_cah bird f_length cah 68.70% 

b_f_caw bird f_length caw 88.10% 

b_f_hp bird f_length hp 70.10% 

b_f_appp bird f_length appp 53.70% 

b_f_lpre bird f_length lpre 44.80% 

b_f_lpost bird f_length lpost 47.80% 

c_f_3var croc f_length 3var 96.00% 

c_f_cl croc f_length cl 80.00% 

c_f_cah croc f_length cah 56.00% 

c_f_caw croc f_length caw 52.00% 
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c_f_hp croc f_length hp 64.00% 

c_f_appp croc f_length appp 80.00% 

c_f_lpre croc f_length lpre 84.00% 

c_f_lpost croc f_length lpost 84.00% 

ar_caw_3var archo caw 3var 71.70% 

ar_caw_cl archo caw cl 72.80% 

ar_caw_cah archo caw cah 63.00% 

ar_caw_hp archo caw hp 56.50% 

ar_caw_appp archo caw appp 73.90% 

ar_caw_lpre archo caw lpre 68.50% 

ar_caw_lpost archo caw lpost 69.60% 

b_caw_3var bird caw 3var 86.60% 

b_caw_cl bird caw cl 76.10% 

b_caw_cah bird caw cah 58.20% 

b_caw_hp bird caw hp 67.20% 

b_caw_appp bird caw appp 82.10% 

b_caw_lpre bird caw lpre 86.60% 

b_caw_lpost bird caw lpost 83.60% 

c_caw_3var croc caw 3var 76.00% 

c_caw_cl croc caw cl 64.00% 

c_caw_cah croc caw cah 64.00% 

c_caw_hp croc caw hp 56.00% 

c_caw_appp croc caw appp 68.00% 

c_caw_lpre croc caw lpre 56.00% 

c_caw_lpost croc caw lpost 68.00% 

ar_f_3var archo f_length 3var 96.70% 

b_f_3var bird f_length 3var 92.50% 

c_f_3var croc f_length 3var 96.00% 

ar_caw_3var archo caw 3var 72.80% 

b_caw_3var bird caw 3var 85.10% 

c_caw_3var croc caw 3var 68.00% 

mjr_ar_f archo f_length mjr 91.30% 

mjr_ar_caw archo caw mjr 70.70% 

mjr_ar_b_caw archo caw mjr 89.60% 

mjr_b_caw bird caw mjr 88.10% 

mjr_c_caw croc caw mjr 90.90% 

Abbreviations: 3var, multivariate models trained on a combination of three independent 

variables; archo, archosaurian dataset; appp, zygapophyseal length; bird, avian dataset; caw, 

centrum anterior width; cah, centrum anterior height; cl, centrum length; croc, crocodylian 
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dataset; f_length, femoral length; hp, height of pedicle; lpre, prezygapophyseal width; and lpost, 

postzygapophyseal width; mjr, majority rule model.  
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Table S3. 2. Tables of fossil archosaur taxa sampled in this study, presacral numbers identified in 

the literature and/or labelled in the collection, regionalisation using the type II DP criterion, and 

regionalisation using majority rule models. 

Taxa Presacral 

Number 

Type 

II DP  

MJR  

(archo) 
 

MJR  

(bird) 
 

MJR  

(croc) 
 

Hesperornis regalis 

(YPM 1207) 

— — D D D 

— CD D D D 

— CD D D D 

— CD D D D 

— CD D D D 

— CD C C C 

— CD C C C 

Deinonychus 

antirrhopus (*) 

((Ostrom 1969) + 

collection labels) 

(YPM 5204) 

C4 — C C D 

C5 — C C C 

C7 — C C C 

D1 — C C D 

D6 — D D D 

D7 — D D C 

D9 — D D C 

D10 — D D D 

Coelurus  

agilis (*) 

(Collection labels) 

(YPM 2010) 
 

C5 C C C C 

C8 C C C C 

C9 C C C C 

C10 CD C C C 

D1 CD C C C 

Allosaurus fragilis (*) 

( (Gilmore 1920) + 

collection labels) 

(AMNH 666) 
 

P8 C C C C 

P9 C D D D 

P10 C C C D 

P11 CD D D D 

P12 CD D D D 

P13 CD D D D 

P14 CD D D D 

P15 CD D D D 

P16 D D D D 

P17 D D D D 

P18 D D D D 

P19 D D D D 

P20 D D D D 

P21 D D D C 

P22 D D D C 

Allosaurus  — D D C D 

— D D D D 
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sp. 

(AMNH 680) 

— D D D D 

Allosaurus  

sp. 

(AMNH 813) 
 

— CD C C D 

— CD D D D 

— D D C D 

— D D D D 

Camarasaurus grandis 

(YPM 1905) 
 

— C C C C 

— C C C C 

— C C C C 

— C C C C 

— D C C D 

— D C C D 

— D C C D 

Montanoceratops 

cerhrhynchos 

((Brown and Schlaikjer 

1942) 

+ collection labels) 

(AMNH 5464) 
 

P4 C D D D 

P5 C D D D 

P6 C D D D 

P7 CD D D D 

P8 CD D D D 

P9 CD D D D 

P10 D D D D 

P11 D D D D 

P12 D D D D 

P13 D D D D 

P14 D D D D 

P15 D D D D 

P16 D D D D 

Leptoceratops gracilis  

(Collection labels) 

(CMN 8889) 

P4 CD — C D 

P5 CD C C D 

P6 CD D D D 

P7 CD D D D 

P8 CD C C C 

P9 CD C C C 

P10 D D C D 

P11 D D D D 

P12 D D D D 

P13 D D D C 

P14 D D D D 

P15 D D D C 

P16 D D D C 

P19 D C C C 

P20 D C C C 

P21 D C C D 

P22 D C C D 
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Ceratopsidae indet. 

(AMNH 5422) 

— — D D D 

— D D D D 

— D D D D 

— D D D D 

— D D D D 

— D D D D 

— D D D D 

— D D D D 

Gilmoreosaurus 

mongoliensis (*) 

(AMNH 30671 30672 

30673 30678 30680 

30681) 

— C C C D 

— CD C C D 

— CD C C D 

— D D D D 

— D D D D 

— D D D D 

Camptosaurus dispar 

(Collection labels) 

(YPM 1877) 
 

P3 — C C C 

P4 C C C C 

P5 CD D D D 

P6 CD D D D 

P7 CD D D D 

P8 CD D D D 

P9 CD D D D 

P10 D D D D 

Tenontosaurus tilletti 

(Forster 1990) 

(AMNH 3040) 

C10 CD D D D 

C11 CD D D D 

D1 D D D D 

D2 D D D D 

D3 D D D D 

D4 D D D C 

D5 D D D D 

D6 D D D D 

Ankylosaurus 

magniventris (*) 

( (Carpenter 2004)+ 

collection labels) 

C3 — C C D 

C4 — C C D 

C5 CD C C — 

C6 CD C C — 

C7 CD C C — 

D1 CD D D D 

D2 CD D D D 

D3 CD D D D 

D4 D D D D 

D5 D D D C 

D6 D D D D 

D7 D D D D 

D8 D D D D 
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D9 D D D D 

D10 D D D D 

D11 D D D D 

Euoplocephalus tutus 

(AMNH 5337) 

— CD D D D 

— CD D D D 

— CD D D D 

— CD D D D 

— D D D D 

Sauropelta edwardsi 

(YPM 5167 5168 5166 

5145 5148) 

— CD D D D 

— CD D D C 

— CD D D D 

— D D D D 

— D D D D 

Stegosaurus sp.  

(AMNH 536) 

— D D D C 

— D D D C 

— D D D D 

— D D D C 

— D C C — 

— D D D C 

— D C C — 

— D D D D 

— D D D C 

— D C C — 

— D D D D 

Stegosaurus stenops 

(YPM 1856) 

— CD D D D 

— CD D D D 

— CD D D D 

— CD D D D 

— CD D D D 

— D C C D 

— D C C D 

— D D D C 

— D D D D 

— D D D D 

— D D D C 

— D D D C 

Scutellosaurus lawleri 

(MCZ 8800) 

— — D D D 

— — D D D 

— — D D D 

— — D D D 

— — D D D 

— — D D D 

Lagerpeton chanarensis — — C C — 
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(MCZ 4137) — CD C C — 

— D C C — 

— D C C — 

— D C C — 

— D C C — 

— D C C — 

— D C C — 

— D C C — 

— D C C — 

Alligator mcgrewi (*) 

(AMNH 10316) 

(Articulated skeleton) 

P4 C C C C 

P5 C C C — 

P6 C C C — 

P7 C C C — 

P8 C C C D 

P9 CD D D D 

P10 CD D D D 

P11 CD D D D 

Alligator olseni  

(MCZ 4753) 

— C D D D 

— C D D D 

— CD C C D 

— CD C C D 

— CD C C D 

— CD C C D 

— D D D D 

— D D D D 

— D C C D 

— D C C D 

Crocodilus grinnelli  

(Collection labels) 

(YPM 300) 

C4 C D D D 

C5 C C C — 

C6 C D D D 

C7 C D D D 

C8 CD D D D 

D1 CD D D D 

D2 CD D D D 

D3 CD C C D 

D4 D C C D 

D5 D C C D 

D6 D C C D 

D7 D C C D 

D8 D C C D 

D9 D C C D 

D10 D C C D 

D11 D C C D 
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D12 D C C D 

D13 D C C D 

D14 D C C D 

D15 D D C D 

D16 D C C D 

Necrosuchus ionensis  

( (Brochu 2011) + 

collection labels) 

(AMNH 3219) 

C5 C — C D 

C6 C — C D 

C7 C C C D 

C8 CD C C D 

C9 CD D D D 

D1 CD D D D 

D4 CD D D D 

D5 D C C D 

D6 D C C D 

D7 D C C C 

D8 D C C D 

Pristichampsus  vorax 

(AMNH 29993) 

(Collection labels) 

C3 C D D D 

C4 C C C D 

C5 C C C D 

C6 C D D D 

C7 C D D D 

C8 C D D D 

C9 CD D D D 

Diplocynodon ratelii 

(AMNH 19135) 

— C D C D 

— C D C D 

— CD C C D 

— D C C D 

— D C C C 

Hyposaurus totor  

(YPM 985) 

(Collection labels) 

P3 C C C C 

P6 C C C C 

P8 CD D D D 

P9 CD C C C 

P10 CD C C C 

P15 D D D D 

Hyposaurus sp.  

(YPM 764) 

— — D D C 

— — D D C 

Poposaurus gracilis 

(YPM 51700) 

C8 — C C — 

D1 — C C — 

D2 — C C D 

D3 — C C C 

D4 — C C C 

D5 — C C C 

D6 — D D C 



131 

 

D7 — D D C 

D8 — C C C 

D9 — D D C 

D10 — D D C 

D11 — D D C 

D12 — C C C 

D13 — D D D 

Gracilisuchus 

stipanicicorum  

(MCZ 4118_1, 

MCZ 4118_2) 

s4_1 C C C — 

s4_2 C C C — 

s4_3 C C C — 

s4_4 C C C — 

s1_1 CD C C — 

s1_2 CD C C — 

s1_3 D C C — 

Pseudopalatus buceros 

(NMMNH P 4256) 

(Articulated skeleton) 

— — C C D 

— — C C D 

— — C C D 

— — C C D 

— — C C D 

— — C C D 

— — C C D 

— — C C D 

— — C C D 

— — C C D 

Taxa marked with * are taxa regionalisation from supervised models are comparable to 

regionalisation in the literature and/or by the type II DP criterion. “—” indicate regionalisation 

are not available. Abbreviations: C, cervical; CD, cervicodorsal; D, dorsal; NA, not identifiable; 

P, presacral. 
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3.7 Digital Supplementary Data 

Digital supplementary data is stored and managed by the author, the documents of which 

are listed as follow: 

(1) raw measurements taken from the sampled extant and fossil archosaur taxa 

(2) R script to train the supervised models, to make predictions in sampled archosaur taxa, and 

visualise results.  

Latest version of this script may be found at : 

https://github.com/Wani2Y/Bioinformatics/blob/main/Supervised%20modelling%20for%20cervi

codorsal%20transition/supervised%20modelling%20using%20linear%20measurements  
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CHAPTER 4 

Deep reptilian evolutionary roots of a major avian respiratory 

adaptation 

A version of this chapter has been published as Wang, Y., Claessens, L.P.A.M., Sullivan, 

C., 2023. Deep reptilian evolutionary roots of a major avian respiratory adaptation. Commun 

Biol 6, 3. https://doi.org/10.1038/s42003-022-04301-z 

 

4.1 Introduction 

Extant birds and crocodylians are modern representatives of Archosauria, a group of 

amniotes that first appeared in the Triassic and filled most niches available to large-bodied 

terrestrial vertebrates throughout the Jurassic and Cretaceous (Nesbitt 2011; Benton 2014). The 

anterior thoracic vertebral ribs of almost all extant archosaurs bear posteriorly protruding 

uncinate processes, although these structures are typically lacking in anhimid and megapodid 

birds (Baumel et al. 1993). Some neognath birds (e.g. Falco sparverius (UAMZ 4022)) have 

additional uncinate processes on the posteriormost cervical ribs as well. In most extant birds, 

uncinate processes take the form of slender, bony protrusions that are typically fully ossified 

(Tickle et al. 2009; Codd 2010) and fused to the vertebral ribs (Codd et al. 2008) in mature 

individuals (Fig. 4.1, A - D), whereas in extant crocodylians the uncinate processes take the form 

of cartilaginous tabs (Fig. 4.1E, 1F) (Cong et al. 1988; Frey 1988; Claessens 2009a). The rod-

like cartilaginous uncinate processes of the rhynchocephalian Sphenodon punctatus may not be 

homologous to those of birds and crocodylians: most extant lepidosauromorphs lack uncinate 

processes (Romer 1956), and whether uncinate processes were ancestrally present is currently 

ambiguous for both Lepidosauromorpha and Sauria. Two main hypotheses for the function of 

avian uncinate processes, which are not mutually exclusive have been proposed: mechanical 

reinforcement of the ribcage (Welty and Baptista 1972; Hildebrand 1982; Walker and Liem 

2001; Claessens 2015) and ventilation (Zimmer 1935; Tickle et al. 2007). The ventilatory 

hypothesis is bolstered by theoretical analyses suggesting that uncinate processes should act to 

increase the leverage of the muscles attached to them (e.g. mm. appendicocostales), which in 
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turn should enhance the bird’s ventilatory performance as the expansions/contractions of the 

thorax move air through the respiratory organs (Zimmer 1935; Tickle et al. 2007). The 

mechanical leverage provided by uncinate processes likely facilitate the ventilatory motions of 

the ribcage measured in in vivo studies (Claessens 2009b; Brocklehurst et al. 2019). The 

ventilatory hypothesis has received experimental support, from an electromyographic study 

carried out on mm. appendicocostales in the Canada goose Branta canadensis (Codd et al. 2005), 

and uncinate processes accordingly represent an important component of the highly specialized 

avian ventilatory system, along with pneumatic sacs, unidirectional pulmonary airflow, and 

cross-current gas exchange (Duncker 1972; Claessens 2015; Powell 2015). In extant 

crocodylians, unidirectional pulmonary airflow is also present (Farmer and Sanders 2010; 

Schachner et al. 2013), and m. iliocostalis, an epaxial muscle attached to the uncinate processes, 

has been found empirically to serve an expiratory function in the American alligator Alligator 

mississippiensis (Codd et al. 2019). Though the specifics of function and homologies involving 

the respiratory organs and the process of gas exchange are not yet fully understood (Perry et al. 

2019), an anatomical capacity for unidirectional pulmonary airflow and a ventilatory mechanism 

incorporating uncinate processes may have been ancestral for Archosauria.  

The fossil record has provided clear evidence for uncinate processes in a small number of 

archosaurs outside the extant avian and crocodylian crown groups. Slender, ossified uncinate 

processes have been reported in some non-avian members of Pennaraptora (Codd et al. 2008), 

the clade of theropod dinosaurs containing birds and their closest relatives. Ossified uncinate 

processes are also known in the ornithomimosaurian theropod, Pelecanimimus polyodon (Cuesta 

et al. 2022). Moreover, triangular calcified uncinate processes are present in the notosuchian 

Araripesuchus gomesii (Turner 2006), and broad calcified uncinate processes termed intercostal 

plates have been observed in several ornithischian dinosaurs including ankylosaurs, 

thescelosaurids, ornithopods, and stegosaurs (Maryañska 1977; Zhou 1983; Boyd et al. 2011; 

Park et al. 2021). However, the notosuchian and ornithischian examples listed above 

notwithstanding, preserved uncinate processes are rarely found outside Pennaraptora. This could 

indicate that uncinate processes are unusual structures that evolved independently in 

crocodylians, Ar. gomesii, pennaraptorans, Pe. polyodon, and several ornithischians. 

Alternatively, the ossified uncinate processes in pennaraptorans could have been modified from a 
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cartilaginous precursor that was widespread in extinct archosaurs, and perhaps even 

plesiomorphic for Archosauria, but mostly absent in the current fossil record because 

mineralisation of the cartilage was rare and preservation potential in the absence of 

mineralisation was low. 

In this chapter, we establish features associated with the attachment of uncinate processes 

to vertebral ribs as osteological correlates in extant birds and crocodylians. We show that these 

osteological correlates allow the presence of uncinate processes in fossil archosaurs to be 

inferred, when uncinate processes are not directly preserved. Using these newly identified 

osteological correlates, we examine the distribution of uncinate processes in extinct members of 

Archosauria with a focus on members of Dinosauria. Finally, we reconstruct ancestral states 

based on these results to explore patterns of uncinate process evolution, and consider the 

implications for the evolution of ventilation on the line to birds. 

 

4.2 Materials and Methods 

Dorsal vertebral ribs of extant and fossil archosaurs housed in museum collections were 

directly examined to determine whether uncinate scars were present, and by extension whether 

the presence of uncinate processes could be. Two discrete coding approaches were used in 

mapping the distribution of uncinate processes in Archosauria and reconstructing ancestral states 

with respect to this feature. Under our preferred approach, uncinate processes were coded as 

present in a fossil archosaur if at least one specimen possessed either an uncinate scar or a 

preserved uncinate process. In the absence of such evidence, the condition was coded as 

uncertain. Our alternative coding approach, which was used to test the stability of the results 

obtained under our preferred coding approach, differed in that uncinate processes were coded as 

absent in taxa for which at least five dorsal vertebral ribs were available, regardless of their state 

of preservation, and showed no sign of uncinate processes or uncinate scars. This resulted in 

coding uncinate processes as absent in nine taxa. The proterochampsian archosauriform 

Chanaresuchus bonapartei was selected as an outgroup to Archosauria, and uncinate processes 

was coded as absent for Ch. bonapartei because evidence of uncinate processes or uncinate scars 
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was lacking from a total of 13 well-preserved vertebral ribs observed in two individuals (MCZ  

4037, 4038). The ancestral state reconstruction (ASR) was performed using RStudio 4.1.2, using 

an informal species-level cladogram (supertree) compiled from the results of 23 phylogenetic 

studies of varying scope across Archosauria (Carrano et al. 2012; Otero and Pol 2013; Arbour 

and Currie 2016; Arbour and Evans 2017; Leardi et al. 2017; Nesbitt et al. 2017; Raven and 

Maidment 2017; Han et al. 2018; Jones and Butler 2018; Dollman et al. 2019; Gorscak and 

O’Connor 2019; Mannion et al. 2019; Pittman et al. 2020; Pol and Goloboff 2020; Yu et al. 

2020; Evans et al. 2021; McDonald et al. 2021; Rio and Mannion 2021; Rummy et al. 2022). To 

add a phylogenetic tree to the informal cladogram, at least one common taxon present in both 

trees was used as a topological landmark, and the phylogenetic tree was grafted onto the informal 

cladogram at the phylogenetic position of the common taxon. Branch lengths were estimated 

based on first and last appearance data (Peters and McClennen 2015). Maximum parsimony, 

maximum likelihood, and Bayesian inference were used to infer ancestral states. Each of these 

methods was applied using both our preferred and alternate coding approaches, and both with 

and without branch length estimates. Detailed procedures, R script, and raw data for the ASR are 

provided in the Supplementary Data. 

 

4.3 Results 

4.3.1 Establishing uncinate scars as osteological correlates 

In extant crocodylians and skeletally immature extant birds (Fig. 4.1 C – F), the uncinate 

processes are anchored to the vertebral ribs by soft connective tissue and can be removed. 

Removal of an uncinate process from a vertebral rib reveals a rugose area, which is usually 

slightly concave, on the rib’s posterior margin (Fig. 4.1 G – L). We term this rugose area an 

uncinate scar. In the six skeletally immature extant birds and six extant crocodylians we 

examined, uncinate scars were consistently present on the vertebral ribs of the anterior thorax. 

The irregular, rugose surface of an uncinate scar contrasts with the smooth cortex constituting 

the majority of the vertebral rib’s surface and is often perforated by a small number of visible 

nutrient foramina. The largest uncinate scars, in terms of area, typically occur on the second 

dorsal vertebral rib and/or the ribs of adjacent vertebral segments. 
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Typical avian uncinate scars are suboval, heavily rugose, and positioned near the 

midpoint of the vertebral rib, and tend to taper proximally and/or distally (Fig. 4.1G, 1H). Small 

prominences protrude from the vertebral ribs at the proximal and distal ends of the uncinate scar, 

contributing to the scar’s concavity and potentially causing the scar to appear in lateral view as a 

slight embayment along the margin of the vertebral rib. Avian uncinate scars vary considerably 

in width and degree of tapering, both among taxa and depending on anteroposterior position 

within the thorax. They can be slender and strip-like in extreme cases. However, the avian 

uncinate scars examined in this study were all heavily rugose.  

Unlike in birds, uncinate scars in crocodylians are positioned close to the distal ends of 

the vertebral ribs. Nevertheless, crocodylians differ from birds in having a third, intermediate 

segment between each thoracic vertebral rib segment and the corresponding sternal segments 

(Claessens 2015), and crocodylian uncinate scars are probably positionally equivalent to avian 

ones if the intermediate ribs of crocodylians are homologous to the distal parts of the vertebral 

ribs of birds, as suggested by evidence from embryonic quails (Aoyama et al. 2005; Scaal 2021). 

Uncinate scars in crocodylians range topographically from being distinctly concave as in birds to 

being essentially flat and inconspicuous. The degree of rugosity is more variable than in avian 

uncinate scars, and may be quite light. A distal prominence is sometimes present, but we 

observed no proximal prominences in the specimens we examined. In some cases, the uncinate 

scar is interrupted along its length by one or two areas of smooth cortex, where the uncinate 

process was presumably not directly anchored by connective tissue to the vertebral rib. The 

separate areas of rugosity forming the interrupted scar are always aligned proximodistally and 

may be situated within a single concavity (Fig. 4.1J, 1L). The suboval shape of avian uncinate 

scars and the elongate shape of crocodylian ones presumably reflect the prong-like and tab-like 

forms of the uncinate processes seen in birds and crocodylians, respectively.  

Uncinate scars nearly identical in morphology and position to those of extant 

crocodylians were found on two incomplete crocodylian vertebral ribs (AMNH 7900) from the 

Miocene of Florida, United States (Fig. 4.1M, 1L). The precise taxonomic identity of AMNH 

7900 is unknown, but the vertebral ribs have the characteristic morphological features seen in 

extant crocodylians, including the presence of well-developed anterior and posterior intercostal 



138 

 

ridges. This observation demonstrates that uncinate scars are sometimes visible in fossil 

archosaurs, and represent viable osteological correlates of uncinate processes attachment in 

extinct taxa. 

4.3.2 Uncinate scars outside Aves and Crocodylia 

Uncinate scars were found on disarticulated dorsal vertebral ribs representing at least 19 

fossil members of the avian and crocodylian stem lineages, and on several more archosaur 

specimens that could be referred only to suprageneric clades (see Table 1 of Supplementary 

Information for details). Identification of uncinate scars in fossil archosaurs requires that at least 

the midshaft portion of the vertebral rib be preserved with minimal surficial damage. The rarity 

of such good preservation probably accounts in part for the fact that relatively few uncinate scars 

were identified in this study. The observed uncinate scars vary in form, but are generally 

consistent among closely related taxa (e.g. within cerapodans). These uncinate scars can be 

distinguished from attachment sites of hypaxial muscles (e.g. mm. intercostales) based on their 

anatomical positioning, interpreted in light of the typical distribution of muscle attachment areas 

on the vertebral ribs of extant archosaurs (see section 2 of Supplementary Information for 

details). All observed uncinate scars are positioned near the midshafts of vertebral ribs, as in 

extant birds. 

Among theropods examined in this study, the uncinate scars found in the tyrannosaurid 

Albertosaurus sarcophagus (TMP 99.50.41, 99.50.42), the allosaurid Allosaurus fragilis 

(AMNH 5753), and the dromaeosaurid Saurornitholestes langstoni (TMP 88.121.39) resemble 

their avian counterparts. In the tyrannosaurids Gorgosaurus libratus (UALVP 10) and 

Daspletosaurus torosus (CMN 8506), along with four indeterminate tyrannosaurid specimens, 

each uncinate scar is associated with a ridge that lies medially adjacent to the scar’s proximal 

portion, which recedes into the rib shaft in the proximal direction. This feature, which we term 

the ‘proximal ridge’, is present in all tyrannosaurids we examined, except Ab. sarcophagus 

(TMP 99.50.41, 99.50.42). Uncinate scars in tyrannosaurids (Fig. 4.2A, 2B) typically 

approximate the vertebral ribs in width, and the prominent proximal ridges are clearly visible in 

lateral view. However, an uncinate scar on a small vertebral rib definitely belonging to a juvenile 

tyrannosaurid (TMP 94.12.960) (Fig. 4.2C, 2D) is a small, suboval concavity, occupying 
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approximately one fifth of the width of the rib shaft, and the proximal ridge is a minor 

protuberance. The uncinate scars and associated proximal ridges are clearly best developed in 

mature tyrannosaurids, which suggests that they may have become enlarged in response to 

muscular loads imposed on the uncinate processes during development. The uncinate scar and 

the proximal ridge in the ornithomimisaurian theropod, Struthiomimus altus (AMNH 5355) (Fig. 

4.2E, 2F) resemble that of TMP 94.12.960. 

 Among cerapodans examined in this study, the uncinate scars found in the hadrosaurs 

Gryposaurus (AMNH 5350, 5456) and Bactrosaurus johnsoni (AMNH 6553), the non-

dryomorph iguranodontian Tenontosaurus tilletti (AMNH 3040), the ceratopsid Centrosaurus sp. 

(TMP 82.18, 96.176.135, ROM 767) and Pachyrhinosaurus lakustai (UALVP 57289), the 

leptoceratopsid Leptoceratops gracilis (CMN 8889), and the thescelosaurids Parksosaurus 

warreni (ROM 804) and Zephyrosaurus schaffi (MCZ 4392), along with some indeterminate 

members of Cerapoda  resemble their crocodylian counterparts. The cerapodan uncinate scars 

(Fig. 4.2 I - Q) comprise one or two slender strips that are lightly sculpted, and sometimes 

situated in a concavity (Fig. 4.2O) as in crocodylians. In Centrosaurus sp. (TMP 82.18.41), what 

appears to be a mass of calcified connective tissue partially covers the uncinate scar externally 

(Fig. 4.2Q). Though superficially resembling bite marks left by carnivorous vertebrates, the 

cerapodan uncinate scars are unlike bite marks in their consistent shape, positioning, and 

orientation, and in that there are never more than two of them on a given vertebral rib (see 

section 2 of Supplementary Information for details). 

The uncinate scars found in the ankylosaurs Panoplosaurus mirus (ROM 1215), 

Edmontonia longiceps (CMN 8531), Sauropelta edwardsi (AMNH 3032), and Euplocephalus 

tutus (AMNH 5337), the stegosaur Stegosaurus spp. (AMNH 650, 5752, YPM 1856), (Fig 2 R – 

W), the sauropod Apatosaurus excelsus (YPM 1981) (Fig. 4.2G, 2H), an indeterminate aetosaur 

(NMMNH P50048), and two indeterminate phytosaurs (YPM 6649, NMMNH P60401) (Fig. 

4.2X, 2Y) generally resemble avian uncinate scars. However, the uncinate scars in ankylosaurs 

each extend onto a shelf that projects posterolaterally from the vertebral rib, enabling the scar to 

exceed the vertebral rib shaft in width. Those in Stegosaurus and Ap. excelsus, by contrast, are 

proportionally narrower than their avian counterparts. Of the two phytosaurs we examined, he 
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uncinate scars found in YPM 6649 resemble avian uncinate scars, whereas the one in NMMNH 

P60401 is narrow and proximodisally elongated, occupying the majority of the preserved rib’s 

margin. Although the uncinate scar in the examined aetosaur (NMMNH P50048) is incompletely 

preserved, the preserved portion is wide and tapering as in birds. 

4.3.3 Ancestral state reconstruction for uncinate processes in archosaurs 

An ancestral state reconstruction of the distribution of uncinate processes in archosaurs, 

based on mapping available data onto an informal consensus cladogram of Archosauria 

(supertree), suggests that presence of cartilaginous uncinate processes represents the 

plesiomorphic conditions for both Dinosauria and Archosauria (Fig. 4.3) (see section 3 and Table 

2 – 5 of Supplementary Information for details). Incorporating branch length consistently 

increased the estimated probability that cartilaginous uncinate processes were ancestral for 

Archosauria, regardless of the exact approaches used for performing the ancestral state 

reconstruction and for coding the presence and absence of uncinate processes. Using our 

preferred coding approach, in which absence of uncinate scars was coded as uncertainty, both 

maximum parsimony and maximum likelihood consistently recovered the presence of 

cartilaginous uncinate processes as the most likely condition at Archosauria (pml ≥ 0.98) and 

Dinosauria (pml = 1.00), and the presence of ossified uncinate processes as the most likely 

condition at Maniraptoriformes (pml ≥ 0.90) and Pennaraptora (pml ≥ 0.99). Bayesian inference 

also recovered cartilaginous uncinate processes as the most likely condition at Archosauria (pmb 

= 0.65), but only when branch length estimates were included in the analysis. The ancestral 

conditions at Dinosauria, Maniraptoriformes, and Pennaraptora could not be recovered with 

Bayesian inference (pmb ≈ 0.33) both with and without branch length estimates, which likely 

reflect the fact that only a small number of archosaurs in the informal consensus cladogram had 

observed uncinate scars.  

Using an alternate coding approach in which uncinate processes were coded as absent in 

taxa represented by five or more dorsal vertebral ribs that all lacked uncinate scars, nine 

archosaur taxa were coded as lacking uncinate processes. Under this alternate coding, maximum 

parsimony recovered identical results as using the preferred coding. Maximum likelihood and 

Bayesian inference recovered cartilaginous uncinate processes as the most likely condition at 
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Archosauria (pml = 0.61, pmb = 0.55), but only when branch length estimates were incorporated. 

By contrast, maximum likelihood excluding branch length estimates recovered the absence of 

uncinate process as the most likely condition at Archosauria (pml = 0.92). Methods of 

reconstruction notwithstanding, the ancestral condition at Dinosauria could not be recovered with 

confidence (pmb ≈ 0.33). Maximum likelihood recovered ossified uncinate processes as the most 

likely condition at Maniraptoriformes (pml = 0.90) and Pennaraptora (pml = 0.99), but only when 

branch estimates were excluded in the analysis. Bayesian inference could not confidently recover 

the ancestral conditions at Maniraptoriformes (pmb = 0.33) and Pennaraptora (pmb = 0.33). 

As the study sample included only four non-crocodylian pseudosuchian taxa with uncinate 

scars, the ancestral presence of cartilaginous uncinate processes is less well supported for 

Archosauria as a whole than for Dinosauria. Including vertebral ribs from more fossil 

pseudosuchians in future studies would be warranted as a further test of whether uncinate 

processes were plesiomorphically present in archosaurs. 

 

4.4 Discussion 

4.4.1 Potential homology of uncinate processes across Archosauria 

Uncinate scars in various fossil archosaurs, together with the relatively few known 

examples of preserved uncinate processes (Norelli and Makovicky 1999; Boyd et al. 2011; 

Funston and Currie 2016), provide a strong basis for inferring that cartilaginous uncinate 

processes were widespread and plesiomorphic in Dinosauria. Although only four non-

crocodylian pseudosuchians were found to have uncinate scars (two indeterminate phytosaurs, 

one indeterminate aetosaur, and the notosuchian Ar. gomesii), the relative consistency in 

morphology and anatomical position of all uncinate scars observed in this study suggests that 

uncinate processes could well be homologous across Archosauria, as opposed to having evolved 

independently in multiple lineages. If this is indeed the case, and the correlation in shape 

between uncinate processes and uncinate scars observed for Aves and Crocodylia holds true 

outside these groups, then uncinate processes possibly were tab-like in ancestral archosaurs, 

remained tab-like in pseudosuchians and cerapodans, and became more prong-like in theropods. 
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This scenario is congruent with the presence of preserved tab-like uncinate processes in some 

ornithischians (Boyd et al. 2011), and would imply that uncinate processes acquired a prong-like 

morphology before they became ossified structures on the evolutionary line to birds. 

Although phytosaurs were treated as pseudosuchians in this study, they were placed 

outside Archosauria in several phylogenetic studies (Ezcurra 2016; Stocker et al. 2017). If the 

latter is correct, the inferred presence of uncinate scars in phytosaurs would suggest a possible 

pre-archosaurian origin of uncinate processes, but the wider distribution of these structures 

across Sauropsida remains to be investigated. Although ossified uncinate processes were 

recovered as the ancestral state for Maniraptoriformes in our analysis, this result is highly 

dependent on the presence of ossified uncinate processes in the ornithomimosaur Pe. polyodon 

(Cuesta et al. 2022), and may reflect the relatively sparse sampling of non-pennaraptoran 

maniraptoriforms. Thus, it is possible that uncinate ossification evolved separately in 

Pelecanimimus and Pennaraptora. 

4.4.2 Uncinate processes and the evolution of ventilation on the line to birds 

Definitive evidence of parabronchi, and by extension cross-current gas exchange, is 

lacking from the fossil record, and the origin of high-efficiency gas exchange in birds is difficult 

to pinpoint. However, the presence of unidirectional pulmonary airflow in crocodylians and 

lepidosaurs (Farmer 2015), in combination with the widespread distribution of uncinate 

processes in archosaurs, suggests that components of the avian ventilatory system were likely 

acquired gradually on the evolutionary path towards birds. Inferences can therefore be made 

regarding the emergence of individual components of the avian ventilatory system, leading to a 

hypothetical evolutionary scenario amenable to future testing (Fig. 4.3). Tab-like, cartilaginous 

uncinate processes were likely present in ancestral non-avian dinosaurs and potentially present in 

ancestral archosaurs, as indicated by our ancestral state reconstruction. Such uncinate processes 

were presumably quite flexible compared to the ossified ones in pennaraptorans, but their advent 

could nevertheless have resulted in limited increase in both the mechanical advantage of the 

ventilatory muscles (Zimmer 1935; Tickle et al. 2007) and the structural stability of the trunk 

(Welty and Baptista 1972; Hildebrand 1982; Walker and Liem 2001), although whether even the 

ossified uncinate processes of extant birds have much impact on trunk stability has not yet been 
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rigorously tested. Furthermore, early uncinate processes likely provided additional surface area 

for ventilatory muscle attachment. By allowing development of larger muscles, potentially with 

enhanced moment arms, the uncinate processes may have provided the anatomical capacity to 

meet higher metabolic demands, because the ventilatory muscles could rotate the vertebral ribs 

with greater torque to generate inspiratory motions. The potential widespread occurrence of 

uncinate processes in archosaurs suggests selection pressures may have favoured the enhanced 

ventilatory performance resulting from the increased muscular volumes and the mechanical 

leverage conferred by the uncinate processes. Such an inference would be congruent with the 

hypothesis that low ambient atmospheric oxygen levels in the Triassic Period selected for 

adaptations that enhanced ventilatory performance, as well as lower barriers to gas exchange, in 

ancestral archosaurs (Farmer 2015). The emergence of postcranial skeletal pneumaticity in 

saurischians (Wedel 2009) likely also increased metabolic efficiency by replacing heavy, 

energetically expensive bone with pneumatic space (Benson et al. 2012; Brocklehurst et al. 

2020), allowing energy to be budgeted for other biological demands (e.g. increased activity). 

Resting metabolic rates in extant birds are positively correlated with uncinate process length 

(Tickle et al. 2009), suggesting that elevated resting metabolic rates were likely present in fossil 

maniraptorans with long, ossified uncinate processes (Codd et al. 2008). The inferred increase in 

metabolism in maniraptorans have been related to the origin of powered flight, but this 

hypothesis cannot be readily tested at present because the inferred metabolic increase and the 

origin of avian powered flight are difficult to pinpoint in time (Wang and Zhou 2017). However, 

this uncertainty does not detract from the possibility that uncinate processes were present as an 

adaptation for improved ventilatory performance in ancestral archosaurs, and were retained and 

augmented in a wide range of extant and extinct members of the group. Uncinate processes 

accordingly may have played an important role in ventilation since the dawn of Archosauria. 
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Figures 

Figure 4.1. Dorsal vertebral ribs with uncinate processes and uncinate scars in extant archosaurs, 

and dorsal vertebral rib with uncinate scar in an indeterminate fossil crocodylian  

Left dorsal vertebral rib of bald eagle Haliaeetus leucocephalus (UAMZ 5028) in lateral view 

(A), and close-up of contact between dorsal vertebral rib and uncinate process in lateral view 

(B); right dorsal vertebral rib of skeletally immature wild turkey Meleagris gallopavo (UAMZ 

1824) in lateral view (C), and close-up of contact between dorsal vertebral rib and uncinate 

process in lateral view (D); left dorsal vertebral rib of alligatorid crocodylian Caiman crocodilus 

(UAMZ unnumbered) in lateral view (E), and close-up of contact between dorsal vertebral rib 

and uncinate process in lateral view (F); left dorsal vertebral rib of palaeognath bird Rhea 

americana (UAMZ 5019) in posteromedial view (G), and close-up of uncinate scar in posterior 

view (H); left dorsal vertebral rib of Caiman crocodilus (UAMZ unnumbered) in posteromedial 

view (I), and close-up of uncinate scar in posterior view (J); left dorsal vertebral rib of Caiman 

crocodilus (ROM R7077) in posteromedial view (K), and close-up of uncinate scar in posterior 

view (L); incomplete right dorsal vertebral rib of indeterminate fossil crocodylian from the 

Miocene of Florida, USA (AMNH 7900) in posteromedial view (M), and close-up of uncinate 

scar in posterior view (N). Branching lines indicate multiple rugose areas of a single uncinate 

scar separated by smooth cortex. Abbreviations: An, anterior; L, lateral; nf, nutrient foramen; P, 

proximal; u, uncinate process; us, uncinate scar. 
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Figure 4.2. Dorsal vertebral ribs with uncinate scars in fossil archosaurs 

Left dorsal vertebral rib referred to Tyrannosauridae indet. (TMP 92.36.1231) (A), and close-up 

of uncinate scar in posterior view (B); right dorsal vertebral rib of juvenile individual referred to 

Tyrannosauridae indet. (TMP 94.12.960) (C), and close-up of uncinate scar in posterior view 

(D); right dorsal vertebral rib of ornithomimisaurian theropod Struthiomimus altus (AMNH 

5355)(E), and close-up of uncinate scar in posterior view (F); right dorsal vertebral rib of 

sauropod Apatosaurus excelsus (YPM 1981) (G), and close-up of uncinate scar in posterior view 

(H); right dorsal vertebral rib of hadrosaur Gryposaurus notabilis (AMNH 5350)(I), and close-up 

of uncinate scar in posterior view (J, K); left dorsal vertebral rib of ceratopsid Pachyrhinosaurus 

lakustai (UALVP 57289) (L), and close-up of uncinate scar in posterior view (M); dorsal 

vertebral rib referred to ceratopsid Centrosaurus sp. (TMP 96.176.135) (N), and close-up of 

uncinate scar in posterior view (O); right dorsal vertebral rib referred to ceratopsid Centrosaurus 

sp. (TMP 82.19.41) (P), and close-up of uncinate scar in posterior view (Q); dorsal vertebral rib 

of ankylosaur Sauropelta edwardsi (AMNH 3032) (R), and close-up of uncinate scar in posterior 

view (S); dorsal vertebral rib of stegosaur Stegosaurus stenops (AMNH 650) (T), and close-up of 

uncinate scar in posterior view (U); left dorsal vertebral rib referred to stegosaur Stegosaurus sp. 

(AMNH 5752) (V), and close-up of uncinate scar in posterior view (W); pseudosuchian right 

dorsal vertebral rib referred to Phytosauria indet. (YPM 6649) in posteromedial view (X), and 

close-up of uncinate scar in posterior view (Y). Abbreviations: ct, calcified tissue; L, lateral; nf?, 

potential nutrient foramen; P, proximal; pr, proximal ridge; us, uncinate scar.  
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Figure 4.3. Ancestral state reconstruction of uncinate processes in archosaurs 

Results of ancestral state reconstruction on simplified version of informal consensus cladogram 

with branch length estimates, using preferred coding approach described in this study. Detailed 

description and raw data are provided in the section 3 to 6 of Supplementary Information. Nodes 

of interest are coloured according to the results from maximum parsimony, and estimated 

probabilities from maximum likelihood and Bayesian inference are indicated using text. Major 

clades of Archosauria with evidence of cartilaginous uncinate processes are labelled and shaded 

blue; clades with evidence of ossified uncinate processes are labelled and shaded pinkish red; 

clade with evidence of both cartilaginous and ossified uncinate processes is labelled and shaded 

purple; and clades for which no evidence is available are labelled and shaded grey. Complete 

results of ancestral state reconstruction are given in section 7 of Supplementary Information. 

Stages of hypothetical evolutionary scenario are outlined to left of cladogram. Abbreviations: A, 

Archosauria; D, Dinosauria; M, Maniraptoriformes; MB, Bayesian inference; ML, maximum 

likelihood; P, Pennaraptora; T, Theropoda. 
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4.6 Supplementary Information 

4.6.1 Implausibility of alternate interpretations of the uncinate scars 

 Possible alternate interpretations of the features we interpret as uncinate scars warrant 

further discussion. Here we exclude muscle scars and bite marks as plausible identifications for 

these features.  

The uncinate scars in most fossil archosaurs (e.g. non-avian theropods) examined in this 

study superficially resemble muscle scars in having a rugose texture indicative of soft tissue 

attachment. Clear and distinct muscle scars have been reported from fossil archosaurs (Carrano 

and Hutchinson 2002; Dumbravă et al. 2013). In the extant and fossil archosaur specimens we 

surveyed, we were unable to find any definite muscle scars on the posterior margin of the dorsal 

ribs that were comparable to those reported in the literature. In extant archosaurs, four muscles 

attach to the dorsal vertebral ribs in the vicinity of the uncinate process: m. iliocostalis, m. 

obliquus abdominis externus, mm. intercostales externi, mm. appendicocostales, and mm. 

intercostales interni (Ghetie 1976; Cong et al. 1988; Frey 1988; Shufeldt 1988). With the sole 

exception of m. obliquus abdominis externus, these muscles form wide sheets with fleshy or 

tendinous attachment to the dorsal ribs (Cong et al. 1988; Shufeldt 1988; Codd et al. 2019; Rose 

et al. 2021). Such extensive attachment would not be expected to leave well-defined, relatively 

small scars like the uncinate scars described in this study. Some of the muscle fibres of m. 

obliquus abdominis externus do converge on a small area, which might leave a well-defined scar 

in large-bodied archosaurs (e.g. non-avian dinosaurs). However, m. obliquus abdominus externus 

attaches to the lateral aspect of the dorsal ribs (Cong et al. 1988; Frey 1988; Shufeldt 1988; 

Baumel et al. 1993), while the features we identify as uncinate scars are consistently positioned 

on the posterior aspect of the dorsal ribs. Therefore, the features identified here as uncinate scars 

are unlikely to represent muscle scars because of their restricted extent, well-defined margins, 

and posterior anatomical position. 

The slender strips that we identify as uncinate scars in ornithischians bear limited 

resemblance to the groove-like bite marks that have been found on bones of various fossil 

archosaurs (Hone and Rauhut 2009). However, the slender strips reported in this study do not 

match the morphology or the distribution that might be expected for bite marks. 

Morphologically, the slender strips remain uniform in width along their full proximodistal extent, 
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while the groove-like bite marks inflicted by carnivorous vertebrates such as non-avian 

theropods tend to be wide at the point of initial tooth-bone contact and taper towards the opposite 

end (Tanke and Currie 1998; Rivera Sylva 2012). As for distribution, the slender strips are 

consistently parallel to the long axes of the dorsal ribs and never number more than two, whereas 

bite marks would likely be far less regular in both orientation and number. As a result, we reject 

the interpretation that the slender strips found in this study might represent bite marks, along side 

the interpretation that they might represent sites of muscle attachment and identify them 

decisively as uncinate scars comparable to those seen in extant archosaurs. 

4.6.2 Detailed description of the procedures used for the ancestral state 

reconstruction 

The distribution of uncinate processes was encoded in terms of a discrete character with 

three states: absence of uncinate processes (0), presence of cartilaginous uncinate processes (1), 

and presence of ossified uncinate processes (2). A total of five extant taxa and 36 fossil taxa were 

coded based on direct observation, and 17 taxa were coded based on information provided in the 

literature (Table 2). In one case, that of Mariliasuchus amarali from the Upper Cretaceous of 

Brazil (Nobre and Carvalho 2013), structures described in the literature as uncinate processes 

were not accepted as uncinate processes for purposes of this study. The putative uncinate 

processes described in Ma. amarali are positioned between the two rib heads of each rib whereas 

the uncinate processes of other archosaurs are on the rib shafts. The putative uncinate processes 

do, however, resemble in both morphology and position the anterolateral process situated 

between the capitulum and tuberculum on the last cervical rib in extant crocodylians, and most 

certainly represent anterolateral processes rather than true uncinate processes. Because there is 

no other evidence for uncinate processes in Ma. amarali, the presence of uncinate processes was 

coded as uncertain (?) for this taxon in the ancestral state reconstruction. The proterochampsian 

Chanaresuchus bonapartei was selected as a representative outgroup to Archosauria, and was 

assumed to lack uncinate processes based on the absence of uncinate scars on a total of 13 well 

preserved vertebral ribs observed in two individuals (MCZ  4037, 4038).  

Two coding methods were used. Our preferred coding method scored ossified uncinate 

processes as present (2) if bony uncinate processes were known for a particular taxon; 

cartilaginous uncinate processes as present (1) if either cartilaginous uncinate processes 
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(calcified or otherwise) were known, or uncinate scars were present but no uncinate processes 

were known; and the presence of uncinate processes as uncertain (?) if evidence of uncinate 

processes or scars was lacking. The alternate coding method was identical, except that absence of 

evidence was treated as evidence of absence beyond a certain threshold: uncinate processes was 

scored as absent (0) if more than five dorsal ribs were available for examination and no uncinate 

processes or uncinate scars were evident. Under the alternate coding method, nine taxa were 

scored as lacking uncinate processes. 

The ancestral state reconstruction was performed on an informal supertree compiled from 

relevant phylogenetic studies, with a tree from Nesbitt (Nesbitt 2011) as a starting point. To add 

a phylogenetic tree to the informal supertree, at least one common taxon present in both trees 

was used as a topological landmark, and the new phylogenetic tree was grafted onto the informal 

supertree at the phylogenetic position of the common taxon (Table S4.5.5). Chanaresuchus 

bonapartei was chosen as a representative outgroup to Archosauria because multiple specimens 

could be examined in this study. To ensure that all taxa in which evidence of uncinate processes 

could be identified were included, five taxa from the original phylogenetic studies were replaced 

in the informal supertree, as follows: 1) Aetosaurus ferratus was replaced by Aetosauria indet. 

(NMMNH P50048); 2) MBR2747 was replaced by Phytosauridae indet. (YPM 6699); 3) 

Allosaurus was replaced by Allosaurus fragilis (AMNH 5753); 4) Apatosaurus was replaced by 

Apatosaurus excelsus (YPM 1980 and YPM 1981); and 5) Crypturellus undulatus was replaced 

by Rhea americana (UAMZ 5019). Temporal ranges for taxa included in the supertree were 

estimated based on first and last appearance data, primarily taken from the Paleobiology 

Database (Peters and McClennen 2015). For taxa without data in the Paleobiology Database, 

data were taken from the literature (Table S4.5.6). Branch lengths were then estimated using the 

temporal ranges and the Paleotree package in RStudio 4.1.2. The ancestral state reconstruction 

was carried out both with and without taking estimated branch lengths into account, using the 

same informal supertree in both cases. To facilitate the calculations, polytomies were resolved 

into branches with lengths of one. Polytomies were resolved sequentially, according to the order 

in which taxa listed first in the tree file were accordingly resolved in relatively basal positions. 

The ancestral state reconstruction was performed in RStudio 4.1.2 using the Phangorn 

package for maximum parsimony analysis (Schliep 2011), the APE package for maximum 
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likelihood analysis (Paradis et al. 2004), and the MBASR toolkit for Bayesian inference using 

MRBayes (Heritage 2021). The results of the ancestral state reconstructions were visualized and 

annotated with ggtree (Yu et al. 2017).  
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Table S4. 1. Specimens with uncinate processes and/or uncinate scars examined in this study 

Taxon Specimen 

number 

Morphology of uncinate 

processes and/or scars 

Number 

of ribs 

Proximal 

ridge 

Caiman crocodilus ROM R6872 U: tab-like processes 

US: narrow, irregular strip 

1 A 

Caiman crocodilus ROM R7077 U: tab-like processes 

US: narrow, irregular strip 

5 A 

Crocodylia indet.  AMNH 7900 US: narrow strip  1 A 

Araripesuchus 

gomesii 

AMNH 24450 U: hook-like processes 7 A 

Aetosauria indet. NMMNH 

P50048 

US: suboval concavities 1 A 

Phytosauria indet. YPM 6649 US: suboval concavities  2 A 

Phytosauria indet. NMMNH 

P60401 

US: elongate groove 1 A 

Rhea americana UAMZ 5019 US: suboval concavities 6  A 

Rhea sp.  U: hook-like processes 

US: suboval concavity 

6 with U 

1 with US 

A 

Casuarius australis UAMZ 1369 U: plate-like processes 

US: suboval concavities 

3 iso U 

6 with US 

A 

Ardea herodias UAMZ4048 U: slender processes 

US: suboval concavities 

6 with U 

3 with US 

A 

Bubo virginianus UAMZ 6846 U: hook-like processes  2 with U 

5 iso U 

7 with US 

A 

Gavia immer UAMZ 1793 U: hook-like processes 

US: suboval concavities 

3 with U 

9 iso U 

8 with US 

A 

Saurornitholestes 

langstoni 

UALVP 55700 U: hook-like processes 5 A 

Saurornitholestes 

langstoni 

TMP 

88.121.39 

US: suboval concavities 2 A 

Linheraptor 

exquisitus 

IVPP V 16923 US: hook-like processes 4 A 

Struthiomimus altus AMNH 5355 US: suboval concavity 1 P 

Daspletosaurus 

torosus 

CMN 8506 US: suboval concavities 10 P 

Gorgosaurus 

libratus 

UALVP 10 US: suboval concavities 6 P 
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Albertosaurus 

sarcophagus 

TMP 99.50.41 US: irregularly shaped 

concavity 

1 A 

Albertosaurus 

sarcophagus 

TMP 99.50.42 US: irregularly shaped 

concavity 

1 A 

Allosaurus fragilis AMNH 5753 US: protruding boss 1 A 

Tyrannosauridae 

indet. 

TMP 

81.16.285 

US: suboval concavity 1 P 

Tyrannosauridae 

indet. 

TMP 

86.16.285 

US: suboval concavity 1 P 

Tyrannosauridae 

indet. 

TMP 

92.36.1231 

US: suboval concavity 1 P 

Tyrannosauridae 

indet. 

TMP 

94.12.960 

US: suboval concavity 1 P 

Apatosaurus 

excelsus 

YPM 1981 US: suboval concavities 2 A 

Gryposaurus 

notabilis* 

AMNH 5350 US: slender strip 2 A 

Gryposaurus 

latideus 

AMNH 5465 US: slender strip 1 A 

Bactrosaurus 

johnsoni 

AMNH 6553 US: expanded suboval 

concavity 

1 A 

Tenontosaurus 

tilletti 

AMNH 3040 US: suboval concavities 2 A 

Zephyrosaurus 

schaffi 

MCZ 4392 US: slender strip 1 A 

Parksosaurus 

warreni 

ROM 804 U: tab-like processes 3 A 

Hadrosauridae 

indet. 

AMNH 5896 US: slender strip 1 A 

Hadrosauridae 

indet. 

TMP 82.13.15 US: slender strip 1 A 

Centrosaurus sp. TMP 82.18.16 US: slender strip 1 A 

Centrosaurus sp. TMP 82.19.41 US: slender strip 1 A 

Centrosaurus sp. TMP 82.18.56 US: slender strip 1 A 

Centrosaurus sp. TMP 

82.18.281 

US: slender strip 1 A 

Centrosaurus sp. TMP 

96.176.135 

US: slender strip 1 A 

Centrosaurus sp. ROM 767 US: slender strips 2 A 

Pachyrhinosaurus UALVP 57289 US: slender strip 1 A 
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lakustai 

Leptoceratops 

gracilis 

CMN 8889 US: suboval concavities 2 A 

Ceratopsidae indet. AMNH 5422 US: slender strip 1 A 

Ceratopsia indet. NMMNH 

P22797 

US: slender strip 1 A 

Panoplosaurus 

mirus 

ROM 1215 US: expanded, suboval 

concavities  

2 A 

Edmontonia 

longiceps 

CMN 8531 US: expanded, suboval 

concavities 

3 A 

Sauropelta edwardsi AMNH 3032 US: expanded, suboval 

concavity 

1 A 

Euplocephalus tutus AMNH 5337 US: expanded, suboval 

concavities 

2 A 

Stegosaurus stenops YPM 1856 US: suboval concavity 1 A 

Stegosaurus stenops AMNH 650 US: suboval concavity 1 A 

Stegosaurus sp. AMNH 5752 US: suboval concavity 1 A 

Dinosauria indet. NMMNH 

P50406 

US: suboval concavity 1 A 

Abbreviation: A, absent; iso, isolated; P, present; U, uncinate; US, uncinate scar.  
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Table S4. 2. List of character codings used in the ancestral state reconstruction. 

Taxa Specimen or reference used as basis for 

codings 

Preferred 

coding 

Alternate 

coding 

Chanaresuchus (based 

on Chanaresuchus 

bonapartei) 

MCZ 4035, MCZ 4036, MCZ 4037, MCZ 

4038 

0 0 

Caiman crocodilus ROM R6872, ROM R7707, UAMZ 

unnumbered 

1 1 

Alligator 

mississippiensis 

ROM R4410 and ROM R4406 1 1 

Alligator sinensis (Cong et al. 1988) 1 1 

Crocodylus siamensis 

(farm crocodile) 

unnumbered specimen dissected at 

Lingshui Crocodile Farm, Hainan 

Province, China 

1 1 

Crocodylus acutus CMN 10018 1 1 

Phytosauria indet. YPM 6699 1 1 

Aetosauria indet. NMMNH P50048 1 1 

Lotosaurus adentus IVPP V 4910 ? 0 

Protosuchus 

richardsoni 

AMNH 3024 ? 0 

Araripesuchus gomesii AMNH 24450 1 1 

Penghusuchus pani (Shan et al. 2009) 1 1 

Lagerpetidae (based 

on Lagerpeton 

chanarensis) 

MCZ 4121 ? 0 

Rhea americana  UAMZ 5019 

 

 

2 2 

Gallus gallus (Ghetie 1976) 

 

2 2 
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Chauna torquata (Carboneras 1992) 0 0 

Lithornis (Bourdon and Lindow 2015) 2 2 

Deinonychus 

antirrhopus 

(Ostrom 1969) 2 2 

Velociraptor 

mongoliensis 

(Norelli and Makovicky 1999) 2 2 

Saurornitholestes 

langstoni 

TMP1988.121.0039 and UALVP 55700 2 2 

Microraptor zhaoianus (Xu et al. 2000) 2 2 

Caudipteryx zoui (Zhou et al. 2000) 2 2 

Oviraptor 

philoceratops 

(Codd et al. 2008) 2 2 

Conchoraptor gracilis (Weishampel et al. 2007) 2 2 

Struthiomimus altus AMNH 5355 1 1 

Pelecanimimus 

polyodon 

(Cuesta et al. 2022) 2 2 

Gorgosaurus libratus UALVP 10 1 1 

Daspletosaurus torosus CMN 8506 1 1 

Albertosaurus 

sarcophagus 

TMP 99.50.41 and TMP 99.50.43 1 1 

Allosaurus fragilis AMNH 5753 1 1 

Apatosaurus excelsus YPM 1980 and YPM 1981 1 1 

Camarasaurus (based 

on 

Camarasaurus 

grandis) 

YPM1905 ? 0 

Plateosaurus 

quenstedti 

MCZ 2483 ? 0 

Anchisaurus (based on YPM 1883 ? 0 
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Anchisaurus colurus) 

Parasaurolophus 

walkeri 

ROM 1215 ? 0 

Edmontosaurus regalis CMN 2289 ? 0 

Gryposaurus latidens AMNH 5465  1 1 

Gryposaurus notabilis AMNH 5350 1 1 

Bactrosaurus johnsoni AMNH 6553 1 1 

Camptosaurus dispar YPM 1877 and YPM 1880 ? 0 

Tenontosaurus tilleti AMNH 3040 1 1 

Zephyrosaurus schaffi MCZ 4392 1 1 

Parksosaurus warreni ROM 804 1 1 

Thescelosaurus 

assiniboiensis 

(Brown et al. 2011) 1 1 

Talenkauen 

santacrucensis 

(Novas et al. 2004) 1 1 

Hypsilophodon foxii (Butler and Galton 2008) 1 1 

Pachyrhinosaurus 

lakustai 

UALVP 57289 1 1 

Centrosaurus sp. TMP 82.18.16, TMP 82.19.41, TMP 

96.176.135, TMP 82.18.56, and 

TMP82.18.281 

1 1 

Chasmosaurus belli ROM 843 ? 0 

Protoceratops andrewsi AMNH 6416 ? 0 

Leptoceratops gracilis CMN 8889 1 1 

Euoplocephalus tutus AMNH 5337 1 1 

Saichania 

chulsanensis 

(Maryañska 1977) 1 1 

Panoplosaurus mirus ROM 1215 1 1 

Sauropelta AMNH 3032 1 1 
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edwardsorum 

Stegosaurus stenops  AMNH 650, AMNH 5752, and YPM 

1856 

1 1 

Huayangosaurus 

taibaii 

(Zhou 1983) 1 1 
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Table S4. 3. List of phylogenetic studies used in compiling the informal supertree 

Expansion of informal 

supertree 

Key taxa present in 

two references 

Reference 

Basal avemetatarsalians 

only 

NA Strict consensus, Nesbitt dataset 

(Nesbitt et al. 2017) 

1) Basal avemetatarsalians 

to silesaurids 

2) Basal avemetatarsalians 

to basal sauropodomorphs 

Marasuchus lilloensis Strict consensus, Nesbitt dataset 

(Nesbitt et al. 2017) 

Strict consensus, fifth analysis* 

(Müller et al. 2018) 

1) Basal sauropodomorphs 

to plateosaurids 

2) Basal sauropodomorphs 

to basal massopodans    

Pantydraco caducus 

Thecodontosaurus 

antiquus 

Strict consensus, fifth analysis 

(Müller et al. 2018) 

Strict consensus, (Otero and Pol 

2013) 

Basal massopodans to basal 

eusauropods 

Shunosaurus Strict consensus (Otero and Pol 

2013) 

Strict consensus, with implied 

weight (Mannion et al. 2019) 

Basal somphospondylians to 

titanosaurs 

Chubutisaurus insignis 

Andesaurus delgadoi 

Strict consensus, with implied 

weight (Mannion et al. 2019) 

Majority rule (Gorscak and 

O’Connor 2019) 

Basal saurischians to basal 

theropods 

Eoraptor lunensis Strict consensus, fifth analysis 

(Müller et al. 2018) 

Strict consensus (Carrano et al. 

2012) 

Basal theropods to basal 

coelurosaurs 

Allosaurus Strict consensus (Carrano et al. 

2012) 

Strict consensus (Pol and Goloboff 

2020) 

Basal coelurosaurs to 

ornithomimosaurs 

Nqwebasaurus thwazi Strict consensus (Pol and Goloboff 

2020) 

Strict consensus (Cuesta et al. 
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2022) 

Basal maniraptorans to 

pennaraptorans** 

Yi qi 

Epidexipteryx hui 

Strict consensus (Pol and Goloboff 

2020) 

Reduced strict consensus (Pittman 

et al. 2020) 

1) Basal dinosauriforms to 

basal ornithischians 

2) Basal dinosauriforms to 

heterodontosaurids 

Eoraptor lunensis Strict consensus, fifth analysis 

(Müller et al. 2018) 

Strict consensus (Han et al. 2018) 

Basal ornithischians to 

stegosaurs 

Scutellosaurus lawleri Strict consensus (Han et al. 2018) 

Strict consensus (Raven and 

Maidment 2017) 

Basal ornithischians to 

basal ankylosaurs 

Gargoyleosaurus 

parkpinorum 

Strict consensus (Han et al. 2018) 

Majority rule (Arbour and Currie 

2016) 

Basal ankylosaurs to 

ankylosaurids 

Nodosauridae Majority rule (Arbour and Currie 

2016) 

Strict consensus (Arbour and Evans 

2017) 

Basal ornithischians to 

basal neornithischians 

Lesothosaurus 

diagnosticus 

Agilisaurus louderbacki 

Strict consensus (Han et al. 2018) 

Strict consensus (Madzia et al. 

2018) 

Basal ornithopods to basal 

iguanodontians 

Hypsilophodon foxii 

Rhabdodon sp. 

Strict consensus (Madzia et al. 

2018) 

Majority rule (Madzia et al. 2020) 

Basal hadrosauromorphs to 

hadrosaurids 

Hadrosaurus foulkii Majority rule (Madzia et al. 2020) 

Strict consensus (McDonald et al. 

2021) 

Basal neornithischians to 

ceratopsids 

Yinlong downsi Strict consensus (Han et al. 2018) 

Strict consensus (Yu et al. 2020) 
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Basal neornithischians to 

pachycephalosaurs 

Wannanosaurus 

yansiensis 

Strict consensus (Han et al. 2018) 

Strict consensus (Evans et al. 2021) 

Basal archosaurs to 

phytosaurs*** 

Parasuchus hislopi Strict consensus, Nesbitt dataset 

(Nesbitt et al. 2017) 

Strict consensus (Butler et al. 2019) 

Basal archosaurs to basal 

pseudosuchians (excluding 

phytosaurs) 

NA Reduced strict consensus (Roberto-

Da-Silva et al. 2020) 

Basal pseudosuchians to 

basal crocodylomorphs 

Postosuchus Reduced strict consensus (Roberto-

Da-Silva et al. 2020) 

Strict consensus (Leardi et al. 2017) 

Basal crocodylomorphs to 

basal crocodyliforms 

Dibothrosuchus 

elaphros 

Strict consensus (Leardi et al. 2017) 

Strict consensus (Dollman et al. 

2019) 

1) Basal crocodyliforms to 

notosuchians 

2) Basal crocodyliforms to 

eusuchians 

Hisosuchus Strict consensus (Dollman et al. 

2019) 

Strict consensus, first analysis 

(Rummy et al. 2022) 

Basal notosuchians to 

sebecosuchians 

Chimaerasuchus 

paradoxus 

Strict consensus, first analysis 

(Rummy et al. 2022) 

Reduced consensus (Sellés et al. 

2020) 

Basal neosuchians to 

gonipholidids 

Sunosuchus 

junggarensis 

Strict consensus, first analysis 

(Rummy et al. 2022) 

Strict consensus, first analysis 

(Ristevski et al. 2018) 

Basal eusuchians to 

crocodylians 

Bernissartia fagesii Strict consensus, first analysis 

(Rummy et al. 2022) 

Strict consensus, analysis 1.3 (Rio 

and Mannion 2021) 
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*The fifth analysis was chosen because it includes more taxa and internal nodes, and recovering 

cartilaginous uncinate processes at node Avemetatarsalia is more difficult when many taxa rather 

than few taxa are present in the basal avemetatarsalian part of the tree (i.e. there are more steps 

for the ancestral state reconstruction to evaluate, which increases the likelihood of recovering 

uncinate processes as absent or unknown when all other factors remain the same). ** Placement 

of Pennaraptora within Maniraptora follows Pittman, et al. 41. *** We followed Nesbitt, et al. 34 

in positioning Phytosauria as the basalmost clade within Pseudosuchia, although recent studies 

have recovered phytosaurs outside Archosauria 59,60. See discussion in the main text for the 

implications of the phylogenetic position of Phytosauria for the reconstructed origin of uncinate 

processes.  
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Table S4. 4. First and last appearance data for taxa used in the ancestral state reconstruction. 

Taxon* First appearance 

time (Ma) 

Last appearance 

time (Ma) 

El_Chocón_rebbachisaurid (Marsh et al. 

2020) 

129.4 100.5 

IOW_rebbachisaurid_caudal (Mannion 2009) 129.4 125 

CV00214 (Dong et al. 1983) 163.5 152.1 

EK_troodontid_IGM_10044** 167.7 66 

Archaeopteryx_Eichstätt *** 152.1 125.45 

Archaeopteryx_Thermopolis *** 152.1 125.45 

Archaeopteryx_Berlin *** 152.1 125.45 

Archaeopteryx_London *** 152.1 125.45 

Archaeopteryx_11th *** 152.1 125.45 

Archaeopteryx_Munich *** 152.1 125.45 

Archaeopteryx_Solnhofen *** 152.1 125.45 

Minmi_sp. (Arbour and Currie 2016) 145 100.5 

Antarctopelta (Salgado and Gasparini 2006) 84.9 70.6 

Argentinian_nodosaurid ** 157.3 66 

Zhejiangosaurus (Junchang et al. 2007) 99.7 94.3 

Kaiparowits_orodromine (Boyd 2015) 76.6 74.3 

Camptosaurus_valdensis (Galton 2009) 136.4 122.46 

Orthomerus_dolloi (Seeley 1883) 70.6 66 

Mercuriceratops_gemini (Ryan et al. 2014) 84.9 70.6 

Mojoceratops_kaiseni (Longrich 2010) 85.8 70.6 

Nedoceratops_hatcheri (Farke 2011) 69 66 

Foraminacephale_brevis (Schott and Evans 

2016) 

85.8 70.6 

Sinocephale_bexelli (Evans et al. 2021) 92 66 

Paleorhinus_parvus (Mehl 1928) 235 221.5 

NMMNHS_P4781 (Hunt et al. 1993) 208.5 201.3 

TMM_31100_1332 (Stocker 2012) 228 220 

USNM_v_21376 (Jones and Butler 2018) 237 208.5 

PEFO_34852 (Griffin et al. 2017) 237 201.3 

Machaeroprosopus_zunii (Stocker 2012) 237 208.5 

USNM_v_17098 (Heckert and Lucas 2003) 237 227 

NMMNHS_P4256 (Hunt et al. 2006) 227 208.5 

NMMNHS_P31094 (Heckert et al. 2001) 221 206 

Phytosauria_indet. ** 237 196.5 

Mystriosuchus_steinbergeri (Butler et al. 2019) 216 211 
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Ornithosuchus_longidens (Huxley 1877) 235 205 

Waldshut_taxon (Butler et al. 2011) 247.2 242 

CM_73372 (Weinbaum 2013) 227 208.5 

UCMP_97638 (Melstrom and Irmis 2019) 196.5 183 

Notochampsa_istedana (Dollman et al. 2021) 182.28 180.1 

Lumbrera_form (Pol and Powell 2011) 56 41.2 

Hyposaurus_rogersii (Souza et al. 2020) 70.6 61.7 

PIN_4174_1 (Halliday 2013) 152.1 145 

Kansajasuchus_extensus (Efimov 1975) 100.5 66 

Hulkeopholis_plotos (Buscalioni et al. 2011) 117 103 

Hulkeopholis_willetti (Buscalioni et al. 2020) 140.2 136.4 

Dollo_s_Anteophthalmosuchus (Ristevski et al. 

2018) 

129.4 122.46 

Paralligator_tersus (Kurzanov 1976) 72.1 66 

Paralligator_ancestralis (Shuvalov 2003) 75 80 

UCMP_39978 (Bona and Barrios 2015) 38 7.246 

Tomistoma_cairense (Müller 1927) 47.8 41.2 

Crocodylus_affinis (Marsh 1871) 50.3 47.8 

Osteolaemus_tetraspis **** 0 0 

Mecistops_cataphractus**** 0 0 

Crocodylus_johnsoni **** 0 0 

Crocodylus_novaeguineae **** 0 0 

Crocodylus_mindorensis **** 0 0 

Crocodylus_moreletii **** 0 0 

Crocodylus_rhombifer **** 0 0 

Crocodylus_acutus **** 0 0 

Crocodylus_intermedius **** 0 0 

Crocodylus_porosus **** 0 0 

Crocodylus_siamensis **** 0 0 

Crocodylus_niloticus **** 0 0 

Crocodylus_palustris **** 0 0 

Alligator_sinensis **** 0 0 

Alligator_mississippiensis **** 0 0 

Caiman_lutescens **** 0 0 

Caiman_yacare **** 0 0 

Gavialis_gangeticus **** 0 0 

Melanosuchus_niger **** 0 0 

Caiman_latirostris **** 0 0 

Caiman_crocodilus **** 0 0 
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Paleosuchus_palpebrosus **** 0 0 

Paleosuchus_trigonatus **** 0 0 

Tomistoma_schlegelii **** 0 0 

Rhea_americana **** 0 0 

Chauna_torquata **** 0 0 

Anas_platyrhynchos **** 0 0 

Crax_pauxi **** 0 0 

Gallus_gallus **** 0 0 

*For most taxa, first and last appearance data used to estimate branch length were obtained from 

the Paleobiology Database. ** First and last appearance data of Troodontidae, Nodosauridae, and 

Mystriosuchinae were used for IGM_10044, Argentinian_nodosaurid, and Phytosauria_indet, 

respectively. *** same ages used for all Archaeopteryx. **** branch lengths of extant taxa were 

assigned values of zero. 
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Table S4. 5. Probabilities of the three ancestral states in selected archosaur clades 

Clade 

ASR  

methods 

Archosauri

a 

(Node 

1027) 

Dinosauri

a 

(Node 

1047) 

Saurisch

ia 

 (Node 

1048) 

Theropod

a (Node 

1205) 

Manirapto

riformes 

(Node 

1286) 

Pennarapto

ra 

(Node 

1318) 

MP with 

preferred 

coding  

S0: 0 

S1: 1 

S2: 0 

S0: 0  

S1: 1 

S2: 0 

S0: 0  

S1: 1 

S2: 0 

S0: 0  

S1: 1 

S2: 0 

S0: 0  

S1: 0 

S2: 1 

S0: 0   

S1: 0 

S2: 1 

MP with 

preferred 

coding and 

branch 

lengths 

S0: 0 

S1: 1 

S2: 0 

S0: 0 

S1: 1 

S2: 0 

S0: 0  

S1: 1 

S2: 0 

S0: 0  

S1: 1 

S2: 0 

S0: 0  

S1: 0 

S2: 1 

S0: 0   

S1: 0 

S2: 1 

ML with 

preferred 

coding  

S0: 0.02 

S1: 0.98 

S2: 0 

S0: 0 

S1: 1 

S2: 0 

S0: 0  

S1: 1 

S2: 0 

S0: 0  

S1: 1 

S2: 0 

S0: 0 

S1: 0.10 

S2: 0.90 

S0: 0  

S1: 0 

S2: 1 

ML with 

preferred 

coding and 

branch 

lengths 

S0: 0  

S1: 1 

S2: 0 

S0: 0  

S1: 1 

S2: 0 

S0: 0  

S1: 1 

S2: 0 

S0: 0  

S1: 1 

S2: 0 

S0: 0  

S1: 0.02 

S2: 0.98 

S0: 0  

S1: 0 

S2: 1 

MB with 

preferred 

coding  

S0: 0.33 

S1: 0.33 

S2: 0.33 

S0: 0.33  

S1: 0.33 

S2: 0.33 

S0: 0.33  

S1: 0.33 

S2: 0.33 

S0: 0.33  

S1: 0.33 

S2: 0.33 

S0: 0.33  

S1: 0.33 

S2: 0.33 

S0: 0.33  

S1: 0.33 

S2: 0.33 

MB with 

preferred 

coding and 

branch 

lengths 

S0: 0.23 

S1: 0.53 

S2: 0.23 

S0: 0.33  

S1: 0.34 

S2: 0.33 

S0: 0.33  

S1: 0.34 

S2: 0.33 

S0: 0.33  

S1: 0.33 

S2: 0.33 

S0: 0.33  

S1: 0.33 

S2: 0.33 

S0: 0.33  

S1: 0.33 

S2: 0.33 

MP with 

alternate 

coding 

S0: 0 

S1: 1 

S2: 0 

S0: 0 

S1: 1 

S2: 0 

S0: 0  

S1: 1 

S2: 0 

S0: 0  

S1: 1 

S2: 0 

S0: 0  

S1: 0 

S2: 1 

S0: 0  

S1: 0 

S2: 1 

MP with 

alternate 

coding and 

branch 

S0: 0 

S1: 1 

S0: 0 

S1: 1 

S0: 0  

S1: 1 

S0: 0  

S1: 1 

S0: 0  

S1: 0 

S0: 0  

S1: 0 
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lengths S2: 0 S2: 0 S2: 0 S2: 0 S2: 1 S2: 1 

ML with 

alternate 

coding 

S0: 0.92 

S1: 0.08 

S2: 0 

S0: 0.41 

S1: 0.57 

S2: 0.01 

S0: 0.41 

S1: 0.57 

S2: 0.02 

S0: 0.35 

S1: 0.61 

S2: 0.04 

S0: 0.01  

S1: 0.09 

S2: 0.90 

S0: 0  

S1: 0.01 

S2: 0.99 

ML with 

alternate 

coding and 

branch 

lengths 

S0: 0.26  

S1: 0.61 

S2: 0.13 

S0: 0.34  

S1: 0.37 

S2: 0.29 

S0: 0.34  

S1: 0.36 

S2: 0.3 

S0: 0.34  

S1: 0.34 

S2: 0.32 

S0: 0.33 

S1: 0.33 

S2: 0.33 

S0: 0.33  

S1: 0.33 

S2: 0.33 

MB with 

alternate 

coding 

S0: 0.33 

S1: 0.33 

S2: 0.33 

S0: 0.33 

S1: 0.33 

S2: 0.33 

S0: 0.33 

S1: 0.33 

S2: 0.33 

S0: 0.33 

S1: 0.33 

S2: 0.33 

S0: 0.33 

S1: 0.33 

S2: 0.33 

S0: 0.33 

S1: 0.33 

S2: 0.33 

MB with 

alternate 

coding and 

branch 

lengths 

S0: 0.24 

S1: 0.55 

S2: 0.21 

S0: 0.33  

S1: 0.34 

S2: 0.33 

S0: 0.33  

S1: 0.34 

S2: 0.33 

S0: 0.33 

S1: 0.33 

S2: 0.33 

S0: 0.33 

S1: 0.33 

S2: 0.33 

S0: 0.33 

S1: 0.33 

S2: 0.33 

Abbreviations: ASR, ancestral state reconstruction; MB, Bayesian inference using Mr. Bayes; 

ML, Maximum likelihood; MP, Maximum parsimony; S, state.   
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4.7 Digital Supplementary Data 

Digital supplementary data is stored and managed by the author, the documents of which 

are listed as follow: 

(1) raw data of uncinate scar coding and informal consensus cladogram sampled in this study. 

(2) R script used to perform the Ancestral State Reconstruction. 

Latest version can be found at: 

https://github.com/Wani2Y/Bioinformatics/blob/main/Ancestral%20State%20Reconstruction/an

cestral%20sate%20of%20uncinate%20process.R 

(3) raw results of Ancestral State Reconstruction produced using the R script above 
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CHAPTER 5 

Histological evidence implies divergence of uncinate process 

attachments in non-avian dinosaurs 

 

5.1 Introduction 

 Modern birds and crocodylians are living representatives of archosaurs, a group of 

amniotic vertebrates that originated in the Triassic and occupied the many ecological niches for 

large-body vertebrates throughout the rest of the Mesozoic era (Nesbitt 2011; Benton 2014). In 

almost all extant birds except anhimid and megapodid birds, the dorsal vertebral ribs of the 

anterior thorax carry ossified prongs called uncinate processes (Baumel et al. 1993). The 

posteriormost cervical ribs at the transition between neck and trunk carry additional uncinate 

processes in some neognath birds (e.g. Falco sparverius (UAMZ 4022)). The avian uncinate 

processes typically take the form of bony protrusions (Baumel et al. 1993) that are developed 

from cartilaginous templates through endochondral ossification (Maxwell 2008; Maxwell and 

Larsson 2009; Tickle and Codd 2009; Codd 2010; Scaal 2021).  In extant crocodylians, however, 

the vertebral ribs of the anterior thorax carry cartilaginous uncinate processes in the forms of 

polygonal tabs (Cong et al. 1988; Frey 1988; Claessens 2009). Although rod-like cartilaginous 

uncinate processes are present in the rhynchocephalian Sphenodon punctatus (Romer 1956), their 

homologous relationships with archosaurian uncinate processes are currently ambiguous, 

because evidence of uncinate process is lacking in most extant and fossil lepidosauromorphs. 

In skeletally mature birds, the ossified uncinate processes are typically fused to the 

vertebral ribs (Codd et al. 2008; Codd 2010), which likely prohibit movements of the uncinate 

processes relative to the vertebral ribs. In skeletally immature birds, the ossified uncinate 

processes are connected to the vertebral ribs via soft connective tissues (e.g. Me. gallopavo 

(UAMZ 1824), Rhea americana (UAMZ 5019)) (see Chapter 4), which may allow limited 

movements to occur between the uncinate processes and the vertebral ribs. As in skeletally 

immature birds, the cartilaginous uncinate processes in crocodylians are connected to the 

vertebral ribs via soft connective tissues. However, the cartilaginous uncinate processes 
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themselves are substantially flexible when hydrated, which allows the uncinate processes to 

rotate and/or bend relative to the vertebral ribs. Synostosis has been proposed as the process 

governing the fusions between uncinate processes and vertebral ribs in birds as in some other 

fusions of the avian skeletons (Baumel et al. 1993). However, identities of the connective tissues 

between uncinate processes and vertebral ribs along with their organisations remain unclear.  

At least two functional hypotheses of the uncinate processes have been proposed in the 

literature, including mechanical supports for the ribcage and ventilation (Zimmer 1935; Welty 

and Baptista 1972; Hildebrand 1982; Walker and Liem 2001; Tickle et al. 2007; Claessens 2015). 

The ventilatory hypothesis has received supports in birds from two dimensional mechanical 

analyses suggesting that uncinate processes function to increase the leverage of the muscles 

attached to them (e.g. m. appendicocostalis) to rotate the rib segments, which subsequently 

enhances the bird’s capacity to expand/contract the thorax (Zimmer 1935; Tickle et al. 2007). 

The mechanical analyses have received further support from an electromyographic study 

conducted on m. appendicocostalis in the Canada goose, Branta canadensis correlating the 

patterns of muscle contractions with the inspiratory phase of ventilation (Codd et al. 2005). In 

extant crocodylians, empirical evidence has been found that m. iliocostalis, an epaxial muscle 

attached to the uncinate processes serve an expiratory role (Codd et al. 2019).  

The fossil record has provided direct evidence for ossified and cartilaginous uncinate 

processes in a number of archosaurs outside the avian and crocodylian crown groups. Ossified 

uncinate processes in the forms of slender rods have been found in non-avian members of 

Pennaraptora, a clade of theropod dinosaurs containing birds and their closest relatives (Codd et 

al. 2008). Immediately outside of Pennaraptora, ossified uncinate processes resembling those in 

pennaraptorans are present in the ornithomimosaurian theropod, Pelecanimimus polyodon 

(Cuesta et al. 2022). Furthermore, broad, mineralised uncinate processes have been found in 

several members of Ornithsichia, a clade of herbivorous non-avian dinosaurs, including 

ankylosaurs, thescelosaurids, ornithopods, and stegosaurs (Maryañska 1977; Zhou 1983; Boyd et 

al. 2011; Park et al. 2021). Outside of Dinosauria, unambiguous evidence of mineralised uncinate 

processes have only been found in the notosuchian Araripesuchus gomessi, a terrestrial relative 

of extant crocodylians (Turner 2006). As the uncinate processes listed above are from exquisitely 
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preserved specimens, their occurrence and distribution are likely underrepresented in the fossil 

record. Removal of uncinate processes from their corresponding vertebral ribs reveals rugose 

concave scars that is termed uncinate scars, and the presence of uncinate processes has been 

inferred to be the ancestral condition shared by most archosaurs (see Chapter 4). Accordingly, 

uncinate processes along with the ventilatory function observed in extant birds and crocoylians 

may have been inherited from their archosaurian ancestors.   

Although uncinate scars can infer the presence of uncinate processes when they are not 

directly preserved, identifications of uncinate scars require the surficial cortex of the vertebral 

ribs to be nearly intact. Taphonomic damages accordingly would render unambiguous uncinate 

scars to plausible ones. Moreover, morphology of known uncinate scars is not always identical to 

those in extant birds and crocodylians (see Chapter 4), which opens some of the known uncinate 

scars for alternate identifications.  

  In this study, we provide detailed description on the histology at the contacts between 

uncinate processes and vertebral ribs in two extant and at least four fossil archosaurs. 

Additionally, we provide histological evidence that serves as a basis to infer the presence of 

uncinate processes along with uncinate scars. Additionally, several configurations that uncinate 

processes are anchored to their respective vertebral ribs are revealed in the sampled fossil 

dinosaurs, suggesting the uncinate processes and vertebral rib contacts are not conservative on 

the evolutionary path to birds.  

 

5.2 Materials and Methods 

 To establish an extant baseline, two dorsal vertebral ribs were sampled from a skeletally 

immature domestic turkey, Meleagris gallopavo (UAMZ unnumbered) purchased from Save on 

Food, and a skeletally immature alligatorid crocodylian, Caiman crocodilus (UAMZ 

unnumbered). The vertebral ribs were removed from the ribcage after dissecting away the 

surrounding muscles. In the case of Cai. crocodilus (UAMZ unnumbered), the myosepta were 

trimmed around the uncinate processes.  
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The procedure to create thin sections from Me. gallopavo (UAMZ unnumbered) and Cai. 

crocodilus (UAMZ unnumberd) was performed at the Advanced Microscopy Facility at the 

Department of Biological Sciences, University of Alberta. Vertebral ribs with uncinate processes 

were placed in 10% neutral buffered formalin (prepared using Fisher formaldehyde F79-1) for 3 

days to fix the tissues, which were then placed in Cal-Ex solutions (Fischer Scientific CS510-1D, 

5.5% hydrochloric acid and 0.12% disodium EDTA dihydrate, pH 2.0) for decalcifications. To 

maintain an efficient decalcifying process, the specimens were placed on a mechanical shaker for 

8 hours per day, and Cal-Ex solutions were replaced every 48 hours. Specimens of Me. gallopavo 

(UAMZ unnumbered) and Cai. crocodilus (UAMZ unnumbered) were decalcified for 14 and 30 

days, respectively. The decalcified specimens were rinsed in tap water and were proximodistally 

cut into several parts, which were fixed in neutral buffered formalin for 48 hours and transferred 

to 50% ethanol solutions for 1 to 3 hours. The specimens were then processed overnight on 

program 2 using Leica TP 1020 tissue processor (protocol provided in Supplementary 

Information). On the following day, the specimens were embedded in paraffin wax using Tissue-

Tek II embedding machine. After the paraffin wax was consolidated, specimens were placed on 

ice for at least an hour before being sectioned at 5 μm thickness using Leica 2025 BioCut rotary 

microtome. All specimens were sectioned transversely except the first dorsal vertebral rib in Me. 

gallopavo (UAMZ unnumbered), which were sectioned longitudinally in lateromedial direction. 

Thin sections were mounted on single frosted glass slides (Bio Nuclear Diagnostics Inc., LAB-

034) and dried at 37 °C. Most thin sections were applied Hematoxylin and Eosin stain, except 

one longitudinal thin section of Me. gallopavo (UAMZ unnumberd) (T 1 – 3) and two transverse 

thin sections of Cai. crocodilus (UAMZ unnumberd) (T 2 – 3 and T 3 – 6) which were stained 

using Masson’s trichrome (protocol provided in Supplementary Information). 

 Dorsal vertebral ribs carrying uncinate scars in at least four non-avian dinosaurs were 

sampled from Tyrrel Museum of Palaeontology and University of Alberta Laboratory for 

Vertebrate Paleontology. Most fossil specimens available for sectioning were isolated element, 

and could only be identified to suprageneric level (Table 5.1).  

 The procedure to create thin sections of fossil vertebral ribs was operated at the 

Palaeohistology Lab at the Department of Biological Sciences, University of Alberta. Fossil 
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vertebral ribs were divided into parts with and without uncinate scars. Each specimen was 

embedded in Eager and polymer EP4101UV crystal clear polyester resin, and placed in Welch 

DuoSeal vacuum pump to extract air bubbles from the liquid resin. The embedded specimens 

were cured for at least 48 hours under a fume hood, which were then sectioned at 7 mm 

thickness using Buehler IsoMet 1000 table saw at the speed between 250 -275 rpm. The thin 

sections were mounted on plexiglass slides using 3M Scotch-Weld™ Super Fast Instant 

Adhesive SF100. Subsequently, the sections were first thinned down using a grinding wheel of 

Hillquist saw and was manually grinded on a glass surface over a mixture of E. T. MetTech 

silicon carbon grain at 600 and 1000 grits and tap water. Excess silicon carbon grains were 

removed using an VWR B1500A-DTH sonicator for up to two minutes.    

Images of all the histological sections were captured using Nikon DS-FI3 camera 

mounted on a Nikon Eclipse E600 POL microscope, and Nikon NIS Elements (ver. 4.60) 

imaging software housed in the Caldwell lab, University of Alberta. Relative anatomical 

positions of the thin sections sampled in this study were illustrated in Supplementary Figure 

S5.1. 

 

5.3 Results 

5.3.1 A note on terminology 

As uncinate scar is defined as the rugose contact between uncinate processes and 

vertebral ribs (see Chapter 4), uncinate scar in this study refers only to the cortical surface of the 

vertebral ribs at which uncinate process is attached to via soft connective tissues.  

In mammalian bone development, woven bones containing randomly arranged collagen 

fibres are first laid down, which are then modified into more matured bones (e.g. lamellar bones, 

compact bones consisted of numerous Haversian systems) (An and Martin 2003; Shapiro and Wu 

2019). As woven bones are laid down first, it is sometimes synonymized with primary bones 

(Mescher and Junqueira 2016). However, fibrolamellar have been observed as primary bone 

constituting the external cortex in non-avian dinosaurs (Francillon-Vieillot et al. 1990; Cullen et 
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al. 2014), which is distinguished from woven bones by the presence of bone layers organised in 

parallel fashion (Shapiro and Wu 2019). Primary bones may therefore be laid down in the forms 

of woven or fibrolamellar bones. In this study, we broadly classify the cortex of vertebral ribs 

into primary and mature bones due to three reasons: (1) Primary bones as an umbrella term has 

been used to describe the bone tissues that are most recently deposited, including woven and 

fibrolamellar bones (Francillon-Vieillot et al. 1990; Mescher and Junqueira 2016). (2) The 

external layers of the rib’s cortex sampled fossil dinosaurs in this study are laid down in lamellar 

fashion which house both primary and secondary osteons. However, fibrolamellar bones are not 

observed in the sampled extant archosaurs. The use of primary and mature bones allows 

consistent comparisons regarding the skeletal maturity among extant and fossil archosaurs 

sampled in this study. (3) revisions on the classifications of fibrolamellar bones have been 

proposed (Prondvai et al. 2014; Shapiro and Wu 2019), and the precise definition of 

fibrolamellar bones is uncertained at the time of this study. 

Two definitions of the Sharpey’s fibres are available in the literature (Hall 2005), and we 

modify from the more restricted definition by Simmons et al., (1993). Sharpey’s fibres are 

specifically to the collagen fibres inserted into bones, and collagen fibres accordingly refer to 

fibres positioned within bones and soft connective tissues. As soft tissues immediately external to 

the bones are rarely preserved in the fossil record, collagen fibres that can reach the external 

surface of the cortex are also identified as Sharpey’s fibres.    

5.3.2 Histology of the uncinate processes and uncinate scars in Meleagris gallopavo  

The ossified uncinate processes and the vertebral ribs in Me. gallopavo (UAMZ 

unnumbered) is encased by a layer of regular dense connective tissues that we identified as the 

periosteum, which is consisted of an outer fibrous layer and an inner cellular cambium layer 

(Fig. 5.1A, C – G) comparable to the periosteum identified in vertebral ribs of dogs (Canalis and 

Burstein 1985) and mandibles of chicken (Hall 2005). The fibrous layer is predominantly 

composed of discrete bundles of dense connective tissues oriented towards the uncinate process, 

which is morphologically distinct from the continuous regular dense connective tissues and the 

randomly organised irregular dense connective tissues. Blood vessels are present both within and 

immediate external to the outer layer of the periosteum (Fig. 5.1D, Fig. 5.3, D, E, F). The 
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cambium layer is rich in nuclei that we interpret as mesenchymal cells (Fig. 5.1, D – G), which 

presumably contribute to the growth and intramembranous ossification of the uncinate processes 

and that of the dorsal vertebral ribs. Tissues of the cambium layer can be tightly packed or 

areolar. Islands of undifferentiated mesenchyme (Fig. 5.1E, 5.1F) are visible within the cambium 

layer. The cambium layer is thickest at the contact between the uncinate process and vertebral 

rib, contrasting the minimally developed cambium layer surrounding the uncinate process (Fig. 

5.1D).  

The uncinate process is not fused to the dorsal vertebral rib, and zones of ossifications are 

visible on the uncinate processes. On the transverse thin sections (Fig. 5.1A, 5.1B), the midshaft 

of the uncinate process is fully ossified, which transitions to zones of cartilages proximally and 

distally. A zone of mineralized cartilage with irregular thickness is at immediate contact with the 

bone tissues, which is separated from the unmineralized cartilage with comparatively smaller 

lacunae by visible tidemarks. As the lacunae are not enlarged, we identify this zone as 

proliferated cartilage migrating towards the uncinate process. Patches of extra cellular matrix are 

visible within the proliferated cartilage. Further proximally and distally, the proliferated cartilage 

shifts to a zone of hyaline cartilage, which is consisted of many isogenous aggregate 

chondrocytes. Small amounts of collagen fibres are likely present, as the external margins of the 

hyaline cartilage appear to be slightly anisotropic under cross polarized light. However, the 

centre of the hyaline cartilage are unambiguously anisotropic, and the anisotropic effects we 

observed are likely from collagen fibres from surrounding soft connective tissues. The collagen 

fibres of the hyaline cartilages seemingly connect and continue with the fibrous layer of the 

periosteum surrounding the uncinate process (Fig. 5.1C). Similar results are found on the 

longitudinal thin sections with three noticeable differences (Fig. 5.1, I – K). A small zone of 

hypertrophic cartilage can be identified between the mineralised cartilage and proliferated 

cartilage. Compared to the transverse thin sections, transitions and organizations of tissues 

between zones appear to be more variable, and hyaline cartilages are only present at the dorsal 

and ventral aspects of the uncinate process near their contacts to the vertebral rib. Our 

histological observation is congruent with the findings in embryonic Me. gallopavo that uncinate 

processes ossify from the midshaft towards the proximal and distal ends similar to a typical long 

bone (Tickle and Codd 2009).  
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 The uncinate process is connected to the dorsal vertebral rib via a thick layer of 

periosteum, which is predominately consisted of the cambium layer (Fig. 5.1, C – G, Fig. 5.2B, 

5.2D). The relatively thin fibrous layer is positioned close to the uncinate process and appears to 

mesh with the collagen fibres of the hyaline cartilage at the proximal end of the uncinate process. 

Clusters of mesenchymal tissues surrounding small capillaries are observed between the uncinate 

scar and uncinate process (Fig. 5.1, C, E – G). By comparison, cambium layer of the periosteum 

away from the uncinate scar (e.g. anterior and lateral surface) are comparatively thin and lack 

visible capillaries (Fig. 5.1D, Fig. 5.3, C, G, H).  

The cortex of the ossified vertebral rib internal to the cambium layer of the periosteum is 

consisted of mostly if not exclusively cellular bone. The external primary bone is separated from 

the mature lamellar bones by distinct cement lines. Many immature osteons with spherical 

haversian canals are present within the primary bones. The primary bone is more developed on 

the anterior and posterior aspects of the vertebral rib compared to their lateral and medial 

counterparts, which is a pattern observed on the transverse thin sections both at and away from 

the uncinate process. On all sampled thin sections, the layer of primary bone is thickest on the 

transverse sections through the uncinate process. A large, irregularly shaped canal containing a 

blood vessel oriented mediolaterally is observed near the site of uncinate process attachment 

(Fig. 5.1C, Fig. 5.2B, 5.2D), which has not been observed at locations away from the uncinate 

process. An increase in vascularisation is therefore present at the uncinate scar, potentially 

supplying and ossifying the uncinate process. At the uncinate scar, meshes of collagen fibres are 

present within the primary bone on all sampled sections, which can be classified based on 

orientations into circumferential and radial fibres (Fig. 5.2, B – E). We identify the radial fibres 

as Sharpey’s fibres, as they connect the periosteum to the primary bones both visible from 

transverse and longitudinal thin sections (Fig. 5.2B, 5.2D, 5.2G, 5.2H). At and adjacent to the 

uncinate scar, both circumferential and Sharpey’s fibres are coarse, forming discrete anisotropic 

bundles under cross polarized light. Additionally, the Sharpey’s fibres at the uncinate attachment 

seemingly maintain a general orientation towards the uncinate process (Fig. 5.2B, 5.2D), 

whereas those Sharpey’s fibre away from the uncinate process are more radially organised (Fig. 

5.3C). Albeit obscured by the cambium layer, the Sharpey’s fibres at the uncinate attachment 

seemingly course from the primary bone to the dense connective tissues surrounding the ossified 
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uncinate process as indicated by the similar orientations of the Sharpey’s fibres (Fig. 5.2B). 

Bundles of the coarse and distinct Sharpey’s fibres could pass into the more mature lamellar 

bone, though they mostly terminate at the cement lines (Fig. 5.2B). Dorsoventral positions of the 

thin sections notwithstanding, the primary bone away from the uncinate process sampled in this 

study contains mostly fine Sharpey’s fibres and other collagen fibres, of which individual bundle 

could not be easily identified (Fig. 5.3C). However, primary bones away from the uncinate scar 

still contains low quantity of coarse collagen fibres, though they appear as discrete clusters that 

do not reach the external surface of the cortex.  

The primary bone transition into the more compact lamellar bone at the cement line, 

which predominantly contain fine, circumferentially arranged collagen fibres. Further internally, 

the cortex of the vertebral rib transitions into medullary cavity containing trabecular bones.  

5.3.3 Histology of the uncinate processes and uncinate scars in Caiman crocodilus  

The cartilaginous uncinate process in Cai. crocodilus (UAMZ unnumbered) is 

completely composed of hyaline cartilage that houses sparsely arranged chondrocytes in the 

forms of single and isogenous groups of chondrocytes (Fig. 5.4B). The lacunae and presumably 

the chondrocytes they house have subcircular outlines, except for those positioned near the 

perichondrium which are more elongated with the long axes oriented parallel to the long axis of 

the uncinate process (Fig. 5.4C, 5.4D). Collagen fibres are found near the peripheral of the 

hyaline cartilage near its junction with the perichondrium mostly consisted of dense connective 

tissues. The precise contact between the hyaline cartilage and the perichondrium could not be 

identified, but the approximate location can be inferred by the absence of chondrocytes/lacunae 

and the presence of anisotropic dense regular connective tissues under cross polarized light (Fig. 

5.4C, 5.4D). 

The perichondrium surrounding the hyaline cartilage is a sheath of dense regular 

connective tissues the fibres of which are highly organised to be anisotropic and tightly arranged 

such that the perichondrium is distinguished from the dense irregular connective tissues external 

to it (Fig. 5.4B, 5.4D, Fig. 5.5B, 5.5C). Blood vessels are found near the contact between the 

dense irregular connective tissues, which can be classified into two groups based on the fibre 
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arrangements. The dense regular connective tissues lateral to the uncinate process are arranged 

predominantly in the similar direction as the fibres of the perichondrium, though the tissues 

house distinct gaps between parallel bundles. By comparison, the dense irregular connective 

tissues between the uncinate process and vertebral rib are likely arranged at an angle to the long 

axis of the uncinate process, as the tissues are arranged in the form of isolated clusters. Fibre 

orientation notwithstanding, multiple blood vessels are found within the dense irregular 

connective tissues. 

At the uncinate scar, the dense irregular connective tissues transition to a compactly, 

circumferentially organised dense regular connective tissues that we identify as the fibrous layer 

of the periosteum (Fig. 5.4E, 5.4F, Fig. 5.5, B – H). Unambiguous fine Shapey’s fibres are 

identified from the fibrous layer of the periosteum from thin sections away from the uncinate 

scar (Fig. 5.6D). Unlike in Me. gallopavo (UAMZ unnumbered), the cambium layer of the 

periosteum is only observed from sections away from the uncinate process in the form of a series 

of purple nuclei, which is much less developed compared to the fibrous layer (Fig. 5.6, B – D). 

The periosteum is attached to the ossified cortex of the vertebral rib, which is consisted of 

a thick layer of primary bone separated from a thin layer of mature lamellar bone by cement lines 

(Fig. 5.4E, 5.4F, Fig. 5.5, D – F). As in Me. gallopavo, the cortex of Cai. crocodilus lack typical 

mammalian haversian system, as reported from birds and squamates in the literature. However, 

the primary bone from the sampled sections in Cai. crocodilus is not highly vascularized, and the 

primary bones overall appear as solid bones. Several irregularly shaped canals are observed 

within the mature bones near the uncinate scar (Fig. 5.5 C – E). However, blood vessels are not 

directly observed within these canals, and they may represent secondary remodelling of the 

mature cortical bones into trabecular bones of the medullary cavity. 

The periosteum in vicinity to the uncinate scar is anchored to the primary bone of the 

rib’s cortex by Sharpey’s fibres which are typically higher in quantity, coarse, and maintain 

similar orientations towards the uncinate process. These Sharpey’s fibres terminates at the 

contacts between the primary bones and the fibrous layer of the periosteum (Fig. 5.5G, 5.5H), 

presumably anchoring the periosteum to the primary bones. However, collections of distinctly 
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coarse Sharpey’s fibres are observed within the primary bones, which pass towards the uncinate 

process and into the fibrous layer of the periosteum (Fig. 5.5B, 5.5D). On at least two sections 

(Pt us trunk 3 -5 and Pt us trunk 3-9), coarse Sharpey’s fibres are blended with the dense regular 

connective tissues of the perichondrium surrounding the hyaline cartilage of the uncinate process 

(Fig. 5.5C, 5.5E, 5.5F). Away from the uncinate scar, collagen fibres within the primary bones 

are typically fine, and individual bundle is difficult to identified (Fig. 5.6I). However, coarse 

collagen and Sharpey’s fibres can be found away from the uncinate attachment (Fig. 5.6D, 5.6E, 

5.6H), but they are relatively low in quantities. Only observed on one thin section, coarse 

Sharpey’s fibres located on the anterior aspect of the vertebral rib are found penetrating through 

the rib’s cortex into the muscle tissues that presumably attached to the vertebral rib (Fig. 5.6F, 

5.6G), which are relatively low in quantity as the coarse collagen and Sharpey’s fibres away 

from the uncinate scars observed in this study. The presence of coarse Sharpey’s fibres alone 

therefore does not uniquely indicate sites of uncinate process attachment, and may represent sites 

of muscle attachments. However, coarse Sharpey’s fibres are comparatively lower in quantity at 

the attachment sites of muscles. 

5.3.4 Histological evidence indicative of uncinate attachment 

If the observations from Me. gallopavo (UAMZ unnumberd) and Cai. crocodilus (UAMZ 

unnumbered) can represent the general conditions in birds and crocodylians, high quantity of 

coarse Sharpey’s fibres can be used as a supporting evidence to infer the presence of uncinate 

processes. 

5.3.5 Histology of the uncinate scars in tyrannosaurid dinosaurs 

In all three sampled tyrannosaurids, coarse Sharpey’s fibres are observed from thin 

sections at and adjacent to the uncinate scars, which are positioned within the primary bone as 

arrays of parallel fibres. These coarse Sharpey’s fibres are observed throughout the majority of 

the primary bone of the posterior aspect of the vertebral rib (Fig. 5.7, D – G, Fig. 5.8, C, 5.8D, 

Fig. 5.9, C – G). The coarse Sharpey’s fibres are oriented towards the uncinate scars, but most 

appear as radially arranged on thin section at higher magnifications, likely because the vertebral 

ribs and the uncinate scars in tyrannosaurids are mediolaterally wide compared to those in Me. 

gallopavo (UAMZ unnumbered) and Cai. crocodilus (UAMZ unnumbered). The coarse 
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Sharpey’s fibres are most well-preserved at the proximal ridge in TMP 94.12.960 where a 

distinct cluster of coarse Sharpey’s fibres is observed (Fig. 5.8, C – F). Although these coarse 

Sharpey’s fibres are oriented away from the uncinate scar, they could contribute to anchor the 

soft connective tissues positioned peripheral to the uncinate process, as in some of the coarse 

Sharpey’s fibres observed in Cai. crocodilus (UAMZ unnumbered) (Fig. 5.5D). Additionally, 

clusters of small and round objects with anisotropic peripherals are observed adjacent to the 

proximal ridge of the uncinate scar in Tyrannosauridae indet. (TMP 94.12.960), which we 

identify as transverse sections of coarse collagen fibres oriented approximately parallel to the 

long axis of the vertebral rib (Fig. 5.8E, 5.8F). As these coarse collagen fibres do not contact the 

external surface of the vertebral ribs on the sampled sections, we could not confidently determine 

whether they are connected to the uncinate scar or they may contribute to the collagen scaffold of 

the periosteum.  

In two of the sampled tyrannosaurids (TMP 51.81.16.285 and 94.12.960), the high 

quantity of coarse Sharpey’s fibres adjacent to the uncinate scars gradually transition to low 

quantity of coarse Sharpey’s fibres in the primary bone away from the uncinate scar (Fig. 5.7H, 

Fig. 5.8G). In Albertosaurus sarcophagus (TMP 99.52.42), the uncinate scar lacks a proximal 

ridge (Fig. 5.9B). Coarse Sharpey’s fibres are observed at the uncinate scar, but they are less 

distinct compared to TMP 51.81.16.285 and TMP 94.12.960. The condition observed in Ab. 

sarcophagus (TMP 99.52.42) is likely impacted by taphonomic factors, as the thin sections 

contain high number of small fractures. 

 Sharpey’s fibres within the primary bone away from the uncinate scars typically appear 

as radially arranged arrays of fine collagens (Fig. 5.10). Individual bundles of fibres are difficult 

to be identified, as in the sampled extant archosaurs. However, high quantity of coarse Sharpey’s 

fibres are observed on thin sections at a position distal to the uncinate scar in Tyrannosauridae 

indet. (TMP 51.81.16.285) (Fig. 5.10F), which are positioned at a bony ridge. Coarse Sharpey’s 

fibres anchoring skeletal muscles to bone have been observed in Cai. crocodilus (UAMZ 

unnumbered), and the bony ridges can indicate attachment sites of skeletal muscles (Holliday 

2009; Liparini and Schultz 2013). Therefore, the coarse Sharpey’s fibres at the bony ridge distal 

to the uncinate scar in TMP 51.81.16.285 may represent attachments of trunk muscles.  
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In addition to coarse Sharpey’s fibres at the uncinate scars, multiple irregularly shaped 

canals are observed on the cortex near the uncinate scar in TMP 51.81.16.285 (Fig. 5.7B), which 

morphologically resemble the pathway for blood vessels in Me. gallopavo (UAMZ unnumbered) 

described above. Accordingly, we identify the irregularly shaped canals in TMP 51. 81. 16. 285 

as pathway for blood vessels, which represents an increase in vascularisation of the cortex at the 

uncinate scar. Irregularly shaped pathways for blood vessels are also observed in the skeletally 

less mature, smaller sized Tyrannosauridae indet. (TMP 94.12.960), though the pathways are 

only found at the proximal ridge of the uncinate scar (Fig. 5.8B, 5.8C). However, proximal ridge 

and irregularly shaped pathway are absent from the sampled Ab. sarcophagus (TMP 99.52.42).  

The primary bone on the sampled thin sections in TMP 51.81.16.285 and TMP 94.12.960 

is thick on positions away from the uncinate scars, which become thinner or absent near the 

uncinate scars (Fig. 5.7B, 5.8B, 5.9B). The variable thickness of the primary bone in the sampled 

tyrannosaurids may represent different rates of bone growth, and the osteons potentially mature 

faster near the uncinate scars. Alternatively, primary bone may mature at similar rates, but are 

deposited less frequently near the uncinate scar, resulting in thinner layers of primary. Although 

a proximal ridge is absent in Ab. sarcophagus (TMP 99.52.42), the primary bone is thinner at the 

uncinate scar compared to regions away from it, as in TMP 51.81.16.285 and TMP 94.12.960. 

Comparisons among the three sampled tyrannosaurids indicate that an increase in 

vascularization could be associated with the presence of a proximal ridge, as angiogenesis and 

osteogenesis are two closely associated processes in bone development and maintenance (Dai 

and Rabie 2007; Filipowska et al. 2017). The increase in vascularization may take place at the 

proximal ridge early in postnatal development, which subsequently expands to the cortex near 

the uncinate scar to facilitate the maturing of the bony cortex. 

5.3.6 Histology of the uncinate scars in hadrosaurid dinosaur 

Two groups of coarse Sharpey’s fibres are observed on the primary bone at the posterior 

aspects of the vertebral rib adjacent to the uncinate scar, each of which is oriented towards the 

uncinate scar (Fig. 5.11 C, 5.11E, 5.11I, Fig. 5.12B, 5.12E). At lateral and medial margins of the 

uncinate scar, one to two groups of coarse Sharpey’s fibres are observed the orientation of which 
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are further towards the uncinate scar and can be distinguished from the adjacent coarse Sharpey’s 

fibres under cross polarized light (Fig. 5.11L, Fig. 5.12F, 5.12K). Based on the fibre orientations, 

the coarse Sharpey’s fibres at the margins of uncinate scars likely anchor to the uncinate process, 

whereas those coarse Sharpey’s fibres may be attached to the uncinate process, the soft 

connective tissues peripheral to the uncinate process, and hypaxial muscles (e.g. mm. 

intercostales).  

Unlike the cortex adjacent to the uncinate scar, coarse Sharpey’s fibre is absent at the 

uncinate scar on the thin sections sampled in Hadrosauridae indet. (UALVP 60005). Instead, one 

to three layers of lamellar bones are observed except for thin sections sampled from the distal 

end of the uncinate scar which lacks lamellar or primary bone (Fig. 5.11I, 5.11J, Fig. 5.12B, 

5.12E). Within the lamellar bones at the uncinate scar, two groups of collagen fibres are arranged 

perpendicularly (Fig. 5.11I, 5.11J, 5.11M, Fig. 5.12D, 5.12G, 5.12H). The first group is oriented 

parallel to the concave surface of the uncinate scar on the transverse thin sections, whereas the 

second group is oriented parallel to the proximodistal axis of the vertebral rib which appears on 

the transverse thin sections as clusters of black dots surrounded by anisotropic outlines. At 

several locations, these two groups of collagen fibres are observed within or immediately internal 

to the lamellar bone (Fig. 5.11M, Fig. 5.12H). Although some of the collagen fibres seem to be 

organised at the lamellar bone towards the uncinate scar, they all terminate at or within the 

lamellar bone without reaching the external surface of the cortex (Fig. 5.12D). Lacking a direct 

contact to the surface of the cortex and a distinct orientation towards the uncinate scar, the two 

groups of collagen fibres within the lamellar bones may not directly attach to the uncinate 

process. Instead, the first and second groups of collagen fibres are likely collagen fibres inherited 

or modified from the scaffold of the periosteum, respectively.   

 Only fine Sharpey’s fibres and collagen fibres are observed on the lateral and medial 

aspects of the vertebral rib away from the uncinate scar (Fig. 5.12 L, 5.12M), which are 

organised somewhat radially though a dominant orientation is not crystal clear. 

 An increase of vascularization is present in the cortex adjacent to the uncinate scar, as 

large canals that we identify as pathways for blood vessels are observed within the cortex 
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adjacent to the uncinate scar, and they can be positioned within the lamellar bones. These 

pathways for blood vessels generally have spherical outlines (Fig. 5.11A, 5.11I, Fig. 5.12B, 

5.12E, 5.12G), though irregular shaped pathways are also observed (Fig. 5.11D, 5.11E). Unlike 

the sampled tyrannosaurids, the pathways for blood vessels are assembled closer to the uncinate 

scar, and seemingly do not appear on the posterior, medial, and lateral aspects of the vertebral rib 

away from the uncinate scar (Fig. 5.12E). Although the pattern of vascularization at the uncinate 

scar is not consistent between sampled tyrannosaurid and Hadrosauridae indet. (UALVP 60005), 

evidence of increase vascularization at the uncinate scar is found in Tyrannosauridae and 

Hadrosauridae.  

Within the lamellar bone, strands of undulating tissues are observed passing towards the 

uncinate scar, which are isotropic under cross polarized light and morphologically resemble the 

canaliculi of Williamson in the actinopterygian fish (Sire and Meunier 1994). However, these 

strands of tissues at higher magnifications appear as hollow tubes surrounded by meshes of fibres 

(Fig. 5.11G, 5.11H, Fig. 5.12I), and they can reach the external surface of the uncinate scar (Fig. 

5.11G). Instead of canaliculi of Williamson, we identify the undulating strands of tissues as 

pathways for small capillaries that supply nutrients to the lamellar bone and plausibility soft 

tissues anchored to the uncinate scar.  

 Variations are observed proximodistally throughout the uncinate scar in Hadrosauridae 

indet. (UALVP 60005). Proximal to the uncinate scar, a large and irregularly shaped pathway for 

blood vessel surrounded by lamellar bone is observed (Fig. 5.11B – E), and the diameter of 

which seemingly increases as the sectioning position approaches the uncinate scar. The primary 

bone external to the irregularly shaped pathway is reduced in thickness, potentially due to the 

formation of the lamellar bone (Fig. 5.11, D – F). At the uncinate scar, the large pathway for 

blood vessel reduces in diameter and transitions to a position medial to or within the lamellar 

bone (Fig. 5.11I, Fig. 5.12B, 5.12E, 5.12G). At the distal end of the uncinate scar, the large 

pathway for blood vessel and lamellar bones are absent (Fig. 5.12J). The observations from the 

serial thin sections in Hadrosauridae indet. (UALVP 60005) may indicate that the uncinate scar 

we identify based on surface morphology is a pathway for blood vessel instead of attachment site 

for uncinate process, echoing one of the improbable identifications (see Chapter 4). However, the 
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high quantity of coarse Sharpey’s fibres is an indicator of uncinate attachment shared with thin 

sections sampled in Me. gallopavo (UAMZ unnumbered) and Cai. crocodilus (UAMZ 

unnumberd). Additionally, nutrient foramens can be found at the external surface of the uncinate 

scars in extant birds and crocodylians (see Chapter 4). We therefore reason that the pattern of 

serial thin sections observed in Hadrosauridae indet. (UALVP 60005) represent an increase in 

blood supply for soft tissues around the uncinate scar. 

5.3.7 Histology of the uncinate scars in ceratopsid dinosaurs 

In the three sampled ceratopsids, coarse Sharpey’s fibres are observed in the primary 

bones of the cortex adjacent to the uncinate scar, which are oriented towards the uncinate scar 

(Fig. 5.13, C – N, Fig. 5.14, C, E – L, Fig. 5.15, C - K). Unlike the sampled tyrannosaurids and 

Hadrosauridae indet. (UALVP 60005), the coarse Sharpey’s fibres in Pachyrhinosaurus lakustai 

(PSC 2014.060) and Centrosaurus sp. (TMP 96.1776.135) are concentrated at the lateral and/or 

medial margins of the uncinate scars. However, coarse Sharpey’s fibres do occupy the majority 

of the primary bones on the posterior aspect of the sampled vertebral rib in Centrosaurus sp. 

(TMP 82.18.16) (Fig. 5.15D, 5.15F, 5.15H). Additionally, the coarse Sharpey’s fibres are long 

strands organised in two crossed arrays oriented towards the uncinate scar. The high quantity of 

coarse Sharpey’s fibres observed in Centrosaurus sp. (TMP 82.18.16) likely represent a 

ontogenetic variant in less skeletally mature Centrosaurus, because the sampled thin sections in 

Centrosaurus sp. (TMP 82.18.16) have relatively thick primary bone and fewer secondary 

osteons throughout the cortex. Among the three sampled ceratopsids, orientations of the coarse 

Sharpey’s fibres vary between arrays that are inclined towards the uncinate scar at an actual 

angle (Fig. 5.13C, 5.13E, 5.13J, Fig. 5.14H), and strands that are arranged nearly parallel to the 

margins of the uncinate scars (Fig. 5.14 E, 5.14F).  

 As in Hadrosauridae indet. (UALVP 60005), one or several layers of lamellar bones are 

observed at the uncinate scar in all three sampled ceratopsids, which contains a group of collagen 

fibres parallel to the concave surface of the uncinate scar and another group approximately 

parallel to the long axis of the vertebral rib (Fig. 5.13B, 5.13J, Fig. 5.14B, 5.14J, Fig. 5.15E). 

However, the coarse Sharpey’s fibres adjacent to the uncinate scars can either pass through 

layers of lamellar bones and reach the external surface of the uncinate scar (Fig. 5.13C, 5.13E, 
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Fig. 5.14F), or terminate at the internal surface of the lamellar bone (Fig. 5.13J, Fig. 5.15L). The 

former configuration is not observed in Hadrosauridae indet. (UALVP 60005). The presence of 

slowly deposited lamellar bones (Hall 2005) at the uncinate scar surrounded by high quantity of 

actively developing primary bones in the less skeletally mature Centrosaurus sp. (TMP 

82.18.16) suggest that the relatively slow bone growth at the uncinate scar likely occurs before 

reaching subadulthood comparable to Pa. lakustai (PSC 2014.060) and Centrosaurus sp. (TMP 

96.1776.135).   

 Collagen and Sharpey’s fibres away from uncinate scars are generally fine and are 

radially organised in the sampled ceratopsids (Fig. 5.16C, 5.16D, 5.16I). Coarse collagen fibres 

that do not reach the external surface of the cortex (Fig. 5.16G) and coarse Sharpey’s fibres (Fig. 

5.16B, 5.16J) are occasionally observed as isolated clusters within the primary bones. A large 

pathway for blood vessels formed by lamellar bones is observed in Centrosaurus sp. (TMP 

96.1776.135) (Fig. 5.16F), which can be distinguished from the lamellar bone at the uncinate 

scar by the absence of collagen fibres approximately parallel to the long axis of the vertebral rib.   

The cortex adjacent to the uncinate scar generally shows no signs of increase in 

vascularization. Therefore, the sampled ceratopsids share a similar condition in vascularization 

of the cortex adjacent to the uncinate scar with the sampled Cai. crocodilus (UAMZ 

unnumbered), as opposite to the sampled Me. gallopavo (UAMZ unnumbered), tyrannosaurids, 

and Hadrosauridae indet. (UALVP 60005).     

 Thin sections at various locations through the uncinate scars in Pa. lakustai (PSC 

2014.060) and Centrosaurus sp. (TMP 82.18.16) show minor changes in the concave 

morphology of the uncinate scars in transverse sections. By comparison, the transverse sections 

of the uncinate scars in Centrosaurus sp. (TMP 96.1776.135) can be narrow and deep (Fig. 

5.14B) or wide and shallow, the latter of which can have either a smooth (Fig. 5.14G) or angular 

outlines (Fig. 5.14E). Only one layer of lamellar bone is observed at the uncinate scar in 

Centrosaurus sp. (TMP 82.18.16, TMP 96.1776.135), which have similar thickness among the 

sampled thin sections. Variations of the lamellar bones are observed proximodistally throughout 

the uncinate scar in Pa. lakustai (PSC 2014.060). Approximately three layers of lamellar bones 
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separated by cement lines are observed from thin sections near the proximal end of the uncinate 

scar (Fig. 5.13B – E), whereas lamellar bones are not distinct on the thin sections positioned 

further distally (Fig. 5.13F, 5.13K). This could potentially be resulted from taphonomic damages 

at the uncinate scar. Alternatively, the lamellar bones may still in development, because collagen 

fibres parallel to the concave surface of the uncinate scar are present where distinct lamellar 

bones are absent (Fig. 5.13J , 5.13K).   

In summary, comparatively high quantity of coarse Sharpey’s fibres are observed at 

uncinate scars in the sampled extant and fossil archosaurs. Evidence of increase vascularization 

adjacent to uncinate scars are observed in the sampled Me. gallopavo (UAMZ unnumbered) and 

tyrannosaurids, and hadrosaurid. Formation of lamellar bones at the uncinate scars are found in 

sampled cerapodans. 

 

5.4 Discussion 

5.4.1 Refining and augmenting the distribution of uncinate process using 

histological evidence 

Coarse Sharpey’s fibres are found in relatively high quantity near the uncinate scars in 

sampled extant and fossil archosaurs, which can be used as feature to infer the presence of 

uncinate processes along with uncinate scar. Compared to the surficial uncinate scars, coarse 

Sharpey’s fibres are positioned within the cortex of the vertebral ribs, which do not rely on 

nearly complete preservations of the cortical surfaces as in inference using uncinate scars. A 

wide range of fossil archosaurs may be sampled for the distribution of uncinate processes. 

However, coarse Sharpey’s fibres alone could not unambiguously infer the presence of 

uncinate processes. Coarse Sharpey’s fibres have been observed in the cortex away from the 

uncinate scar and may reach the cortical surface (Fig. 5.6G, Fig. 5.10F, Fig. 5.16B, 5.16J), 

though usually in relatively low quantity. 
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 Therefore, we propose that presence of high quantity of coarse Sharpey’s fibres should be 

used as a criterion in conjunction with uncinate scar, to distinguish attachment sites of uncinate 

processes from other surficial scars (e.g. attachment sites of muscles). 

5.4.2 Evolutionary divergence of uncinate process attachments in dinosaurs on the 

line to birds 

The origin of the highly specialised avian respiratory system is difficult to pinpoint, as 

direct evidence of parabronchi indicative of the presence of cross-current gas exchange is lacking 

in the fossil record. However, evidence of unidirectional pulmonary airflow has been found in 

extant crocodylians and lepidosaurs (Farmer and Sanders 2010; Farmer 2015). Along with the 

widespread postcranial pneumaticity in saurischian dinosaurs (O’Connor 2006; Wedel 2006) and 

the ancestral presence of uncinate processes in archosaurs (see Chapter 4), anatomical 

components comparable to the avian ventilatory system may be acquired gradually on the 

evolutionary path towards birds. A hypothetical evolutionary scenario has been proposed 

regarding the emergence of cartilaginous uncinate processes, postcranial skeletal pneumaticity, 

and ossified uncinate processes leading to birds (see Chapter 4). Taphonomic biases 

notwithstanding, direct evidence of mineralised or even partially ossified cartilaginous uncinate 

processes have been found in ornithischian dinosaurs (Boyd et al. 2011), but rarely if at all in 

saurischian dinosaurs. Therefore, the hypothetical scenario based on uncinate scars likely has 

oversimplified the evolution transitions of uncinate processes in archosaurs into two steps: 

emergence of cartilaginous uncinate processes and ossified uncinate processes, respectively. 

With histological evidence provided in this study, we interpret that an increase in vascularisation 

and development of lamellar bone at uncinate scars are modifications of the vertebral ribs related 

to the attachments of uncinate processes. Though only two extant and no less than four fossil 

dinosaurs have been sampled in this study, occurrence of the modifications of cortex at 

attachment sites of uncinate processes can be used as points of reference for an improved version 

of the hypothetical evolutionary scenario of uncinate processes leading to birds.  

Cartilaginous uncinate processes are likely present in ancestral archosaurs, which most 

likely increased in mechanical advantages for ventilatory muscles to expand the ribcage and 

potentially strengthen the structural stability of the trunk as predicted by two-dimensional 



205 

 

biomechanical models (Zimmer 1935; Tickle et al. 2007). If Cai. crocodilus (UAMZ 

unnumberd) can represent the ancestral condition of archosaurs, the cartilaginous uncinate 

processes carried by the ancestral archosaurs would be anchored to the vertebral ribs by a group 

of coarse Sharpey’s fibres positioned on the rib’s posterior aspect near midshaft. Development of 

lamellar bones at the uncinate scars are likely acquired on the paths to cerapodans, as observed in 

the sampled cerapodans. Lamellar bones are laid down at a relatively slow rates compared to 

primary bones (Hall 2005), and more precisely arranged lamellar bone can withstand greater 

mechanical stress in favoured directions before yielding to elastic deformations (Weiner and 

Wagner 1998; Currey 2003). The presence of lamellar bones at the uncinate scars in cerapodans 

may therefore be osteogenic adaptations to meet the demands of mechanical stresses imposed on 

the uncinate processes by ventilatory muscles. An increase in vascularisation at the uncinate 

scars in the form of several canals as observed in Hadrosauridae indet. (UALVP 60005) may be 

acquired after ornithopods diverge from ceratopsians, potentially as an adaptation in ornithopods. 

Alternatively, the increased vascularization may be acquired in ancestral cerapodans, which was 

subsequently retained in ornithopods and secondarily lost in ceratopsians. The ancestral 

condition of cerapodans notwithstanding, an increase in vascularisation at the attachment sites of 

uncinate process provides an anatomical condition in which mineralisation of the cartilaginous 

uncinate processes may take place via invading blood vessels or cartilage canals (Dai and Rabie 

2007; Sivaraj and Adams 2016; Filipowska et al. 2017). This in turn may explain the 

comparative high number of mineralised uncinate processes preserved in ornithopods (Butler and 

Galton 2008; Boyd et al. 2011). An increase in vascularisation at uncinate scars in the form of 

multiple irregularly shaped canals was likely acquired in tyrannosaurids, which may be 

independent from that in ornithopods unless increased vascularisation at uncinate scars is an 

ancestral condition for Dinosauria. If the condition observed in the sampled tyrannosaurids 

represent the general condition of theropods carrying cartilaginous uncinate processes, the high 

number of vascular canals likely provide an anatomical condition for uncinate processes to be 

ossified in Pelecanimimus polyodon and penneraptorans leading to birds (Codd et al. 2008; 

Cuesta et al. 2022). As an increase in vascularisation at uncinate scar is not unique to 

tyrannosaurids, and by our inferred extension theropods, other osteogenic factors were likely 

present to promote the evolutionary step from mineralisation to ossification of uncinate 

processes. Further sampling is admitted warranted to test the hypothetical scenario presented 
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here. We can nevertheless conclude with the histological evidence in this study that attachment 

sites of uncinate processes are most definitely not conservative, but instead have likely been 

subjected to natural selections and remained as a functional anatomical component favoured by 

natural selection on the evolutionary paths to extant birds. 
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Table 

Table 5. 1.  Number of histology sections sampled from individual taxon in this study. 

Taxa Number of 

sections 

Orientation of the 

sections * 

Position relative to 

uncinate scar 

Meleagris gallopavo 

(UALVP unnumbered) 

5 Longitudinal  At uncinate scar 

5 Transverse  At uncinate scar 

4 Transverse  Away from uncinate scar 

Caiman crocodilus 

(UALVP unnumbered) 

2 Longitudinal Away from uncinate scar 

12 Transverse At uncinate scar 

2 Transverse Away from uncinate scar 

Tyrannosauridae indet. 

(TMP 51.81.16.285) 

10 Transverse At uncinate scar 

2 Transverse Away from uncinate scar 

Albertosaurus sarcophagus  

(TMP 99.52.42) 

8 Transverse At uncinate scar 

Tyrannosauridae indet. 

(TMP 94.12.960) 

6 Transverse At uncinate scar 

4 Transverse Away from uncinate scar 

Hadrosauroidea indet. 

(TMP 6005) 

6 Transverse At uncinate scar 

2 Transverse Near uncinate scar 

Pachyrhinosaurus lakustai 

(PSC 2014.060) 

7 Transverse At uncinate scar 

4 Transverse Away from uncinate scar 

Centrosaurus sp. 

(TMP 82.18.16) 

7 Transverse At uncinate scar 

1 Longitudinal At uncinate scar 

Centrosaurus sp. 

(TMP 96.1776.135) 

7 Transverse At uncinate scar 

* Longitudinal and transverse refer to sections parallel and perpendicular to the long axis of the 

vertebral ribs, respectively. 
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Figures 

Figure 5.1. Histological thin sections of vertebral ribs through uncinate process in Meleagris 

gallopavo (UAMZ unnumbered). 

Transverse thin section T 1 – 1 of dorsal vertebral rib and right dorsal vertebral rib in lateral view 

showing the approximate anatomical position of thin section (A); close-up of the thin section T 1 

– 1 showing zones of ossifications within uncinate process (B), contact between uncinate process 

and vertebral rib at the uncinate scar (C), periosteum lateral to uncinate process (D); thick 

cambium layer of periosteum (E), mesenchymal tissues (F), and capillaries (G) near uncinate 

scar; a right dorsal vertebral rib of Me. gallopavo (UAMZ 1824) in lateral view showing the 

approximate anatomical position of thin section T 1 – 4 (H); overview of longitudinal thin 

section T 1 – 4 (I), and close-up of longitudinal thin section T 1 – 4, showing zones of 

ossification within uncinate process (J), and contact between uncinate process and vertebral rib at 

uncinate scar (K). Panels A – G, H – J are captured under normal light, and panel K is captured 

under cross polarised light. Single capitalised letters indicate the approximate locations of close-

ups. Red triangles point at tidemarks between mineralised and unmineralized cartilages. Dark 

cyan triangles point at cement lines between primary and mature bones. Abbreviations: bm 

mature bones, bp primary bones, bv pathways containing blood vessels, ca capillaries, me 

mesenchymal tissues, pc cambium layer of the periosteum, pf fibrous layer of the periosteum, up 

uncinate process, vr vertebral rib, zb zone of bones, zh, zone of hyaline cartilage, zm, zone of 

mineralised cartilages, zp, zone of proliferated cartilages, zy zone of hypertrophic. 
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Figure 5.2. Histological thin sections of vertebral ribs through uncinate process in Meleagris 

gallopavo (UAMZ unnumbered). 

Transverse thin section T 1 – 4 of dorsal vertebral rib and a right dorsal vertebral rib in lateral 

view showing approximate anatomical position of thin sections (A); close-up of transverse thin 

section T 1 – 4, showing orientations of collagen and Sharpey’s fibres near uncinate scar (B), 

circumferential collagen fibres near uncinate scar (C, D), coarse Sharpey’s fibres anchoring 

cambium layer of periosteum to primary bones (E); longitudinal thin section T 1 – 4 and a right 

dorsal vertebral rib of Me. gallopavo (UAMZ 1824) in lateral view, showing approximate 

anatomical position of thin section (F); close-up of longitudinal thin section T 1 – 4, showing 

orientation of Sharpey’s fibres within primary bones of vertebral rib (G) and close-up of 

Sharpey’s fibres within primary bones of vertebral rib at different extinction angles (H). Panel A 

and F are captured under normal light, and the rests are captured under cross polarised light. 

Single capitalised letters indicate the approximate locations of close-ups. Black and white 

triangles point at collagen and Sharpey’s fibres appearing as dark and light fibres at specific 

extinction angles, respectively. Abbreviations: bm mature bones, bp primary bones, bv pathways 

containing blood vessels, ca capillaries, pc cambium layer of the periosteum, pf fibrous layer of 

the periosteum, up uncinate process, vr vertebral rib. 
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Figure 5.3. Histological thin sections of vertebral ribs away from uncinate process in Meleagris 

gallopavo (UAMZ unnumbered). 

Transverse thin section T 1 – 1 of dorsal vertebral rib and a right dorsal vertebral rib in lateral 

view showing approximate anatomical position of thin sections (A); close-up of transverse thin 

section T 1 – 1, showing coarse collagen fibres from lateral aspect of vertebral rib (B), fine 

collagen fibres from anterior aspect of vertebral rib (C), and blood vessels and capillaries with 

thin (D), medium (E), and thick (F) walls; transverse thin section T 2 – 2, showing tissues (G) 

and fibres (H) of periosteum and cortex of vertebral rib near its distal end. Panel A, D, E, F, G 

are captured under normal light, and panel B, C, H are captured under cross polarised light. 

Single capitalised letters indicate the approximate locations of close-ups. Black triangles point at 

collagen fibres at specific extinction angles.  Abbreviations: bm mature bones, bp primary bones, 

bv pathways containing blood vessels, ca capillaries, pc cambium layer of the periosteum, pf 

fibrous layer of the periosteum.  
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Figure 5.4. Histological thin sections of vertebral rib through uncinate process in Caiman 

crocodilus (UAMZ unnumbered). 

Transverse thin section T 2 – 2 and first right dorsal vertebral rib in lateral view, showing the 

approximate anatomical position of thin sections (A); close-up of transverse thin section T 2 – 1, 

showing cartilaginous uncinate process and surrounding soft connective tissues (B), approximate 

junction between cartilaginous uncinate process and perichondrium (C, D), contact between 

uncinate process and vertebral rib at uncinate scar (E), contact between primary and mature 

bones near uncinate scar (F). All panels except panel D are captured under normal light, and 

panel D is captured under cross polarised light. Single capitalised letters indicate the approximate 

locations of close-ups. Sky blue triangles point at approximate locations of perichondrium, and 

dark cyan triangles point at cement lines between primary and mature bones. Abbreviations: bm 

mature bones, bp primary bones, bv pathway for blood vessels, cdi dense irregular connective 

tissues, pf fibrous layer of periosteum, ph perichondrium, up uncinate process. 
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Figure 5.5. Histological thin sections of vertebral ribs through uncinate processes in Caiman 

crocodilus (UAMZ unnumbered). 

First and second right dorsal vertebral ribs in lateral views, showing the approximate anatomical 

positions of thin sections (A); transverse thin section T 2 – 1, showing Sharpey’s fibres within 

primary bones near uncinate scar (B); transverse thin section T 3 – 5, showing collagen and 

Sharpey’s fibres within primary bones near uncinate scar (C), and close-up of contact between 

cartilaginous uncinate process and vertebral rib at two angels of extinctions (D, E), coarse 

Sharpey’s fibres blending with periosteum and perichondrium (F), Sharpey’s fibres anchoring 

periosteum to primary bones of vertebral rib (G); transverse thins section T 2 – 3, showing 

Sharpey’s fibres terminating at contacts with periosteum of vertebral rib (H). Panel A is captured 

under normal light, and the rests are captured under cross polarised light. Single capitalised 

letters indicate the approximate locations of close-ups. Black and white triangles point at 

collagen and Sharpey’s fibres appearing as dark and light fibres at specific extinction angles, 

respectively. Abbreviations: bm mature bones, bp primary bones, bv pathway for blood vessels, 

cdi dense irregular connective tissues, pf fibrous layer of periosteum, up uncinate process. 
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Figure 5.6. Histological thin sections of vertebral ribs away from uncinate process in Caiman 

crocodilus (UAMZ unnumbered). 

Transverse thin section T 4 – 2 and first and second right dorsal vertebral rib in lateral view, 

showing the approximate anatomical position of thin sections (A); close-up of transverse thin 

section T 4 – 2, showing periosteum of vertebral rib proximal to uncinate scar (B), cambium 

layer of periosteum (C), fine Sharpey’s fibres within periosteum and collagen fibres within 

primary bones of vertebral rib (D), and collagen fibres in primary bones proximal to uncinate 

scar (E); transverse thin section T 2 – 1, showing coarse Sharpey’s fibres in primary bones from 

anterior aspect of first vertebral rib (F), and close-up of coarse Sharpey’s fibres penetrating into 

muscles (G), coarse collagen fibres within primary bones (H); transverse thin section T 3 – 9, 

showing collagen and Sharpey’s fibres within primary bones from anteromedial aspect of second 

right dorsal vertebral rib. Panels A – C are captured under normal light, and the rests are 

captured under cross polarised light. Single capitalised letters indicate the approximate locations 

of close-ups. Black and white triangles point at collagen and Sharpey’s fibres appearing as dark 

and light fibres at specific extinction angles, respectively. Abbreviations: bm mature bones, bp 

primary bones, mu muscle, pc cambium layer of periosteum, pf fibrous layer of periosteum.  
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Figure 5.7. Histological thin sections of vertebral rib near uncinate scar in Tyrannosauridae indet. 

(TMP 51.81.16.285). 

Left dorsal vertebral rib in anterior view, showing approximate anatomical position of thin 

section (A); transverse thin section T 2 – 3, showing an increase in vascularisation of cortex 

adjacent to uncinate scar (B), and close-up of proximal ridge of uncinate scar (C), coarse 

Sharpey’s fibres at proximal ridge of uncinate scar (D), coarse Sharpey’s fibres throughout the 

primary bones at and adjacent to uncinate scar (E), coarse Sharpey’s fibres adjacent to proximal 

ridge of uncinate scar (F), and further close-up on a single bundle of coarse Sharpey’s fibres (G); 

close-up of transverse thin section T 2 – 3, showing transitions from high quantity of coarse 

Sharpey’s fibres at uncinate scar to relatively low quantity at lateral aspect of rib’s cortex. Panels 

A – C are captured under normal light, and the rests are captured under cross polarised light. 

Single capitalised letters indicate the approximate locations of close-ups. Black triangles point at 

collagen and Sharpey’s fibres appearing as dark fibres at specific extinction angles. 

Abbreviations: bm mature bones, bp primary bones, op primary osteon, pr proximal ridge, us 

uncinate scar. 
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Figure 5.8. Histological thin sections of vertebral rib near uncinate scar in Tyrannosauridae indet. 

(TMP 94.12.960).  

Right dorsal vertebral rib in posterior view, showing the approximate anatomical positions of the 

thin sections (A); transverse thin section T 4 – 2, showing an increase in vascularisation of cortex 

at proximal ridge (B), and close-up of coarse Sharpey’s fibres at adjacent to uncinate scar (C); 

transverse thin section T 4 – 3, showing coarse Sharpey’s fibres at proximal ridge of uncinate 

scar (D), close-up of coarse Sharpey fibres adjacent to uncinate scar (E) and further close-up on 

transverse sections of coarse collagen fibres (F); transverse thin section T 3 – 2, showing 

transitions of coarse Sharpey’s fibres from high quantity at uncinate scar to relatively loo 

quantity at lateral aspect of rib’s cortex. Panel A and B are captured under normal light, and the 

rest are captured under cross polarised light. Single capitalised letters indicate the approximate 

locations of close-ups. Black and white triangles point at collagen and Sharpey’s fibres appearing 

as dark and light fibres at specific extinction angles, respectively. Abbreviations: bp primary 

bones, bv blood vessel, cct transverse sections of coarse collagen fibres, os, secondary osteon, pr 

proximal ridge, us uncinate scar. 
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Figure 5.9. Histological thin sections of vertebral rib near uncinate scar in Albertosaurus 

sarcophagus (TMP 99.52.42). 

Right dorsal vertebral rib in posterior view, showing the approximate anatomical positions of 

thin sections (A); transverse thin section T 2 – 4, showing higher quantity of secondary osteons 

at uncinate scar (B); transverse thin section T 2 – 3, showing coarse Sharpey’s fibres at uncinate 

scar (C), close-up of coarse Sharpey’s fibres at uncinate scar (D), and further close-up on several 

bundles of coarse Sharpey’s fibres (E); transverse thin sections T 2 – 5, showing coarse 

Sharpey’s fibres at uncinate scar (F), and close-up of bundles of coarse Sharpey’s fibres (G). 

Panel A is captured under normal light and the rest are captured under cross polarised light. 

Single capitalised letters indicate the approximate locations of close-ups. Black triangles point at 

coarse Sharpey’s fibres at specific extinction angles. Abbreviations: bp primary bones, os 

secondary osteons, us uncinate scar. 
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Figure 5.10. Histological thin sections of vertebral ribs away from uncinate scars in three 

sampled tyrannosaurids.  

Left dorsal vertebral rib of Tyrannosaurid indet. (TMP 51.81.16.285) in anterior view, showing 

approximate anatomical positions of transverse thin sections (A); transverse thin section T 2 – 3, 

showing primary and mature bones (B) and fine collagen and Sharpey’s fibres within primary 

bones (C); transverse thin section T 1 – 2, showing fine (D) and coarse (E) Sharpey’s fibres 

within primary bones; transverse thin section T 1 – 1, showing coarse Sharpey’s fibres within 

primary bones distal to uncinate scar (F); right dorsal vertebral rib of Tyrannosauridae indet. 

(TMP 94.12.960) in posterior view, showing approximate anatomical positions of thin sections 

(G); transverse thin section T 3 – 2, showing coarse Sharpey’s fibres away from uncinate scar 

(H); transverse thin section T 4 – 4, showing fine collagen and Sharpey’s fibres away from 

uncinate scar (I); right dorsal vertebral rib of Albertosaurus sarcophagus (TMP 99.52.42) in 

posterior view, showing approximate anatomical positions of thin sections (J); transverse thin 

section T 2 – 1, showing fine collagen and Sharpey’s fibres away from uncinate scar (K); 

transverse thin section T 2 – 3, showing coarse collagen fibres away from uncinate scar (L). 

Panel A, B, G, J are captured under normal light, and the rests are captured under cross polarised 

light. Single capitalised letters indicate the approximate locations of close-ups. Black triangles 

point at coarse Sharpey’s fibres at specific extinction angles. Abbreviations: bm, mature bones, 

bp primary bones.  
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Figure 5.11. Histological thin sections of vertebral rib near uncinate scar in Hadrosauridae indet. 

(UALVP 60005). 

Dorsal vertebral rib of Hadrosauridae indet. (UALVP 60005) in medial view, showing the 

approximate anatomical positions of thin sections (A); transverse thin section T 1 – 1, showing 

primary and mature bones adjacent to uncinate scar (B), and close-up of coarse Sharpey’s fibres 

near uncinate scar (C); transverse thin section T 1 – 2, showing primary and mature bones 

adjacent to uncinate scar (D), coarse Sharpey’s fibres adjacent to uncinate scar (E), close-up of 

coarse Sharpey’s fibres (F), two capillaries within lamellar bones near uncinate scar with 

connections between capillaries and pathway for blood vessel (G), one capillary within lamellar 

bones (H), and ; transverse thin section T 2 – 2, showing coarse Sharpey’s fibres adjacent to 

uncinate scar (I), close-up of lamellar bones at uncinate scar (J), and close-up of three capillaries 

within lamellar bones at uncinate scar (K), coarse Sharpey’s fibres next to uncinate scar (L), 

collagen fibres within lamellar bones (M). Panels B, D, and K are captured under normal light, 

and the rests are captured under cross polarised light. Single capitalised letters indicate the 

approximate locations of close-ups.  Black and white triangles point at collagen and Sharpey’s 

fibres appearing as dark and light fibres at specific extinction angles, respectively. Red triangles 

point at capillaries within lamellar bones. Abbreviations: bm mature bones, bp primary bones, bv 

blood vessel, cct transverse sections of coarse collagen fibres, lb lamellar bones, us uncinate scar. 
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Figure 5.12. Histological thin sections of vertebral rib near uncinate scar in Hadrosauridae indet. 

(UALVP 6005). 

Dorsal vertebral rib of Hadrosauridae indet. (UALVP 60005) in medial view, showing the 

approximate anatomical positions of thin sections (A); transverse thin section T 2 – 3, showing 

coarse Sharpey’s fibres and lamellar bones adjacent to uncinate scar (B), and coarse Sharpey’s 

fibres near uncinate scar (C), and coarse collagen fibres terminated at lamellar bones adjacent to 

uncinate scar (D); transverse thin section T 2 – 4, showing coarse Sharpey’s fibres and lamellar 

bones adjacent to uncinate scar (E), close-up of coarse collagen and Sharpey’s fibres adjacent to 

uncinate scar (F); transverse thin section T 3 – 1, showing coarse collagen fibres within lamellar 

bones at uncinate scar (G), close-up of transverse sections of coarse collagen fibres (H), and one 

capillary within lamellar bone at uncinate scar (I); transverse thin section T 4 – 1 at distal end of 

uncinate scar, showing low quantity of coarse Sharpey’s fibres (J), and close-up of coarse 

Sharpey’s fibres adjacent to uncinate scar (K); transverse thin section T 1 – 2, showing fine 

collagen and Sharpey’s fibres away from uncinate scar (L); transverse thin section of T 2 – 4, 

showing Sharpey’s fibres away from uncinate scar (M). Panel A is captured under normal light 

and the rests are captured under cross polarised light. Single capitalised letters indicate the 

approximate locations of close-ups. Black and white triangles point at collagen and Sharpey’s 

fibres appearing as dark and light fibres at specific extinction angles, respectively. Red triangle 

points at capillary within lamellar bones. Abbreviations: bm mature bones, bp primary bones, bv 

blood vessel, cct transverse sections of coarse collagen fibres, lb lamellar bones, us uncinate scar. 
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Figure 5.13. Histological thin sections of vertebral rib near uncinate scar in Pachyrhinosaurus 

lakustai (PSC 2014.060). 

Left dorsal vertebral rib of Pa. lakustai (PSC 2014.060), showing the approximate anatomical 

positions of thin sections (A); transverse thin section T 2 – 1, showing lamellar bones at uncinate 

scar (B), and close-up of coarse Sharpey’s fibres at uncinate scar (C); transverse thin section T 2 

– 4, showing lamellar bones and coarse Sharpey’s fibres adjacent to uncinate scar (D), and close-

up of coarse Sharpey’s fibres at uncinate scar (E); transverse thin section T 3 – 1, showing coarse 

Sharpey’s fibres adjacent to uncinate scar (F), and close-ups of coarse Sharpey’s fibres next to 

uncinate scar (G, H); transverse thin section T 3 – 2, showing coarse Sharpey’s fibres at uncinate 

scar (I), and close-up of bundles of coarse Sharpey’s fibres (J); transverse thin section T 3 – 3, 

showing coarse Sharpey’s fibres adjacent to uncinate scar (K), and close-up of bundles of coarse 

Sharpey’s fibres (L); transverse thin section T 4 – 1 at distal end of uncinate scar, showing 

absence of lamellar bones (M), and close-up of coarse Sharpey’s fibres adjacent to uncinate scar 

(N). Panel A and B are captured under normal light, and the rest are captured under cross 

polarised light. Single capitalised letters indicate the approximate locations of close-ups. Black 

and white triangles point at collagen and Sharpey’s fibres appearing as dark and light fibres at 

specific extinction angles, respectively. Abbreviations: bm mature bones, bp primary bones, bv 

blood vessel, lb lamellar bones, us uncinate scar. 
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Figure 5.14. Histological thin sections of vertebral rib near uncinate scar in Centrosaurus sp. 

(TMP 96.1776.135). 

Dorsal vertebral rib of Centrosaurus sp. (TMP 96.1776.135), showing the approximate 

anatomical positions of thin sections (A); transverse thin section T 2 – 1, showing the coarse 

Sharpey’s fibres at uncinate scar (B), and close-up of bundles of coarse Sharpey’s fibres next to 

uncinate scar (C); transverse thin section T 3 – 4, showing lamellar bones at uncinate scar (D), 

coarse Sharpey’s fibres at and adjacent to uncinate scar (E), and close-up of coarse Sharpey’s 

fibres at uncinate scar (F); transverse thin section T 4 – 1, showing coarse Sharpey’s fibres 

adjacent to uncinate scar (I), and close-up of bundles of coarse Sharpey’s fibres at uncinate scar 

(H); transverse thin section T 4 – 2, showing coarse Sharpey’s fibres adjacent to uncinate scar at 

two extinction angle (I, K), and close up of transverse sections of collagen fibres (J) and coarse 

Sharpey’s fibres (L) at uncinate scar.  Panel A and D are captured under normal light, and the 

rest are captured under cross polarised light. Single capitalised letters indicate the approximate 

locations of close-ups. Black and white triangles point at collagen and Sharpey’s fibres appearing 

as dark and light fibres at specific extinction angles, respectively. Abbreviations: bm mature 

bones, bp primary bones, bv blood vessel, cct transverse sections of coarse collagen fibres, lb 

lamellar bones, us uncinate scar. 
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Figure 5.15. Histological thin sections of vertebral rib near uncinate scar in Centrosaurus sp. 

(TMP 82.18.16). 

Left dorsal vertebral rib in posterior view, showing the approximate anatomical positions of thin 

sections (A); transverse thin section T 2 – 2, showing thick primary bones adjacent to uncinate 

scar (B), high quantity of coarse Sharpey’s fibres adjacent to uncinate scar (D), and close-ups of 

coarse Sharpey’s fibres at two extinction angels (C, E); transverse thin section T 2 – 4, showing 

high quantity of coarse Sharpey’s fibres adjacent to uncinate scar (F), and close-up of lamellar 

bones and coarse Sharpey’s fibres (G); transverse thin section T 2 – 7, showing high quantity of 

coarse Sharpey’s fibres adjacent to uncinate scar (H), lamellar bones and coarse Sharpey’s fibres 

at uncinate scar (I), further close-ups of coarse Sharpey’s fibres at uncinate scar (J, K) and coarse 

collagen fibres terminated at uncinate scar (L). Panel A and D are captured under normal light, 

and the rest are captured under cross polarised light. Single capitalised letters indicate the 

approximate locations of close-ups. Black and white triangles point at collagen and Sharpey’s 

fibres appearing as dark and light fibres at specific extinction angles, respectively. 

Abbreviations: bm mature bones, bp primary bones, bv blood vessel, cct transverse sections of 

coarse collagen fibres, lb lamellar bones, us uncinate scar. 

  



237 

 

 



238 

 

Figure 5.16. Histological thin sections of vertebral ribs away from uncinate scars in sampled 

ceratopsians. 

Left dorsal vertebral rib of Pa. lakustai (PSC 2014.060), showing the approximate anatomical 

positions of thin sections (A); transverse thin section T 1 – 1, showing coarse Sharpey’s fibres 

(B); transverse thin section T 1 – 2, showing fine collagen and Sharpey’s fibres (C); transverse 

thin section T 2 – 1, showing fine Sharpey’s fibres (D); dorsal vertebral rib of Centrosaurus sp. 

(TMP 96.1776.135), showing the approximate anatomical positions of thin sections (E); 

transverse thin section T 3 – 4, showing one pathway for blood vessel within mature bones (F); 

transverse thin section T 4 – 1, showing coarse collagen fibres within mature bones (G); Left 

dorsal vertebral rib of Centrosaurus sp. (TMP 82.18.16) in posterior view, showing the 

approximate anatomical positions of thin sections (H); transverse thin section T 2 – 2, showing 

collagen and Sharpey’s fibres within primary bones (I); transverse thin section T 2 – 4, showing 

coarse Sharpey’s fibres. Black and white triangles point at collagen and Sharpey’s fibres 

appearing as dark and light fibres at specific extinction angles, respectively. Abbreviations: bm 

mature bones, bp primary bones, bv blood vessel, lb lamellar bones, us uncinate scar. 
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5.6 Supplementary Information 

5.6.1 Hematoxylin and Eosin staining procedure 

Safety: This procedure is to be done in the fume hood except for the Tap water wash. Wear 

nitrile gloves. 

Toluene 1  5 minutes   De-wax 

Toluene 2  5 minutes   De-wax 

100% Ethanol  2 minutes 

100% Ethanol  2 minutes 

90% Ethanol  2 minutes 

70% Ethanol  2 minutes 

50% Ethanol  2 minutes 

Dist. Water  2 minutes 

Hematoxylin Gill III* 2 minutes  

Dist. Water  Rinse (Carry to sink in square dish of water) 

Tap Water   15 minutes   Running Slowly – Cold only 

70% Ethanol  2 minutes 

Eosin*   30 seconds   

100% Ethanol  2 minutes      Discard to waste bottle after use. 

100% Ethanol  2 minutes Transfer to 100% Ethanol 1 after use 

Toluene 1 2 minutes 

Toluene 2 2 minutes plus time to coverslip the slides. Slides must be kept in Toluene during 

coverslipping so they never dry out. 

Coverslip with DPX in the Fume Hood. Wear Nitrile gloves.  

Slides should be kept in 37 degree oven overnight for the DPX to solidify. 



247 

 

*Hematoxylin needs to be filtered before use regularly. 

As of 2010: 

*Hematoxylin: Surgipath/Leica   - Gill III  Cat. # 3801542 

*Eosin: Surgipath/Leica Cat. # 3801602 
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5.6.2 Masson’s Trichrome staining procedure 

Procedure takes about 1.5 hours including the cover-slipping of 8 slides with DPX 

PPE: Fume hood, gloves, glasses 

1.TOLUENE 1 and TOLUENE 2     (Top Shelf)  5 minutes each 

2.Ethanol Series: 100%, 100%, 90%, 70%, 50% ethanol - 2 minutes each 

3.Water - 2min. 

4. Stain nuclei with Hematoxylin Gill III (Surgipath)  1 min 

5. Wash well in cold running tap water in sink   15 min 

6. Rinse in distilled water.       1 min total 

7. Stain in Ponceau-acid fuchsin – did not filter   2 min 

8. Rinse in distilled water      1 min total 

Three Pots of d. water rinses best and less contamination for next solution 

9. Differentiate in 1% Phosphomolybdic Acid-1   5 min 

10. Do not Rinse. Transfer to Acetic Aniline Blue   3 min   

11. Rinse in distilled water      1 min total 

Three Pots of d. water rinses best and less contamination for next solution 

12. 1% Phosphomolybdic Acid-2 – use fresh solution  5 min 

13. Place in 1% aqueous acetic acid     3 min 

14. Dehydrate in 95% alcohol  (discard after use)  2 min    

15. 100% Ethanol    Lower Shelf    2 min 

16. 100% Ethanol    Lower Shelf    2 min 

17. Toluene    Lower Shelf    2 min 

18. Toluene    Lower Shelf   2 min plus cover-slipping time 
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19. Coverslip with DPX in the Fume Hood. Wear Nitrile gloves. The slides stay in Toluene 

while cover-slipping 

  



250 

 

5.6.3 Supplementary Figure S5.1. Dorsal vertebral ribs of sampled extant and fossil 

archosaurs. 

Right dorsal vertebral rib of Meleagris gallopavo (UAMZ 1824) in lateral views, showing the 

approximate anatomical positions of all sampled thin sections (A, B); First and second right 

dorsal vertebral ribs of Caiman crocodilus (UAMZ unnumbered), showing the approximate 

anatomical positions of all sampled thin sections (C, D); left dorsal vertebral rib of 

Tyrannosauridae indet. (TMP 51.81.16.285) in anterior view, showing the approximate 

anatomical positions of all sampled thin sections (E); right dorsal vertebral rib of 

Tyrannosauridae indet. (TMP 94.12.960) in posterior view, showing the approximate anatomical 

positions of all sampled thin sections (F); right dorsal vertebral rib of Albertosaurus sarcophagus 

(TMP 99.52.42)  in posterior view, showing the approximate anatomical positions of all sampled 

thin sections (G); dorsal vertebral rib of Hadrosauridae indet. (UALVP 60005) in medial view, 

showing the approximate anatomical positions of all sampled thin sections (H); left dorsal 

vertebral rib of Pachyrhinosaurus lakustai (PSC 2014.060) in posterior view, showing the 

approximate anatomical positions of all sampled thin sections (I), dorsal vertebral rib of 

Centrosaurus sp. (TMP 96.1776.135), showing the approximate anatomical positions of all 

sampled thin sections (J); left dorsal vertebral rib of Centrosaurus sp. (TMP 82.18.16) in 

posterior view, showing the approximate anatomical positions of all sampled thin sections (K).  
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CHAPTER 6 

Muscle scars of trunk and pelvic muscles hint at ventilatory and 

locomotory adaptations in fossil dinosaurs on the line to birds 

 

6.1 Introduction 

Extant birds and crocodylians are the living representatives of archosaurs, a diverse group 

of amniotes once occupied many terrestrial ecological niches for large body vertebrates (Benton 

2014; Kardong 2015). Most extant birds are capable of power flight whereas crocodylians are 

consistently semi-aquatic, and the difference in their ecology likely constrain aspects of the 

anatomy. 

 Skeletal muscles of birds and crocodylians has been dissected and documented in detail 

since the 1800s (Romer 1923; George and Berger 1966; Cong et al. 1988; Frey 1988; Shufeldt 

1988; Baumel et al. 1993; Rose et al. 2021), which forms a solid foundation to compare muscle 

architectures and interpret their functions. Electromyographic studies are one of the methods to 

test these functional interpretations (Fedde et al. 1964; Codd et al. 2005; Codd et al. 2019). 

However, anatomical terminologies, and by extension the homologies they represent, are not 

always clear and consistent in the literature at least for the thorax and the pelvis (e.g. that 

attachment sites of mm. intercostales interni in crocodylians) (Cong et al. 1988; Rose et al. 

2021), which hinders the comparisons of muscle architectures between archosaurs. Scholars have 

re-examined the homologies of some skeletal muscles including those of the thorax and the 

pelvis (Harris 2004; Organ 2006; Wilson 2006; Tsuihiji 2007), but these revisions tend not to 

focus on the detailed documentation of the attachment sites and muscle morphology. More 

precise study of these aspects, especially on the trunk muscles attaching to the ribcage and the 

intrinsic pelvic muscles, will provide sufficient detail of osteological correlate boundaries to 

draw qualitative and quantitative data in a comparative context. 

 Details of the muscle attachment sites are crucial because they can leave visible muscle 

scars on the skeletons. As skeletal elements are commonly documented in the fossil record, the 
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muscle architectures and their functions can be inferred in the long extinct archosaurs by 

applying various levels of the extant phylogenetic bracket (Witmer 1995). Pelvic and hindlimb 

muscles are especially well studied, likely due to its relevance to locomotion (Hutchinson and 

Gatesy 2000; Carrano and Hutchinson 2002; Maidment and Barrett 2011; Persons IV and Currie 

2011; Rhodes et al. 2020). By comparisons, studies of the thorax are scarce with focuses on the 

epaxial muscles (Organ 2006; Schwarz-Wings 2009). Trunk muscles attaching to the rib 

segments have received little, if any attention, despite its relevance to ventilation. 

 Integrations between locomotion and ventilation are known from studies using 

electromyography and functional morphology in extant crocodylians, birds, and mammals 

(Berger et al. 1970; Carrier 1996; Carrier and Farmer 2000). A recent X-ray Reconstruction of 

Moving Morphology (XROMM) study of Varanus and Tegu have shown evidence of vertebral 

ribs participating in locomotion without clear ventilatory airflow (pure locomotion in Cieri et al. 

2020). Compared to other extant amniotes, birds and crocodylians possess unique adaptations in 

ventilation (e.g. pneumatic sacs in birds and hepatic piston in crocodylians), which may be 

associated with the evolutionary transitions of the locomotory strategies (e.g. gaits, postures). 

 In this chapter, we directly established osteological correlates for the thoracic and pelvic 

muscles that are less well-documented in the literature. The correlates were used to reconstruct 

the thoracic and pelvic muscles in fossil archosaurs where possible. Plausible evolutionary 

scenarios of locomotion and ventilation were proposed.  

 

6.2 Materials and Methods 

Two extant birds and three extant crocodylians were dissected at the University of 

Alberta in Canada and Hainan Lingshui Crocodile Farm in China. to examine the configuration 

of the skeletal muscles of the thorax and pelvis. To compare the variations of muscle 

architectures between archosaurs of different locomotor modes, Corvus corax and Dromaius 

novaehollandiae were selected to represent volant and bipedally cursorial archosaurs, whereas 

Caiman crocodilus and farm crocodiles (hybrids between Crocodylus siamensis and Crocodylus 
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porosus) were selected to represent quadrupedal archosaurs. Additionally, a varanid lizard, 

Varanus exanthematicus was dissected to represent the outgroup of Archosauria. We focused on 

the trunk and deep pelvic muscles in this study because epaxial muscles and superficial pelvic 

muscles have been well documented in the literature (Haughton 1867; George and Berger 1966; 

Cong et al. 1988; Hutchinson 2001b; Organ 2006). For each muscle, general morphology and 

sites of attachments were documented and compared among the studied subjects and with the 

literature. Comparisons with Va. exanthematicus were made only where birds and crocodylians 

have different configurations. Images of skeletal muscles were captured using Canon EOS 80D 

DSLR camera and composited in Adobe Photoshop. 

Extant baseline was established based on osteological correlates identified during 

physical examinations. Distinct and rugose scars, when present at the sites of attachments, were 

identified as osteological correlates. For the purpose of documenting the trunk muscles in detail, 

a typical vertebral rib was deconstructed into three elements proximodistally: (1) the separated 

capitulum and tuberculum constituting the proximal end before merging into the rib shaft, (2) a 

rib shaft constituting the medial aspect of the body of the vertebral rib, and (3) a costal flange 

constituting the lateral aspect of the vertebral rib, from which the anterior and posterior 

intercostal ridges extend into the intercostal space (see Supplementary Information for detailed 

definition).  Muscle homologies follow existing conventions (George and Berger 1966; Cong et 

al. 1988; Frey 1988; Baumel et al. 1993; Hutchinson 2001b; Hutchinson 2002; Organ 2006; 

Tsuihiji 2007; Rhodes et al. 2021). Where multiple names of homologous muscles exist, the 

homology was examined based on muscular morphology and topology. Osteological correlates 

identified in this study are summarised in Table 6.1. 

Vertebral ribs of fossil archosaurs housed in collections of North America and China 

(Table 6.2) were directly examined using the extant baseline established above, to reconstruct 

their muscle configurations where possible. Articulated specimens and long, non-tapering dorsal 

vertebral ribs were prioritized to avoid potential morphological variations within the ribcage.  

Unlike the thoracic muscles, the attachment sites of pelvic muscles can be confidently 

measured and standardized for quantitative comparisons of muscle configurations and for 
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inference on cursoriality in theropods leading to birds. Phylogenetic relationships among 

sampled theropods were depicted on a cladogram modified from the literature (Hendrickx et al. 

2015). Areas of pelvic muscle attachments in Co. corax and Dr. novaehollandiae were measured 

in ImageJ (Schneider et al. 2012) using the procedure of (Rhodes et al. 2021). Functions of 

pelvic muscles in Co. corax were determined based on the consensus in the literature (Hudson 

1937; Verstappen et al. 1998; Meilak et al. 2021). The body masses of Dr. novaehollandiae and 

Co. corax were obtained from the average value of both sexes in the CRC Handbook of Avian 

Body Masses (Dunning Jr 2007), and the body masses of the remaining theropods followed 

Rhodes et al. (2021). All measurements were log-transformed to account for allometry. A 

Phylogenetic Generalized Least Squares (PGLS) regression was performed to examine the 

relationship between body mass and pelvic muscles or hip sizes. This method performs bivariate 

comparisons while accounting for phylogenetic autocorrelation due to the relationships among 

the taxa analyzed (Garland and Ives, 2000). Jenks Natural Breaks optimization was then 

performed using ‘ClassInt” package (Bivand et al. 2013). with the inferred values of major 

extensor muscles, to classify the cursoriality of representing archosaurs on the line to birds. Raw 

data are available in the digital Supplementary Information. 

 

6.3 Results 

 Descriptions of trunk and pelvic muscles are organized in anterior-to-posterior and 

superficial-to-deep order. Distinct osteological correlates were observed from pelvic muscles but 

were absent from trunk muscles. As skeletal muscles do not necessarily leave unambiguous scars 

(Bryant and Seymour 1990), topology of the sites of attachment and the anatomical features of 

the trunk skeleton were used to established osteological correlates. Osteological correlates are 

provided in Table 6.1. 
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6.3.1 Trunk muscles 

 m. iliocostalis (IC). IC is a segmented epaxial muscle in birds and crocodylians, but it is 

attached also to the vertebral ribs as the hypaxial muscles. IC in this study refers only to the 

partition associated with the thoracic and lumbar regions, although it continues anteriorly into the 

cervical region (i.e. m. iliocostalis cervicis in Cong et al. 1988). To distinguish fibres attached to 

the vertebrae from those attached to the vertebral ribs, IC is partitioned into dorsal (dIC) and 

ventral (vIC) portions separated at the contact between the transverse process and the 

tuberculum. 

 IC in Co. corax (Fig. 6.1A, 6.1D) and Dr. novaehollandiae (Fig. 6.1B, 6.1D) has a 

triangular outline between the last cervical vertebra and the ilium in dorsal view. dIC has a 

tendinous origin from the anterior aspect of the iliac crest, which receive additional fibres 

originated from the dorsolateral aspects of the transverse process of each dorsal vertebra. 

Tendons of dIC originated from the ilium are positioned lateral to the muscle fascicle whereas 

those originated from the dorsal vertebrae are positioned medial to the muscle fascicle. Passing 

anteriorly from the ilium, portions of the fibres insert on the dorsolateral aspect of the transverses 

process of the first or second adjacent dorsal vertebra. The remaining fibres blend with those 

originated from the transverse process and pass further anteriorly, the insertion of which could 

not be confidently identified. Fibres of vIC originate from a sheet of parallel tendons 

immediately ventral to the origin of dIC, which receive additional fibres with fleshy origins from 

the anterolateral aspect of the tuberculum. Passing anteriorly, fibres insert on the first and second 

adjacent vertebral rib at the posterolateral aspect of the tuberculum. In both Co. corax and Dr. 

novaehollandiae, the direction insertion of vIC on the tuberculum likely contribute to the 

formation of its flange-like projections into the intercostal space. 

 IC in crocodylians (Fig. 6.1C, 6.1D) is a robust muscle with a crescentic outline in dorsal 

view, and it externally covers up the dorsal half of the trunk. The transition between dIC and vIC 

is indistinct, and the two parts could not be easily dissected away as in birds, but dIC and vIC 

can be identified based on sites of attachments. dIC in crocodylians share a similar configuration 

as in birds. However, vIC is highly developed in crocodylian, covering the lateral aspect of the 

trunk between dIC and OE. Fibres of vIC originate from the anterior aspect of the iliac crest, 
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which pass anteriorly to insert on the lateral aspect of the costal flange and envelope the 

posterodorsal aspect of the uncinate processes. Between the adjacent vertebral ribs, fibres of vIC 

also attach to a tendinous sheet dorsal to the uncinate processes, which can be exposed by 

reflecting the fleshy fibres of vIC. However, the tendinous sheet is variable in size, and may be 

poorly developed.  

The vIC in Va. exanthematicus (Fig. 6.2E) attaches approximately to the midpoint of the 

vertebral ribs, as in crocodylians, and the reduced vIC in birds is likely a derived condition. 

 m. obliquus externus (OE). OE,  the most superficial abdominal muscle, originates from 

the anterolateral aspect of the pubis in Co. corax and Dr. novaehollandiae, and from the contact 

between the pubis and ischium in crocodylians. In both Co. corax (Fig. 6.2A, 6.2D) and 

crocodylians (Fig. 6.1C, Fig. 6.2C, 6.2D), fibres of OE pass anterodorsally to insert on the lateral 

aspect of the costal flange near its contact with the uncinate process. Additionally, the 

anteriormost portion of OE is attached to the distal end of the last cervical rib. By comparison, 

fibres of OE in Dr. novaehollandiae insert on the costal flange near the intracostal joint between 

the vertebral and sternal ribs (Fig. 6.2B, 6.2D), which may be related to the absence of uncinate 

process. OE in Va. exanthematicus (Fig. 6.2E. 6.2F) insert on the midpoint of the vertebral rib, 

which suggest the condition observed in Co. corax and crocodylians represent that of the typical 

archosaurs.  

 m. scalenus (SN). In this study, SN refers to the portion near the cervicodorsal transition 

and is associated with the trunk, though it continues anteriorly into the cervical region (Cong et 

al. 1988; Tsuihiji 2007). 

 SN is a robust muscle positioned in the intercostal spaces between the penultimate 

cervical and the first dorsal vertebral ribs. SN in Co. corax (Fig. 6.3A, 6.3D) is constituted of 

two fascicles as described by Shufeldt (1988). Between the penultimate and the last cervical ribs, 

fibres originate from the ventrolateral aspect of the transverse process, which pass 

posteroventrally to insert on the anterolateral aspect of the tuberculum, the costal flange, and the 

rib shaft. Between the last cervical and the first dorsal vertebral ribs, SN insert on the lateral 
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aspect of the costal flange. Unlike Co. corax, SN in Dr. novaehollandiae (Fig. 6.3B, 6.3D) is 

constituted of three adjoined fascicles between the penultimate and the last cervical ribs. The 

proximal fascicle connects the ventrolateral aspect of the transverse process to the lateral aspect 

of the costal flange of the succeeding cervical vertebral rib, whereas the distal two fascicles 

connect the intercostal ridges of the adjacent cervical ribs.  

 SN in crocodylians is constituted of a uniform fascicle and is robust enough to cover the 

cervical ribs laterally (Fig. 6.3C, 6.3D). Fibre configuration is analogous to the SN between the 

last cervical and the first dorsal vertebral ribs in Dr. novaehollandiae. 

 m. levator costarum (LC). LC is a triangular hypaxial muscle positioned ventromedial 

to IC and occupies the proximal most portion of the intercostal spaces between the first and the 

last dorsal vertebral ribs. In Co. corax (Fig. 6.3A, Fig. 6.4A, 6.4E), Dr. novaehollandiae (Fig. 

6.4B, 6.4C, 6.4E), and crocodylians (Fig. 6.4D, 6.4E), fibres originate from the posteroventral 

aspect of the transverse process, which pass posteroventrally and insert on the succeeding 

vertebral rib on the anterior aspect of the capitulum, tuberculum, and the proximal part of the 

anterior intercostal ridge. Except for the posteriorly positioned dorsal vertebral ribs in 

crocodylians (e.g. the fifth dorsal vertebral rib), a smooth concavity is present between the 

capitulum and tuberculum to receive the majority of the fibres. 

Among the extant archosaurs examined in this study, LC has greater volumes in the 

anteriorly positioned intercostal spaces in Co. corax and Dr. novaehollandiae, whereas LC 

remains approximately the same volume in all intercostal spaces in crocodylians. At the origin of 

LC, a thin sheet of parallel tendinous fibres was observed in Dr. novaehollandiae and 

crocodylians, and the absence of clear tendinous origin in Co. corax may be related to its small 

body size.  

mm. intercostales externi (IE). IE is a rectangular hypaxial muscle that occupies the 

intercostal spaces between the first and the last dorsal vertebral ribs in birds and crocodylians.  

In birds examined in this study, IE is positioned ventral to LC and vIC. Fibres of IE 

originate from the posterior intercostal ridge and insert on the anterior intercostal ridge of the 
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succeeding vertebral rib. In Co. corax (Fig. 6.4A, Fig. 6.5A, 6.5B, 6.5E), IE has approximately 

the same volume in all intercostal spaces. Fibres of IE in Co. corax can be divided at the uncinate 

process into a proximal part that pass posteriorly and a distal part that pass posteroventrally. 

Fine, parallel fibres of tendons can extend to positions near the attachments of the succeeding 

vertebral rib. In Dr. novaehollandiae (Fig. 6.5C, 6.5E), IE has similar volumes in all except the 

last intercostal space where IE is comparatively smaller. Unlike Co. corax, fibres of IE in Dr. 

novaehollandiae pass consistently posteroventrally within a given intercostal space. The 

tendinous fibres of IE are well-developed compared to Co. corax, forming a jaggy transition to 

the muscle fibres. However, the tendon-muscle transitions in Dr. novaehollandiae are always 

anterior to the midpoint of the intercostal space. 

In crocodylians (Fig. 6.4D, Fig. 6.5D, 6.5E), IE is positioned lateral to LC and medial to 

vIC. Fibres of IE and vIC are blended smoothly. However, sections of IE were clearly exposed in 

our dissections based on its position medial to the tendinous sheet of vIC and the direct 

attachment on the anterior/posterior intercostal ridge. The blending of fibres between IE and vIC 

can be observed at the distal end of the vertebral rib where the attachment of fibres transition 

from the costal flange to the uncinate process. Further distally, IE are separated from II between 

intermediate ribs by a weak fascia. Fibres of IE originate from the posterior aspect of the 

tuberculum and posterior intercostal ridge, which insert on the succeeding vertebral rib on the 

anterior aspect of the tuberculum and the anterior intercostal ridge. As in Co. corax, fibres pass 

posteriorly on the proximal section and posteroventrally on the distal section. The IE we 

identified is comparable to parts of the IE in the literature (m. intercostales externi proprius in 

Frey 1988; dorsal external intercostalis in Murakami et al. 1991; intercostales externi dorsales in 

Rose et al. 2021). Murakami et al. (1991) and Rose et al. (2021) identified the muscle fascicle 

immediately ventral to the IE as mm. intercostales externi dorsalis longi. However, fibres of this 

fascicle are continuous with those of II in the crocodylians examined in this study, which can not 

be distinguished morphologically. Mm intercostales externi dorsalis longi is therefore not 

recognized as a distinct muscle in this study. 

m. appendicocostalis (APC). APE is a hypaxial muscle with a triangular or strap-like 

outline that connects the uncinate process to the next rib segment(s). 
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In the extant birds examined in this study, APC is consistently positioned lateral to IE. In 

Co. corax (Fig. 6.2A, Fig. 6.6A, 6.6B, 6.6E), fibres of APC originate from the posteromedial 

aspect of the uncinate process, which pass posteroventrally and insert on the succeeding vertebral 

rib. The exact sites of attachments are combinations of the lateral aspects of the costal flange, the 

lateral aspect of uncinate process, and the ligamentum triangulare between the uncinate process 

and the vertebral rib, which varies according to the muscle volume. On the Co. corax we 

examined, APC is most developed in the intercostal spaces between the second and the fourth 

dorsal vertebral ribs, which reduced in volume anteriorly and posteriorly. Unlike Co. corax, Dr. 

novaehollandiae (Fig. 6.2B, Fig. 6.6C, 6.6E) does not have uncinate process. Instead, fibres 

originate from a distinct tendon on the posterior intercostal ridge of the vertebral rib near its 

midshaft, which is lateral to the tendons of IE. Passing posteriorly, muscle fibres insert on the 

anterior intercostal ridge of the succeeding vertebral rib, which takes up approximately fifth or 

fourth of the rib’s proximodistal length. APC in Dr. novaehollandiae can therefore be construed 

as an unipennate muscle because its tendon runs along the posterior intercostal ridge, forming an 

acuate angle to the muscle fibres. Volume of APC is approximately the same on all intercostal 

space. APC we identified in Dr. novaehollandiae is probably equivalent to m. costosternalis 

externus in anhimids and megapodids, a group of modern birds lack uncinate process (Beddard 

1898; George and Berger 1966; Baumel et al. 1993). However, other parts of m. costosternalis 

(COT) are associated with the sternum and sternal ribs (George and Berger 1966), which could 

not capture the anatomical position of APC or its close relationships with IE. We therefore use 

APC instead of m. costosternalis externus in this study. Observations on D. novaehollandidae 

proof that APC can still developed even the uncinate process is secondarily loss. 

In crocodylians (Fig. 6.6D, 6.6E), APC is positioned ventral to IE and lateral to II. fibres 

of APC originate from the posteroventral aspects of the uncinate process and lateral aspects of 

the intermediate rib. Tendinous fibres can be observed only at the origin, and the majority of 

APC is constituted of muscle fibres. Passing posteroventrally, fibres attach on the lateral aspect 

of the succeeding intermediate rib, and occasionally attached laterally to the distal ends of the 

succeeding vertebral ribs. Uncinate process is absent on the posterior intercostal spaces, and APC 

is poorly developed as thin sheets of muscles. In this case, fibres originate from the lateral aspect 

of the vertebral rib near its distal end and the lateral aspect of the intermediate rib. APC 
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identified in this study is probably equivalent to ventral parts of IE in the literature (mm. 

intercostales externi ventralis in Rose et al. 2021). We identify APC as a distinct muscle because 

its fibres are separated from those of IE by fascia, and fibres of IE are associated with those of II 

(see description of IE above). In addition, studies of intercostal nerves suggest the innervation 

patterns can distinguish APC from IE (Murakami et al. 1991). Developmental evidence in extant 

birds suggest the dorsal and ventral parts of avian dorsal vertebral ribs have different embryonic 

origins (Aoyama et al. 2005; Scaal 2021), and the intermediate ribs in crocodylians may be 

homologous to the ventral parts of vertebral ribs in birds (Claessens 2015). The sites of 

attachments are therefore comparable between the birds and crocodylians examined in this study, 

and we use APC in this study to emphasise on its potential homology across Archosauria. 

 mm. intercostales interni (II). Positioned ventral to LC and medial to IE, II is a hypaxial 

muscle that typically occupies parts of the intercostal spaces between the first and the last dorsal 

rib segments. IE and II are separated by fascia and intercostal nerves. 

 In Co. corax (Fig. 6.7A, 6.7F), II can be divided at the uncinate process into proximal and 

distal parts, and the distal parts are better developed. Fibres of the proximal part originate freshly 

from the anterior aspects of the tuberculum and rib shaft, which pass anteriorly and insert on the 

preceding vertebral rib on the posterior aspects of the tuberculum and rib shaft. Fibres of the 

distal parts originate tendinously from the anterior aspect of the rib shaft immediately medial to 

the costal flange. The tendinous origins form a sheet that transitions to muscle fibres near the 

midpoint of the intercostal space, which pass anteroventrally and insert on the posterior aspects 

of the preceding vertebral rib on the rib shaft medial to the costal flange. Distal part of II at the 

last intercostal space lack well-developed tendinous origin, and the attachments are mostly 

fleshy. Though the exact tendon to muscle fibre ratio varies between intercostal spaces, distal 

parts of II in the Co. corax we examined consistently occupies the entire intercostal space. II in 

Dr. novaehollandiae (Fig. 6.7B, 6.7C, 6.7F) has the same attachment sites as in Co. corax, and 

the fibres pass anteroventrally on all intercostal spaces. However, four distinct features were 

observed in Dr. novaehollandiae: (1) II is present between the last cervical and the first dorsal 

vertebral ribs. (2) II only occupies the proximal two-thirds of the intercostal space. (3) tendinous 

fibres make up more than half the volume of II. (4) the proximal most portions of II form several 
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discrete, spindle-like fascicles instead of a continuous sheet. In Dr. novaehollandiae, straps of 

muscles that share the same fibre orientations as IE are occasionally developed immediately 

distal or medial to II. We interpreted these straps as variations of II because a consistent pattern is 

absent within the same individual. 

   In crocodylians (Fig. 6.5D, Fig. 6.7D, 6.7E, 6.7F), II connects the adjacent dorsal 

vertebral and intermediate ribs. Between the adjacent vertebral ribs, fibres originated freshly 

from the anterior aspect of the rib shaft medial to the costal flange. Passing anteroventrally at an 

acute angle, fibres attach tendinously to the preceding vertebral ribs. Between the intermediate 

ribs, fibres pass anteroventrally to connect the anterior and posterior margins of the adjacent 

segments. At the junction between vertebral and intermediate ribs, the intercostal nerves 

transition from being positioned lateral to II to being positioned medial to it, which is consistent 

with observations in the literature (Murakami et al. 1991). Unlike in Co. corax and Dr. 

novaehollandiae, the attachments of II are positioned more medially, and the insertions are the 

tendinous ends. II is inconsistently identified in the literature. Cong et al. (1988) and Frey (1988) 

consider II to occupy the intercostal spaces between vertebral, intermediate, and sternal ribs, 

whereas Murakami et al. (1991) and Rose et al. (2021) identify II between the intermediate and 

sternal ribs. In the crocodylians we examined, fibres of II between the intermediate ribs do 

transition smoothly into m. subcostalis (SC) between the sternal ribs. II and SC can however be 

distinguished morphologically. Although SC and II examined in this study may be homologous, 

we distinguish SC from II for the ease of descriptive comparisons between birds and 

crocodylians as they are attached to sternal and intermediate ribs, respectively.  

 m. costoplumonare (CP). CP is the deepest hypaxial muscle ventral to the fixed lung, 

which was only observed in Dr. novaehollandiae (Fig. 6.8A, 6.8B). Fibres originate medially 

from the rib shafts of the dorsal vertebral ribs near the intracostal joints, which converge 

medially and attach to an aponeurosis adhered to the ventral surface of the lung. CP is therefore a 

broad sheet of muscle between the lung and the other abdominal organs (e.g. liver). Though CP 

was not observed in Co. corax, it has been reported from galliforms, anseriforms, and columbrids 

with similar configuration (Fedde et al. 1964; George and Berger 1966; Ghetie 1976). CP in 

birds, m. diaphramaticus in crocodylians, the diaphragm in mammals, and the non-muscular 
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intracoelomic septum in squamates are positioned approximately between the lungs and the 

livers, which hint at a homologous relationships between these muscles and the intracoelomic 

septum (Klein and Owerkowicz 2006). The intracoelomic septa might independently have 

become muscular to facilitate respiration in ancestral amniotes, as these muscles are generally 

associated with respiration (Fedde et al. 1964; Carrier and Farmer 2000; Evans and Miller 2013). 

 m. costosternalis (COT). COT is a muscle with multiple strips and positioned ventral to 

IE with two configurations in birds. In Co. corax, fibres originate from the anterolateral process 

of the sternum, which pass posteriorly and attach on the anterior aspect of the first sternal rib. In 

Dr. novaehollandiae (Fig. 6.9A, 6.9B), fibres originate from the anterolateral process of the 

sternum, which pass posterolaterally into five strips and insert on the lateral aspects of the five 

sternal ribs. Claessens (2009) describe a strip of COT (m. costosternalis pars major in Claessens 

2009) attaching to the last cervical rib in basal birds, which was not observed in our Dr. 

novaehollandiae.  

 deWet et al. (1967) identify COT as m. costosternalis pars major, which is illustrated 

lateral to the sternal ribs. By comparison, George and Berger (1966) suggest that COT is 

homologous to m. triangularis sterni which is positioned anterior and posterior to the sternal ribs 

in Co. corax described by Shufeldt (1988), which is not consistent with our observations. 

Illustrations of Ghetie et al. (1976) agree with Shufeldt (1988) but divide m. triangularis sterni 

into mm. subcostalis lateralis and mm. subcostalis medialis in galliforms and anseriforms. Zusi 

and Bentz (1984) identify a muscle termed costosternalis pars major in trochilid birds that share 

similar configuration as m. triangularis sterni in Co. corax identified by Shufeldt (1988). In 

crocodylians, Cong et al. (1988) identify m. sternocostalis as a muscle originate from the 

sternum and insert on the first three sternal ribs ventrally, which is topologically similar to COT. 

Unfortunately, we could not confirm the presence of m. sternocsotalis in our dissections. From 

our dissections and the literature, non-volant birds and crocodylians seemingly have COT 

lateral/external to the ribcage, whereas most volant birds have COT medial to the ribcage. COT 

and other muscles connecting the sternum and the sternal ribs are probably homologous with SC 

judging from their close proximity to sternal ribs, and the different configurations likely 
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represent adaptations to respiratory demands as COT is active during inspirations (dewet et al. 

1967; Claessens 2009). 

 m. subcostalis (SC). SC is constituted of multiple strips occupying the intercostal spaces 

between adjacent sternal ribs.  

 SC has similar fibre orientations in extant birds examined in this study. Fibres originate 

from the posterior margin of a sternal rib, which pass posteroproximally and insert on the 

anterior margin of the succeeding sternal rib. In Co. corax (Fig. 6.10A, 6.10D), SC takes up the 

entirety of the intercostal space between the first and second sternal ribs, which gradually reduce 

in volume in the subsequent four intercostal spaces. In the last intercostal space between the fifth 

and the sixth sternal ribs, only a membrane of transparent connective tissues is present. In D. 

novaehollnadiae (Fig. 6.10B, 6.10D), SC takes up approximately 60% of the intercostal space 

between the first three sternal ribs. A mesh of loose connective tissues and fatty tissues take up 

the last two intercostal spaces between the third and the fifth sternal ribs.   

In crocodylians (Fig. 6.6D, Fig. 6.10C, 6.10D), fibres of SC originate from multiple 

tendons on the anterior margin of the sternal rib, which pass anteromedially and insert on the 

posterior margin of the preceding sternal rib. In at least one Cai. crocodilus (UAMZ 

unnumbered), fibres of SC between the first and the second sternal ribs have additional 

attachment on the ventral aspect of the first sternal rib. This fascicle of SC is topologically 

comparable to m. sternocostalis described by Cong et al. (1988) but the attachment is not on the 

sternum as m. sternocostalis would be. Unlike Co. corax and Dr. novaehollandiae, SC takes up 

the entirety of all intercostal spaces between adjacent sternal ribs, though the volume of SC is 

reduced in the intercostal space posterior to the fifth sternal ribs. The SC in crocodylians is 

typically identified as the ventral portion of II between adjacent sternal ribs in the literature 

(Cong et al. 1988; Frey 1988; Rose et al. 2021). A smooth transition between II and SC without 

distinct separation of fascia was observed in our dissection. However, SC can be distinguished 

from II in at least two ways. Fibres of SC originate from multiple tendons whereas those of II 

originate freshly. Moreover, fascicles of SC are more developed in the anterior half of the 

intercostal space between adjacent sternal ribs, whereas those of II are evenly distributed within 
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a given intercostal space. Therefore, SC in crocodylians is identified as a distinct muscle in this 

study. 

 

6.3.2 Pelvic muscles 

 m. iliofemoralis internus (IFI)/ m. puboischiofemoralis internus 1 (PIFI1). IFI in 

birds and PIFI1 in crocodylians are homologous deep pelvic muscles that connect the femur to 

the pelvis (Rowe 1986, p.198; Gatesy and Middleton 1997; Hutchinson 2001b; Hutchinson 

2001a; Rhodes et al. 2021) 

IFI is consistently smaller than the closely positioned ITCR or ITM in Co. corax and Dr. 

novaehollandiae. Fibres originate from the preacetabular blade of the ilium at its ventral border, 

which pass laterally to insert on the posteromedial aspect of the femur. An oval or round scar 

marking the origin of IFI is present immediately anterior to the acetabulum and its insertion is 

near the base of the femoral neck on the medial side (Fig. 6.11D, 6.11I). The configuration of the 

IFI in Co. corax is consistent with the literature (Hudson 1937; Gatesy and Middleton 1997; 

Verstappen et al. 1998; Allen et al. 2015; Allen et al. 2015; Klinkhamer et al. 2017). However, 

the origin of IFI in Dr. novaehollandiae is much smaller than it is usually illustrated in the 

literature (Patak and Baldwin 1998; Lamas et al. 2014). 

In crocodylians, fibres of PIFI1 (Fig. 6.11E, 6.11G, 6.11J) originate from an area on the 

medial aspect of the ilium and ischium outlined by the sacral ribs and the acetabulum. Laterally, 

the fibres insert on the femur medial to the fourth trochanter, between the dorsally positioned m. 

puboischiofemoralis externus 3 and the ventrally positioned m. adductor femoris 1 (Fig. 6.11). 

Configuration of PIFI1 is consistent with the literature (Romer 1923; Gatesy and Middleton 

1997; Klinkhamer et al. 2017). 

 mm. iliotrochanterici cranialis et medius (ITCR+ITM)/ m. puboischiofemoralis 

internus 2 (PIFI2). ITCR+ITM together in birds have been interpreted as the homologue of 

PIFI2 in crocodylians, both of which are deep muscles positioned anteriorly on the ilium (Rowe 

1986; Hutchinson 2001a; Hutchinson 2001b; Hutchinson 2002). 
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 In extant birds examined in this study, the ITCR is positioned anterior to ITM (Fig. 

6.11B, 6.11C, 6.11H, 6.11I).  Fibres of both ITCR and ITM originate along the ventrolateral edge 

of the preacetabular blade of the ilium. Posterolaterally the muscle fibres of ITCR and ITM pass 

to insert on the anterolateral aspect of the femur with ITCR inserting further distally. The two are 

fused or closely associated along much of their length in the specimens of Co. corax and Dr. 

novaehollandiae examined (Fig. 6.11, A – C). 

 Two types of muscle scars are present. In Co. corax, the osteological correlates of the 

origins of ITCR and ITM are along the narrow ridge formed by the ventrolateral margin of the 

preacetabular portion of the ilium (Fig. 6.11A, 6.11B). The origin of ITCR extends along the 

majority of the preacetabular iliac blade to the anteroventral corner of the ilium, whereas the 

origin of ITM occupies the small remaining space between the origin of ITCR and the 

acetabulum, which are consistent with literature (Hudson 1937; Verstappen et al. 1998). The 

origins of ITCR and ITM in Dr. novaehollandiae are indicated by clear, adjacent, tri-oval scars 

on the lateral side of the preacetabular hook (i.e. “ventral preacetabular hook” sensu Carrano and 

Hutchinson 2002), which are positioned ventral to the origin of m. iliotrochantericus caudalis 

(Fig. 6.11, A – C). The origin of ITCR occupies the anterior portion, from the anterior apex of the 

ilium to the ventral apex of the preacetabular hook, and the origin of ITM extends from this point 

to about halfway to the acetabulum (Fig. 6.11, A – C). Both muscle attachments extend slightly 

onto abdominal soft tissues. Intermuscular lines outline the origins of ITCR and ITM and 

separate them from the origin of m. iliotrochantericus caudalis, and a faint intermuscular line 

divides the origins of ITCR and ITM from each other (Fig. 6.11A, 11C). Dorsally, neither origin 

extends much, if at all, beyond the acetabulum, nor do they extend beyond the notch at the 

anterior end of the ilium separating the preacetabular hook from the rest of the preacetabular 

portion of the ilium. The origin of m. iliotrochantericus caudalis in Dr. novaehollandiae 

noteworthily occupies the majority of the preacetabular blade laterally, which is a configuration 

consistent with many other birds (Hudson 1937; Hudson et al. 1959; Halvorson 1972; Shufeldt 

1988; Verstappen et al. 1998; Paxton et al. 2010). However, in other studies of Dr. 

novaehollandiae, the origins of ITCR and ITM are displaced dorsally and appear to restrict 

available space for the origin of m. iliotrochantericus caudalis on the preacetabular iliac blade 

(Patak and Baldwin 1998; Lamas et al. 2014). 
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 PIFI2 is a triangular muscle sheet in crocodylians. Fibres originate from the last six 

dorsal vertebrae at the ventrolateral aspect of the centra, which converge posterolaterally into a 

broad, strap-like tendon inserting onto the proximolateral aspect of the femur. The configuration 

of PIFI2 is consistent with literature (Gatesy and Middleton 1997; Klinkhamer et al. 2017). 

m. obturatorius lateralis (OL)/ m. puboischiofemoralis externus 1 (PIFE1). OL in 

birds and PIFE1 in crocodylians are homologous, deep pelvic muscles (Gatesy and Middleton 

1997; Patak and Baldwin 1998; Verstappen et al. 1998; Gangl et al. 2004; Lamas et al. 2014). 

 In Co. corax examined in this study, fibres of OL originate fleshly from the anterodorsal 

margin of the obturator foramen and from a small area at the centre of ventral margin of the 

ilioischiadic foramen, which pass laterally to insert onto the posterior aspect of the femoral 

trochanter (Fig. 6.12A, 6.12B, 6.12G). The OL was absent in the specimen of Dr. 

novaehollandiae examined, which matches observations of Lamas et al. (2014) but contradicts to 

those of Haughton (1867) and Patak and Baldwin (1998) In Co. corax, these two bellies share a 

common, predominantly muscular insertion on the femoral head, medial to and closely 

associated with the insertion tendon of OM (Fig. 6.12C, 6.12D, 6.12H). This condition is 

consistent with literature on Corvus (Hudson 1937) but differs from other corvids (Verstappen et 

al. 1998; Meilak et al. 2021). 

 PIFE1 in crocodylians originates from the anterior surface of the pubic apron and has a 

tendinous insertion on the greater trochanter of the femoral head, similar to the OL in Co. corax 

(Fig. 6.12E, 6.12B, 6.12G). The configuration of PIFE1 is consistent with literature (Gatesy and 

Middleton 1997; Hutchinson 2001a; Allen et al. 2015; Klinkhamer et al. 2017). 

 m. obturatorius medialis (OM)/m. puboischiofemoralis externus 2 (PIFE2).  

The OM of birds and its crocodylian homologue, PIFE2, are deep pelvic muscles (Gatesy and 

Middleton 1997; Patak and Baldwin 1998; Verstappen et al. 1998; Gangl et al. 2004; Lamas et al. 

2014). 

In Co. corax, fibres of OM originate from the medial side of the puboischiadic membrane 

and the surrounding osseous ring except its anterior edge and pass anterolaterally to join the 
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tendon of OL before inserting onto the femoral trochanter (Fig. 6.12A, 6.12B, 6.12G). This is 

consistent with the literature (Hudson 1937; Verstappen et al. 1998). However, the OM in D. 

novaeholldandiae has two heads: an ilium-ischium part (OMII) that originates from the medial 

aspect of the ilioischiadic membrane, and an ischium-pubis part (OMIP) that arises from the 

medial surface of the puboischiadic membrane (Fig. 6.12C, 6.12D, 6.12H). The osteological 

correlates for both heads of the OM include the thin, delicate ridge of bone lining the dorsal, 

posterior, and ventral margins of their respective fenestrae. Both the OMII and OMIP insert via 

separate but adjacent tendons on the femoral trochanter (Fig. 6.12A, 6.12B). The configuration 

of OM in Dr. novaehollandiae is consistent with the literature (Lamas et al. 2014). 

The origin of PIFE2 in crocodylians is the posterior surface of the pubic apron (Fig. 

6.12E, 6.12F, 6.12I). It shares a common insertion with PIFE1 on the greater trochanter of the 

femoral head. Observations were consistent with previous studies (Gatesy and Middleton 1997; 

Verstappen et al. 1998; Hutchinson 2001a; Hutchinson 2001b; Hutchinson 2002).  

In Co. corax, the area of origin of ISF is relatively large compared to other pelvic 

muscles, occupying much of the ischium laterally. It extends to the ilioischiadic foramen 

anterodorsally, to the puboischiadic fenestra ventrally, to the posterior margin of the ilium 

posteriorly, and abuts the origins of m. iliofibularis (ILFB) and m. flexor cruris lateralis pars 

pelvica (FCLP) (Fig. 6.13A, 6.13D). Away from the origin, muscle fibres of ISF converge into a 

broad and flat tendon that inserts on the posterolateral aspect of the femur between the common 

insertion of OL and OM proximally and the insertion of m. caudofemoralis pars caudalis (CFC) 

distally. Unlike Co. corax, the ISF in Dr. novaehollandiae (Fig. 6.13B, 6.13C) is small relative to 

other pelvic muscles, as in many other palaeonagths (Gangl et al. 2004; Zinoviev 2006; Lamas et 

al. 2014). Fibres originate from the lateral aspect of the ischium and the obturator flange, which 

converge laterally into a flat tendon that superficially crosse the tendons of OM before inserting 

onto the posterolateral aspect of the femur (Fig. 6.13B). The insertion is closely positioned 

posteroventrally to that of m. iliofemoralis externus (IFE) and m. iliotrochantericus caudalis 

(ITC), and adjacent to the proximal end of the origin of m. femorotibialis lateralis (FMTL). 
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Muscle scars of ISF are distinct between Co. corax and Dr. novaehollandiae. The origin of ISF 

in Co. corax is not clearly defined but can be approximated by the posteroventral margin of the 

ilioischiadic foramen, dorsal margin of the puboischiadic fenestra, and posterior edge of the 

ilium that form most of its border (Fig. 6.13D, 6.13E). The insertion in Co. corax is a low, 

dorsoventrally elongated ridge on the posterolateral aspect of the femur. In Dr. novaehollandiae, 

the origin is an elongated, teardrop-shaped area demarcated by faint intermuscular lines along the 

lateral side of the obturator flange and proximal portion of the ischial shaft (Fig. 6.13D, 6.13E). 

The insertion of ISF is marked by a posteriorly opening concavity near the trochanter on the 

posterolateral side of the femur. 

 

6.3.3 Hypaxial muscles in fossil archosaurs 

 Osteological correlates identified five trunk muscles in 33 fossil archosaurs and 11 

taxonomically indetermined archosaur specimens (Table 6.2). Of the five trunk muscles, OE is 

identified using uncinate or uncinate scar (see Chapter 4), but little more can be added beyond 

the positions of the attachment. 

 Ventral portions of m. iliocostalis (vIC). Attachments of vIC are identified at the 

tuberculum in Edmontonia longiceps (CMN 8531) (Fig. 6.14A) and Prosaurolophus maximus 

(TMP 98.50.1) (Fig. 6.14B). As in Co. corax and Dr. novaehollandiae (Fig. 6.1B), tubercula in 

Em. longiceps form bony ridges extending anteriorly and posteriorly into the adjacent intercostal 

spaces, whereas only the tubercula of anterior dorsal vertebral ribs bear bony ridges extending 

posteriorly in Pr. maximus. In Co. corax and Dr. novaehollandiae, the bony ridges of tuberculum 

are narrow rectangles that confluent with the costal flange. By comparison, the bony ridges in 

Em. longiceps and Pr. maximus are well-developed with triangular or crescent outline, and they 

are separated from the costal flange. The ventral extensions of vIC in Em. longiceps and Pr. 

maximus are unknown due to the variations observed in extant birds and crocodylians and the 

lack of an unambiguous osteological correlate on the costal flange. 
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 m. levator costarum (LC). Attachments of LC were identified between the capitulum 

and the tuberculum in 16 fossil archosaurs and additional four taxonomically indetermined 

specimens of non-avian dinosaurs.  

 As in extant archosaurs examined in this study, a smooth concavity is present between the 

capitulum and tuberculum in fossil pseudosuchians, Coelophysis bauri (NMMNH P 42351) (Fig. 

6.15A), and Protoceratops andrewsi (AMNH 6416). LC in these fossil archosaurs likely 

resemble their extant counterparts. However, a bony capitulotubercular lamina is developed to 

connect the capitulum and the tuberculum in the several cerapodans (e.g. Edmontosaurus regalis 

(CMN 2289) and Leptoceratops gracilis (CMN 8889)), sauropods, tyrannosaurids (Fig. 6.15B, 

Fig. 6.16A), and dromaeosaurids (Fig. 6.15C) examined in this study. The proximal ends of most 

dorsal vertebral ribs in Li. exquisitus were not fully prepared for examinations at the time of this 

study. Distinct scars are present in large-bodied tyrannosaurids (e.g. Gorgosaurus libratus 

(UALVP 10)), confirming the capitulotubercular laminae are sites of muscle attachment. Among 

fossil archosaurs with capitulotubercular laminae, the proximal margins of the capitulotubercular 

laminae in cerapodans are slightly concave and smaller in size, whereas the capitulotubercular 

laminae are large with a nearly straight proximal margin in saurischians (e.g. Saurornitholestes 

langstoni (TMP1988.121.0039)). In several vertebral ribs of tyrannosaurids (e.g. Go. libratus 

(UALVP 10)) (Fig. 6.15B), a shallow concavity is present on the anterior surface of the 

capitulotubercular laminae. Among the archosaurs sampled in this study, LC is likely most 

developed in tyrannosaurids. 

 mm. intercostales externi (IE). Attachments of IE were identified based on the anterior 

and posterior intercostal ridges of the costal flange in 26 fossil archosaurs and seven 

taxonomically indeterminate archosaur specimens (Table 6.2). The posterior intercostal ridges 

tend to be more developed than the anterior counterparts. However, the sizes and orientations of 

the intercostal ridges of the vertebral ribs vary within a given ribcage (e.g. Go. libratus (TMP 

91.36.500) (Fig. 6.16A, 6.16B) and Pr. maximus (TMP 98.50.1) (Fig. 6.14B)).  

Despite the observed variations, general and qualitative comparisons can be made 

between taxa of major archosaur clades examined in this study. Intercostal ridges are generally 
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well-developed in larger vertebral ribs, which is exemplified by comparisons between a young 

Go. libratus (TMP 91.36.500) (Currie 2003) and a most definitely juvenile tyrannosaurid (TMP 

94.12.960) (Fig. 6.16A, 6.16B). Configurations of IE along with the intercostal ridges are likely 

related to body sizes. However, body size alone can not account for all variations of the 

intercostal ridges. A relatively small vertebral rib of Struthiomimus altus (AMNH 5355) carry 

well-developed intercostal ridges, whereas decent sized vertebral ribs of ornithischians (e.g. 

Triceratops horridus (AMNH 5033), Ed. regalis (CMN 2289)) carry less developed intercostal 

ridges. The dimensions of the intercostal ridges, and by extension the configurations of IE are 

likely influenced by phylogenetic constraints and functional demands. 

mm. intercostales interni (II). Attachments of II were identified only in Gorgosaurus 

libratus (TMP1991.36.500) (Fig. 6.16A) and two taxonomically indeterminate tyrannosaurids 

(Fig. 6.16C, 6.16D). The muscle scar is a slender rugosity positioned on the anterior aspect of the 

rib shaft immediately medial to the costal flange. Extending parallel to the long axis of the 

vertebral rib, muscle scars of II terminate before reaching the midshaft in all vertebral ribs 

examined in this study. If the muscle scars outline the exact attachments on the vertebral ribs, II 

is likely reduced in tyrannosaurids as in Dr. novaehollandiae.  

m. appendicocostalis (APC). Attachments of APC were identified based on preserved 

cartilaginous uncinate processes in the notosuchian, Araripesuchus gomesii (AMNH 24450) and 

the thescelosaurid, Parkosaurus warreni (ROM 804) (Boyd et al. 2009). With ossified uncinate 

processes, attachments of APC were identified in the dromaeosaurids, Saurornitholestes 

langstoni (UALVP 55700) (Fig. 6.17A) (Currie and Evans 2019) Li. exquisitus (IVPP V 16923) 

(Xu et al. 2015) (Fig. 6.17B). In the sampled dromaeosaurids, the dorsal vertebral ribs adjacent 

to the uncinate processes are slender compared to extant archosaurs examined in this study, a 

sheet of membranous connective tissues (e.g. ligamentum triangulare) may be present to receive 

fibres of APC. In archosaurs without preserved uncinate process, approximate attachments of 

APC were identified on the costal flange lateral to the uncinate scars (see Chapter 4) in 24 fossil 

archosaurs and additional nine taxonomically indeterminate vertebral ribs of archosaurs. 
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6.3.4 Phylogenetic inferences on the area of attachment in pelvic muscles 

 Results of the Phylogenetic Generalized Least Square (PGLS) regressions recovered 

similar results as (Rhodes et al. 2021) with the revised measurements taken directly from Co. 

corax and Dr. novaehollandiae (Fig. 6.18) (see digital supplementary Information, Data S1). The 

divergences from Rhodes et al. (2021) are found only within Aves where the regression model 

now fits well (p < 0.05) with each of the three dependent/response variables—the area of all hip 

muscles (R2
adj = 0.8966, p = 0.0351), major extensors (R2

adj = 0.9266, p = 0.0248), and ilium 

length (R2
adj = 0.8842, p = 0.0394). Regressions for non-avian theropods were virtually 

unchanged as these data weren’t modified, whereas regressions for bipeds in all three dependent 

variables yielded different values. Between regressions including only non-avian theropods and 

that includes all bipeds, the phylogenetically corrected residuals of the latter contain higher 

variations, greater extreme values, and conflicting signals in the residuals. The most extreme 

example is in the PGLS regression of major extensors in bipeds in which Corvus has a 

phylogenetically corrected residual +388.5% its fitted value, suggesting that ravens have nearly 4 

times the major extensors expected for a biped of its body size (see digital supplementary 

Information, Data S1). In context with the odd pattern of phylogenetically corrected residuals in 

the other PGLS regressions, the noise introduced by the avian data may represent the anatomical 

and behavioural distinctions between non-avian theropods and birds (Hutchinson and Gatesy 

2000; Bishop et al. 2018; Rhodes et al. 2021). 

 Jenks Natural Breaks optimization recovered nearly the same distribution of cursoriality 

as Rhodes et al. (2021) The revised data from Dr. novaehollandiae drops it one class regarding 

the proportion of major extensors, but it remains as having among the highest degree of 

“average” cursoriality in the dataset (Fig. 6.19). Sensu Rhodes et al. (2021, Fig. 6.14), "average" 

cursoriality is derived from the average score of major extensors (according to their class in 

Jenks Natural Breaks optimization), leg proportions, ankle joint/fusion, functional digits, and 

foot symmetry rated on a categorical scale from 1–5. However, Co. corax, with the major 

extensors constituting mere 12% of the area of all pelvic muscles, was classified as the lowest 

tier alongside the non-theropod saurian (Fig. 6.19). The same pattern as Rhodes et al. (2021) was 

found comparing the four- and five-class models, although the latter performed much better 

(∆AICC = 22.18) (see digital supplementary Information, Data S1). For “average” cursoriality, 
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the raven was in the second-lowest category, grouping with Falcarius, Saurornitholestes, and 

Sinovenator (Fig. 6.19C). These results remained the same whether four or five classes were 

used, neither of which was notably better (∆AICC = 1.15) (see digital supplementary 

Information, Data S1). 

 

6.4 Discussion 

6.4.1 Implications on the origin of uncinate process. Uncinate processes are directly 

found in several fossil archosaurs (Turner and Calvo 2005; Codd et al. 2008; Boyd et al. 2011), 

and indirect evidence of uncinate processes are found in at least 19 archosaurs (see Chapter 4). 

The anatomical data presented in this chapter show that uncinate process is positioned near the 

attachments of several trunk muscles (i.e. OE, IE, II, APC, and vIC in crocodylians). Embryonic 

studies have provided empirical evidence on the significance of muscle activities for the 

formations of skeletal features. Embryonic studies have provided empirical evidence on the 

significance of muscle activities for the formations of skeletal features (deltoid tuberosity in mice 

in Blitz et al. 2009; retroverted hallax in birds in Francisco Botelho et al. 2015). Activities of 

trunk muscles (e.g. IE) during embryonic development may induce the presence of bony 

ridges/eminences by exerting mechanical stimuli on the cartilaginous template (Shwartz et al. 

2013), which may in turn alter the distributions of cell population (Mammoto and Ingber 2010) 

and contribute to the formation of uncinate process. 

The cartilaginous and ossified uncinate processes in extant crocodylians and birds 

accordingly may offer a portal to study the developmental processes that govern the formations 

and ossifications of uncinate processes. In addition, key stages of uncinate process formation 

independent of muscle activities can be explored in Dr. novaehollandiae and anhimids (George 

and Berger 1966) where uncinate process is lost but APC is retained. 
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6.4.2 Possible functional transformations of trunks muscles in archosaurs 

Three of the trunk muscles and their osteological correlates show great disparities among 

archosaurs examined in this study. vIC is attached mostly to the tuberculum of the dorsal 

vertebral ribs in Co. corax and Dr. novaehollandiae, whereas vIC laterally covers the dorsal 

vertebral ribs and attaches to the uncinate processes in crocodylians. IC in crocodylians has been 

identified as an expiratory muscle in an in vivo electromyographic study performed on Al. 

mississippiensis (Codd et al. 2019). If vIC in Co. corax and Dr. novaehollandiae share the same 

function as in Al. mississippiensis, their reduced vIC likely generate less torques to contract the 

thorax. Alternatively, vIC in Co. corax and Dr. novaehollandiae may assume an inspiratory role 

and flex the axial skeleton along with some epaxial inspiratory muscles such as m. longissimus 

dorsi (Baumel et al. 1990). Assuming the observations of Co. corax and Dr. novaehollandiae 

represent the general conditions in birds, the reductions of vIC imply a functional shift in its 

function in archosaurs on the line to birds. Evidence of pneumatic sacs are known from 

saurischian dinosaurs (O’Connor 2006; Wedel 2009), and a semi-rigid lung in saurischian 

dinosaurs are inferred leading to a completely immobile lung in birds by the morphology of 

vertebral ribs (Schachner et al. 2011; Brocklehurst et al. 2018). Recruitment of pneumatic sacs as 

part of the respiratory organs would increase the compliance of the respiratory tract (Perry and 

Duncker 1980), which likely reduce the needs for skeletal muscles to generate expiratory airflow 

by contracting the thorax. The reduction of vIC likely contribute to a decrease in body mass, 

along with the pneumatization of the skeleton, which may contribute to the anatomical capacity 

for flight. 

LC and its osteological correlates suggest LC is more developed in several tyrannosaurids 

and cerapodans as the vertebral ribs of these taxa carry capitulotubercular laminae, which offer 

additional area of attachment. LC is considered an inspiratory muscle in birds and crocodylians 

(George and Berger 1966; Cong et al. 1988), though empirical evidence is well documented only 

from the domestic chicken, Gallus domesticus (Fedde et al. 1964). In non-avian dinosaurs, the 

well-developed LC could rotate the vertebral ribs at a higher rate to ventilate air into and out of 

the respiratory organs, assuming all other variables are equal. The well-developed LC could be 

an adaptation to meet the metabolic demands of oxygen from increased body mass (Burness et 

al. 2001; Hudson et al. 2013) As capitulotubercular laminae are present in large-bodied 
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cerapodans and non-avian saurischians, the improved inspiratory capacity of LC might be 

present in basal dinosaurs and even be one of the adaptations to increase body mass. The 

capitulotubercular laminae in dromaeosaurids is probably inherited from the phylogenetically 

more basal theropods and not developed independently, as the sizes of dromaeosaurids examined 

in this study could approximate the sizes of extant paleognaths (e.g. Dr. novaehollandiae). The 

lost of capitulotubercular laminae in extant birds potentially took place after Dromaeosauridae 

branched off Eumaniraptora. 

In Dr. novaehollandiae and crocodylians, insertions of APC are positioned adequately 

ventral to the origins, whereas insertions of APC in Co. corax are positioned approximately the 

same positions as the origins on the dorsal vertebral ribs. If the changes in APC configuration 

coincide with the development of an ossified uncinate process, APC in maniraptoran dinosaurs 

may already have similar configurations as in extant birds carrying ossified uncinate processes, 

instead of Dr. novaehollandiae and anhimids and megapodids. Zimmer (1935) and Tickle et al. 

(2007) quantitatively estiamte the mechanical leverages of APC provided by ossified uncinate 

processes in birds. The variations in APC attachments may represent a different functional 

strategy to inspire air in Dr. novaehollandiae, anhimids, and megapodids.  

6.4.3 Trunk muscle studies and their potentials for addressing Carrier’s constraints 

Birds and crocodylians represent archosaurs with distinct strategies in terrestrial 

locomotion. Extant birds have fully-erect/parasagittal gaits where the hindlimbs are positioned 

parasagittally ventral to the pelvic girdle, and the acetabulum of the pelvic girdle is oriented 

laterally (Bakker 1971; Baumel et al. 1993; Sullivan 2007).  By comparison, crocodylians have 

semi-erect gaits where the femur is extended ventral laterally from the laterally oriented 

acetabulum (Cong et al. 1988; Gatesy 1991). 

Carrier (1987) identified conflicts between simultaneous demands of locomotion and 

ventilation in lizards and early tetrapods, termed Carrier’s constraints, in which locomotion is 

achieved by undulating the body from a sprawling gait and ventilation is achieved largely by 

costal ventilation (Perry et al. 2019). The ‘locomotion components’ of the ribcage have been 

captured in vivo in Va. exanthematicus and Salvator merianae (pure locomotion in Cieri et al. 
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2020), confirming the involvement of the trunk in locomotion in squamates with sprawling gaits. 

Similar constraints are likely present in crocodylians with semi-erect gaits although crocodylians 

can use a repertoire of gaits (Gatesy 1991; Renous et al. 2002). In addition to propel the body 

directly, the trunk muscles function to adjust the position of the centre of mass in Coturnix 

coturnix, a bipedal bird with parasagittal gaits (Abourachid et al. 2011), and possibly other 

bipedal birds and theropod dinosaurs. The involvement of trunk muscles in locomotion could be 

common in archosaurs, and Carrier’s constraints may be present, regardless of gaits and postures. 

In extant birds and mammals, locomotion and ventilation are integrated in various 

synchronised patterns (Tucker 1972; Art et al. 1990; Funk et al. 1993; Boggs 1997; Stickford and 

Stickford 2014). Such integrations have been suggested in fossil dinosaurs (Carrier and Farmer 

2000). As LC and APC are both considered inspiratory muscles (Fedde et al. 1964; George and 

Berger 1966; Cong et al. 1988; Codd et al. 2005), the enlarged LC and the development of APC 

in some fossil theropods and cerapodans as inferred by the osteological correlates may enhance 

the anatomical capacity to inspire in archosaurs, which, along with the shifts in acetabulum 

orientation (Gatesy 1991; Sullivan 2007), could alleviate the impacts of Carrier’s constraints. 

6.4.4 Pelvic muscle identification and its bearing on studies of locomotion 

The pelvis and its associated soft tissues are integral for locomotion in archosaurs 

(Hutchinson and Gatesy 2000; Allen et al. 2021). The majority of our observations were 

consistent with existing literature on pelvic musculature in crocodylians and neognath birds 

(Gatesy 1997; Verstappen et al. 1998; Allen et al. 2015; Klinkhamer et al. 2017). However, there 

were some conflicts between our dissection and previous studies on emus. Fortunately, a recent 

study (Lamas et al. 2014) using updated myological terms consistent with recently standardized 

nomenclature (Baumel et al. 1993) allowed easier comparisons between homologous muscles 

across Archosauria (Hutchinson 2002). Nevertheless, some conflicts remained, and addressing 

these issues will clarify conditions for identification, reconstruction, and analysis. 

The IFI is the smallest muscle in the deep dorsal group and its origin and insertion are 

close to the hip joint (Fig. 6.11D). Haughton (1867) describes the absence of IFI in Dr. 

novaehollandiae, whereas IFI is identified and/or illustrated in at least two other anatomical 
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studies (Patak and Baldwin 1998; Lamas et al. 2014). The IFI was observed in this study and is 

smaller than what is illustrated in the literature. The absolute and relative sizes of the ITCR and 

ITM are usually represented more accurately, although the position of the origins on the ilium 

tend to be displaced dorsally compared to our specimen (Haughton 1867; Patak and Baldwin 

1998; Lamas et al. 2014). The origins of ITCR and ITM are along the anteroventral edge of the 

ilium, even expanding slightly onto abdominal soft tissues, as the origin of ITC occupies the 

majority of the lateral surface of the preacetabular iliac blade (Fig. 6.11A, 11B, 11H, 11I). Partial 

fusion of the ITCR and ITM was noted in our specimen, but this is not uncommon in paleognaths 

birds (Gangl et al. 2004; Lamas et al. 2014). 

Opposite the acetabulum, the paired heads of the OM cover the entire medial surfaces of 

the ilioischiadic and puboischiadic membranes (Fig. 6.12 A – D). The OL was absent in the 

specimen examined, corroborating Lamas et al. (2014) but contradicting Haughton (1867). This 

condition is unusual for birds as the typical avian condition is that the OL is present and the OM 

has a single head originating from the medial side of the puboischiadic membrane (Hudson 1937; 

Baumel et al. 1993; Verstappen et al. 1998). Ratites do exhibit variation in the presence or fusion 

of certain pelvic muscles including the OL (Mellett 1994; Gangl et al. 2004; Smith et al. 2006; 

Lamas et al. 2014; Hutchinson et al. 2015). 

Although Patak and Baldwin (1998) described the OL, it was not illustrated and its brief 

description is entirely applicable to the ISF in our specimen. The muscle we identified as ISF has 

a fleshy origin from the lateral side of the ischium and obturator flange and a separate insertion 

from the obturator musculature on the posterolateral aspect of the femoral shaft (Fig. 6.12A). 

This is topologically and morphologically consistent with the ISF in ostriches (Gangl et al. 2004; 

Zinoviev 2006; Lamas et al. 2014). Furthermore, this is topologically inconsistent with the OL 

(in ostriches or other birds), which originates from the margin of the obturator foramen and lacks 

an independent insertion, instead sharing a common insertion with the OM (Hudson 1937; 

McKitrick 1991; Verstappen et al. 1998; Gangl et al. 2004). To make matters more confusing, a 

synonym of ISF is OL, but this superficial similarity in names stems from traditional attempts to 

conform to mammalian terminology (Shufeldt 1988; Verstappen et al. 1998) and does not reflect 

the fact that they are separate, non-homologous muscles within Archosauria (Hutchinson 2002). 
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Moreover, ostriches possess both the ISF and OL as separate, distinct muscles, as do most other 

birds and the vast majority of other archosaurs (Gangl et al. 2004; Zinoviev 2006; Lamas et al. 

2014). Although Lamas et al. (2014) resolved the concerns of the ISF, it is depicted as originating 

from the posterior side of the antitrochanter and inserting relatively distal, underneath the origin 

of m. femorotibialis lateralis (FMTL), compared to the condition of the specimen we examined 

(Fig. 6.13). These conditions suggest that the OL and ISF in Dr. novaehollandiae have high 

variability in their presence and morphology, have suffered from confusion in their identification 

(possibly hindered by historical synonyms), or both. 

 The muscle identified as the ISF by Patak and Baldwin (1998) and described as m. 

ilioischiofemoralis, originating from the lateral side of the ilioischiadic membrane, is in fact the 

CFP (Fig. 6.13B). This issue was also resolved and discussed by Lamas et al. (2014). This 

apparent frameshift in the names of the OL, ISF, and CFP may stem from the aforementioned 

confusion caused by traditional terminology. This issue is compounded by not including all 

muscles in illustrations and brief descriptions that may not clearly communicate the conditions of 

certain muscles. 

 Overall, our observations are largely in line with Lamas et al. (2014) with only a few 

minor divergences. These inconsistencies may simply be due to individual variation among the 

specimens examined. However, clarity and precision are strongly encouraged for future work to 

facilitate both descriptive and visual communication. Following a framework that accounts for 

homologies across the taxonomic range of study benefits identification and comparison with 

other works. Clear visuals, whether photographs, illustrations, or simple diagrams, further 

expedite these steps. Inconsistencies in nomenclature can cause confusion and make soft tissue 

reconstruction challenging, even on a skeletonized specimen of an extant species with reasonably 

clear osteological correlates. These parameters directly affect studies reliant on osteological 

correlates for data collection or analysis. 

 These points are underscored by comparing our observations with the reconstruction of 

pelvic musculature of Dr. novaehollandiae in (Rhodes et al. 2021). The area of attachment 

measured on the revised diagram was significantly different (> ±5%) for four-fifths of the 
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muscles. Most notably affected were the origins of ITC (378% of original area), IFI (9% of 

original area), and ISF (560% of original area). Altogether, the area of attachment for all pelvic 

muscles increased to 118% of the original diagram. While this did not alter the broader 

interpretations of Rhodes et al. (2021), revised areas of attachment caused the emu to drop into a 

lower class in the Jenks Natural Breaks optimization on the proportion of major extensors (Fig. 

6.19). This result seems more sensible, especially with the addition of Co. corax, given that the 

staircase pattern formed by extant birds corresponds well to relative running ability and 

decreases from ostrich to emu to chicken to raven. The “average” cursoriality for extant birds 

reflects a similar relationship. The ostrich and emu are well established as being well adapted for 

running (Patak and Baldwin 1998; Smith et al. 2006, p.200; Lamas et al. 2014; Hutchinson et al. 

2015). The chicken and many other galliforms are decent runners with an intermediate 

cursoriality and lower speed ranges than paleognaths (Gatesy and Biewener 1991; Dial 2003; 

Anten-Houston et al. 2017). 

Considering extinct taxa offers a few broader comparisons. The proportion of major 

extensors in the revised emu diagram and the derived troodontid are nearly identical (<1%), 

perhaps not surprising for taxa both considered adept runners (Fig. 6.19) (Patak and Baldwin 

1998; Carrano 1999; Lamas et al. 2014). Unfortunately, area of attachment cannot ascertain if 

Sinovenator and Corvus also engaged in similar terrestrial locomotory behaviours (i.e., 

preference for out-of-phase hopping over running). Pelvic and hind limb morphology and 

myology are only two aspects that do not fully capture the palaeoecological diversity of a species 

or a clade, and they are influenced by many factors (Gatesy and Middleton 1997; Dececchi et al. 

2019). Nevertheless, locomotion is a fundamental component of palaeobiology and offers insight 

into adaptations and diversity among extant and extinct animals alike.  
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Tables 

Table 6. 1. Osteological correlates of hypaxial and pelvic muscles in sampled extant archosaurs. 

Muscle Origin/Intion 

Corvus corax Dromaius 

novaehollandiae 

crocodylians 

dIC Ori: Anterior aspect of 

iliac crest 

Dorsolateral aspect of 

transverse process 

Ori: Anterior aspect of 

iliac crest 

Dorsolateral aspect of 

transverse process 

Ori: Anterior aspect of 

iliac crest 

Dorsolateral aspect of 

transverse process 

Int: Dorsolateral aspect 

of  transverse process 

Int: Dorsolateral aspect of  

transverse process 

Int: Dorsolateral aspect 

of  transverse process 

vIC Ori: Anterior aspect of 

iliac crest 

Dorsolateral aspect of 

tuberculum 

Ori: Anterior aspect of 

iliac crest 

Dorsolateral aspect of 

tuberculum 

Ori: Anterior aspect of 

iliac crest 

Dorsolateral aspect of 

tuberculum 

Int: Posterolateral aspect 

of tuberculum 

Int: Posterolateral aspect 

of tuberculum 

Int: Posterolateral aspect 

of tuberculum 

Lateral aspect of costal 

flange 

Uncinate process 

OE Ori: Anterolateral aspect 

of pubis 

Ori: Anterolateral aspect 

of pubis 

Ori: Anterolateral aspect 

of pubis 

Int: Lateral aspect of 

costal flange adjacent to 

uncinate scar 

Int: Lateral aspect of 

costal flange adjacent to 

intracostal joint 

Distal end of last cervical 

vertebral rib 

Int: Lateral aspect of 

costal flange adjacent to 

uncinate scar 

SN Ori: Ventrolateral aspect 

of transverse process  

Ori: Ventrolateral aspect 

of transverse process 

Posterior intercostal ridge 

of last two cervical ribs 

Ori: Ventrolateral aspect 

of transverse process 

Posterior intercostal 

ridge of cervical ribs 

Int: Lateral aspect of 

costal flange of last two 

cervical ribs 

Int: Lateral aspect of 

costal flange of last two 

cervical ribs 

Anterior intercostal ridge 

of last two cervical ribs 

Int: Lateral aspect of 

costal flange of cervical 

ribs 

Anterior intercostal ridge 

of cervical ribs 

LC Ori: Posteroventral 

aspect of transverse 

Ori: Posteroventral aspect 

of transverse process 

Ori: Posteroventral 

aspect of transverse 
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process process 

Int: Anteiror aspects of 

capitulum and 

tuberculum of dorsal 

vertebral ribs 

Proximal aspect of 

anteiror intercostal ridge 

of dorsal vertebral ribs 

Int: Anteiror aspects of 

capitulum and tuberculum 

of dorsal vertebral ribs 

Proximal aspect of 

anteiror intercostal ridge 

of dorsal vertebral ribs 

Int: Anteiror aspects of 

capitulum and 

tuberculum of dorsal 

vertebral ribs 

Proximal aspect of 

anteiror intercostal ridge 

of dorsal vertebral ribs 

IE Ori: Posterior intercostal 

ridge of dorsal vertebral 

ribs 

Ori: Posterior intercostal 

ridge of dorsal vertebral 

ribs 

Ori: Posterior intercostal 

ridge of dorsal vertebral 

and intermediate ribs 

Int: Anterior intercostal 

ridge of dorsal vertebral 

ribs 

Int: Anterior intercostal 

ridge of dorsal vertebral 

ribs 

Int: Anterior intercostal 

ridge of dorsal vertebral 

and intermediate ribs 

APC Ori: Posteromedial 

aspect of uncinate 

processes 

Ori: Posterior intercostal 

ridge of dorsal vertebral 

ribs near midshaft 

Ori: Posteroventral 

aspect of uncinate 

processes 

Int: Lateral aspect of 

costal flange of dorsal 

vertebral ribs 

Lateral aspect of 

uncinate process 

Ligamentum triangulare 

Int: Anteiror intercostal 

ridge of dorsal vertebral 

ribs near intracostal joint 

Int: Lateral aspect of 

intermediate ribs 

II Ori: Anterior aspects of 

tuberculum of dorsal 

vertebral ribs 

Anterior aspects of 

ribshafts medial to costal 

flange of dorsal vertebral 

ribs 

Ori: Anterior aspects of 

tuberculum of dorsal 

vertebral ribs 

Anterior aspects of 

ribshafts medial to costal 

flange of dorsal vertebral 

ribs 

Ori: Anterior aspects of 

ribshafts medial to costal 

flange of dorsal vertebral 

ribs 

Anterior margins of 

intermediate ribs 

Int: Posterior aspects of 

tuberculum of dorsal 

vertebral ribs 

Posterior aspects of 

ribshafts medial to costal 

flange of dorsal vertebral 

ribs 

Int: Posterior aspects of 

tuberculum of dorsal 

vertebral ribs 

Posterior aspects of 

ribshafts medial to costal 

flange of dorsal vertebral 

ribs 

Int: Posterior aspects of 

ribshafts medial to costal 

flange of dorsal vertebral 

ribs 

Posterior margins of 

intermediate ribs 

CP ― Ori: Medial aspects of 

ribshafts of dorsal 

― 
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vertebral ribs adjacent to 

intracostal joint 

― Int: Aponeurosis ventral 

to lung 

― 

COT Ori: Anterolateral 

process of sternum 

Ori: Anterolateral aspect 

of sternum 

― 

Int: Anterior aspect of 

first sternal rib 

Int: Lateral aspects of 

sternal ribs 

― 

SC Ori: Posterior margin of 

sternal ribs 

Ori: Posterior margin of 

sternal ribs 

Ori: Anterior margin of 

sternal ribs 

Int: Anterior margin of 

sternal ribs 

Int: Anterior margin of 

sternal ribs 

Int: Posterior margin of 

sternal ribs 

IFI/PIFI1 Ori: Small scar on 

ventrolateral aspect of 

preacetabular blade of 

ilium, near and anterior 

to acetabulum, ventral to 

origin of ITM 

Ori: Small scar on 

ventrolateral aspect of 

preacetabular blade of 

ilium, near and anterior to 

acetabulum 

Ori: Medial side of ilium 

between sacral ribs and 

acetabulum 

Int: Medial aspect of 

femur near base of neck 

Int: Medial aspect of 

femur near base of neck, 

between origins of 

FMTIM and FMTM 

Int: Narrow, arcuate area 

medial and adjacent to 

fourth trochanter of 

femur 

ITCR/PIFI2 Ori: Anteroventral edge 

of preacetabular blade of 

ilium 

Ori: Anterior portion of 

lateral side of 

preacetabular hook, 

between anterior apex of 

ilium and ventral apex of 

preacetabular hook 

Ori: Ventral aspects of 

centra of last six dorsal 

vertebrae 

Int: Proximolateral 

aspect of femur, distal to 

insertion of ITM, 

proximal to origin of 

FMTL 

Int: Proximolateral aspect 

of femur, distal to 

insertion of ITM, 

proximal to origin of 

FMTL 

Int: Two insertions on 

proximolateral aspect of 

femur, both proximal 

and adjacent to insertion 

of IF 

ITM Ori: Small area between 

origin of ITCR and 

acetabulum, dorsal to 

origin of IFI 

Ori: Posterior portion of 

lateral side of 

preacetabular hook, 

posterior to origin of 

ITCR and anterior to 

origin of IFI 

― 
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Int: Proximolateral 

aspect of femur, 

proximal to insertion of 

ITCR, distal to insertion 

of ITC 

Int: Proximolateral aspect 

of femur, proximal to 

insertion of ITCR, distal 

to insertion of ITC 

― 

OL/PIFE1 Ori: Two heads, larger 

from dorsal margin of 

obturator foramen and 

smaller from ventral 

margin of ilioischiadic 

foramen 

― Ori: Anterior (dorsal) 

surface of pubic apron 

Int: Posterolateral aspect 

of femoral trochanter, 

shared with OM 

― Int: Posterolateral aspect 

of greater trochanter on 

femoral head, shared 

with PIFE2 and PIFE3 

OM/PIFE2 Ori: Medial aspects of 

puboischiadic membrane 

and adjacent osseous 

ring 

Ori: Two heads, larger 

from medial aspect of 

puboischiadic membrane 

and adjacent osseus ring, 

smaller from medial 

aspect of ilioischiadic 

membrane and adjacent 

osseous ring 

Ori: Posterior (ventral) 

surface of pubic apron 

Int: Posterolateral aspect 

of femoral trochanter, 

shared with OL 

Int: Two insertions on 

proximolateral aspect of 

femoral trochanter 

Int: Posterolateral aspect 

of greater trochanter on 

femoral head, shared 

with PIFE1 and PIFE3 

ISF/ISTR Ori: Lateral aspect of 

ischium between 

ilioischiadic and 

puboischiadic foramina 

Ori: Obturator flange on 

proximolateral aspect of 

ischium 

Ori: Posteromedial edge 

of ischium 

Int: Posterolateral aspect 

of femur, distal to 

insertion of OL+OM 

Int: Posterolateral aspect 

of femur, distal to 

insertion of OM, proximal 

to insertion of IFE 

Int: Posterolateral aspect 

of femur, proximal to 

origin of FMTE, 

posterior to insertion of 

PIFI2, anterior to 

insertion of PIFE1–3 

Abbreviations: APC, m. appendicocostalis; mm. caudofemorales pars pelvica, CFP; COT, m. 

costosternalis; CP, m. costoplumonare; dIC, dorsal part of m. iliocostalis; IC, m. iliocostalis; IE, 

mm. intercostales externi; IFI, m. iliofemoralis internus; II, mm. intercostales interni; Int, 
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Insertion; ISF, m. ischiofemoralis; ISTR, m. ischiotrochantericus; ITCR, m. iliotrochantericus 

cranialis; ITM, m. iliotrochantericus medius; LC, m. levator costarum; OE, m. obliquus 

externuss; OL, m. obturatorius lateralis; OM, m. obturatorius medialis; Ori, Origin; PIFI1, m. 

puboischiofemoralis internus 1; PIFI2, m. puboischiofemoralis internus 2; SC, m. subcostalis; 

SN, m. scalenus; vIC, ventral part of m. iliocostalis; U, uncinate process. 
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Table 6. 2. Osteological correlates of trunk muscles in sampled fossil archosaurs.  

Taxa OE vIC LC IE APC II 

Deinonychus 

antirrhopus 

YPM 5250 

― ― Int: CTL Ori: PIR 

Int: AIR 

― ― 

Linheraptor 

exquisitus 

IVPP V 16923 

Int:CF next 

to up/us 

― ― ― Ori: up 

process 

Int: up 

process 

and the 

adjacent 

CF 

― 

Saurornitholest

es langstoni 

UALVP 55700 

Int:CF next 

to up/us 

― Int: CTL Ori: PIR 

Int: AIR 

Ori: up 

process 

Int: up 

process 

and the 

adjacent 

CF 

― 

 

TMP 88.121.39 

Int:CF next 

to up/us 

― Int: CTL Ori: PIR 

Int: AIR 

Int: CF 

adjacent to 

the us 

― 

Struthiomimus 

altus 

AMNH 5355 

Int:CF next 

to up/us 

― Int: CTL Ori: PIR 

Int: AIR 

Int: CF 

adjacent to 

the us 

― 

Daspletosaurus 

torosus 

CMN 8506 

Int:CF next 

to up/us 

― Int: CTL Ori: PIR 

Int: AIR 

Int: CF 

adjacent to 

the us 

― 

 

TMP 94.143.1 

― ― Int: CTL Ori: PIR 

Int: AIR 

― ― 

Gorgosaurus 

libratus 

UALVP 10 

Int:CF next 

to up/us 

― Int: CTL Ori: PIR 

Int: AIR 

Int: CF 

adjacent to 

the us 

― 

 

TMP 91.36.500 

Int:CF next 

to up/us 

― Int: CTL Ori: PIR 

Int: AIR 

Int: CF 

adjacent to 

the us 

Ori: 

Longitud

inal scar 

anterome

dial to 

the CF 
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Albertosaurus 

sarcophagus 

TMP 99.50.41 

Int:CF next 

to up/us 

― ― Ori: PIR 

Int: AIR 

― ― 

Albertosaurus 

sarcophagus 

TMP 99.50.43 

Int:CF next 

to up/us 

― ― ― ― ― 

Albertosaurus 

sarcophagus 

AMNH 5428 

― ― Int: CTL Ori: PIR 

Int: AIR 

― ― 

Allosaurus 

fragilis 

AMNH 5753 

Int:CF next 

to up/us 

― ― ― Int: CF 

adjacent to 

the us 

― 

Allosaurus sp. 

MCZ 3897 

― ― Int: CTL Ori: PIR 

Int: AIR 

― ― 

Tyrannosaurida

e  indet. 

TMP 81.16.285 

Int:CF next 

to up/us 

― ― Ori: PIR 

Int: AIR 

Int: CF 

adjacent to 

the us 

― 

Tyrannosaurida

e  indet. 

TMP 92.36.1231 

Int:CF next 

to up/us 

― Int: CTL Ori: PIR 

Int: AIR 

Int: CF 

adjacent to 

the us 

Ori: 

Longitud

inal scar 

anterome

dial to 

the CF 

Tyrannosaurida

e  indet. 

TMP 94.12.960 

Int:CF next 

to up/us 

― ― Ori: PIR 

Int: AIR 

Int: CF 

adjacent to 

the us 

― 

Coelophysis 

bauri 

NMMNH P 

42351 

― ― Int: Anterior 

aspects of 

cm and tm 

Ori: PIR 

Int: AIR 

― ― 

Apatosaurus 

excelsus 

YPM 1981 

Int:CF next 

to up/us 

― ― Ori: PIR 

Int: AIR 

Int: CF 

adjacent to 

the us 

― 

Barosaurus 

lentus 

YPM 429 

― ― Int: CTL ― ― ― 

Camarasaurus 

sp. 

AMNH 625 

― ― ― Ori: PIR 

Int: AIR 

― ― 
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Edmontosaurus 

regalis 

CMN 2289 

― ― Int: CTL Ori: PIR 

Int: AIR 

― ― 

Gryposaurus 

notabilis 

AMNH 5350 

Int:CF next 

to up/us 

― Int: CTL Ori: PIR 

Int: AIR 

Int: CF 

adjacent to 

the us 

― 

Gryposaurus 

latideus 

AMNH 5465 

Int:CF next 

to up/us 

― ― Ori: PIR 

Int: AIR 

Int: CF 

adjacent to 

the us 

― 

Bactrosaurus 

johnsoni 

AMNH 6553 

Int:CF next 

to up/us 

― ― ― Int: CF 

adjacent to 

the us 

― 

Prosaurolophus 

maximus 

TMP 98.50.1 

― Int: Bony 

ridges of 

the tm 

Int: CTL Ori: PIR 

Int: AIR 

― ― 

Tenontosaurus 

telletti 

AMNH 3040 

Int:CF next 

to up/us 

― ― Ori: PIR 

Int: AIR 

Int: CF 

adjacent to 

the us 

― 

Zephyrosaurus 

schaffi 

MCZ 4392 

Int:CF next 

to up/us 

― ― Ori: PIR 

Int: AIR 

Int: CF 

adjacent to 

the us 

― 

Parkosaurus 

warreni 

ROM 804 

Int:CF next 

to up/us 

― ― ― Ori: up 

process 

Int: up 

process 

and the 

adjacent 

CF 

― 

Hadrosauridae  

indet. 

AMNH 5896 

Int:CF next 

to up/us 

― Int: CTL Ori: PIR 

Int: AIR 

Int: CF 

adjacent to 

the us 

― 

 

TMP 82.13.15 

Int:CF next 

to up/us 

― ― ― Int: CF 

adjacent to 

the us 

― 

Leptoceratops 

gracilis 

CMN 8889 

Int:CF next 

to up/us 

― Int: CTL Ori: PIR 

Int: AIR 

Int: CF 

adjacent to 

the us 

― 

Centrosaurus 

sp. 

TMP 82.18.16 

Int:CF next 

to up/us 

― ― Ori: PIR 

Int: AIR 

Int: CF 

adjacent to 

the us 

― 
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Centrosaurus 

sp. 

TMP 82.19.41 

Int:CF next 

to up/us 

― ― Ori: PIR 

Int: AIR 

Int: CF 

adjacent to 

the us 

― 

Centrosaurus 

sp. 

TMP 82.18.56 

Int:CF next 

to up/us 

― ― Ori: PIR 

Int: AIR 

Int: CF 

adjacent to 

the us 

― 

Centrosaurus 

sp. 

TMP 82.18.281 

Int:CF next 

to up/us 

― ― Ori: PIR 

Int: AIR 

Int: CF 

adjacent to 

the us 

― 

Centrosaurus 

sp. 

TMP 96.176.135 

Int:CF next 

to up/us 

― ― ― Int: CF 

adjacent to 

the us 

― 

Centrosaurus 

sp. 

ROM 767 

Int:CF next 

to up/us 

― ― ― Int: CF 

adjacent to 

the us 

― 

Protoceratops 

andrewsi 

AMNH 6416 

― ― Int: Anterior 

aspects of 

cm and tm 

― ― ― 

Ceratopsidae  

indet. 

AMNH 5422 

Int:CF next 

to up/us 

― ― Ori: PIR 

Int: AIR 

Int: CF 

adjacent to 

the us 

― 

Ceratopsia  

indet.. 

NMMNH 

P22797 

Int:CF next 

to up/us 

― ― ― Int: CF 

adjacent to 

the us 

― 

Panoplosaurus 

mirus 

ROM 1215 

Int:CF next 

to up/us 

― ― Ori: PIR 

Int: AIR 

Int: CF 

adjacent to 

the us 

― 

Edmontonia 

longiceps 

CMN 8531 

Int:CF next 

to up/us 

Int: Bony 

ridges of 

the tm 

Int: CTL Ori: PIR 

Int: AIR 

Int: CF 

adjacent to 

the us 

― 

Sauropelta 

edwardsi 

AMNH 3032 

Int:CF next 

to up/us 

― ― ― Int: CF 

adjacent to 

the us 

― 

Euplocephalus 

tutus 

AMNH 5337 

Int:CF next 

to up/us 

― ― ― Int: CF 

adjacent to 

the us 

― 

Ankylosaurus 

magniventris 

AMNH 5895 

― ― ― Ori: PIR 

Int: AIR 

― ― 
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Stegosaurus 

stenops 

YPM 1856 

Int:CF next 

to up/us 

― ― ― Int: CF 

adjacent to 

the us 

― 

Stegosaurus 

stenops 

AMNH 650 

Int:CF next 

to up/us 

― ― Ori: PIR 

Int: AIR 

Int: CF 

adjacent to 

the us 

― 

Stegosaurus sp. 

AMNH 5752 

Int:CF next 

to up/us 

― ― Ori: PIR 

Int: AIR 

Int: CF 

adjacent to 

the us 

― 

Phytosauridae 

indet. 

YPM 6649 

Int:CF next 

to up/us 

― ― Ori: PIR 

Int: AIR 

Int: CF 

adjacent to 

the us 

― 

Aetosauria 

indet. 

NMMNH 

P50048 

Int:CF next 

to up/us 

― ― ― Int: CF 

adjacent to 

the us 

― 

Gracilisuchus 

stipanicicorum 

MCZ 4116 

― ― Int: Anterior 

aspects of 

cm and tm 

Ori: PIR 

Int: AIR 

― ― 

Gracilisuchus 

stipanicicorum 

MCZ 4118 

― ― Int: Anterior 

aspects of 

cm and tm 

Ori: PIR 

Int: AIR 

― ― 

Lotosaurus 

adentus 

IVPP V 4910 

― ― Int: Anterior 

aspects of 

cm and tm 

Ori: PIR 

Int: AIR 

― ― 

Junggarsuchus 

sloni 

IVPP V 14010 

― ― Int: Anterior 

aspects of 

cm and tm 

Ori: PIR 

Int: AIR 

― ― 

Araripesuchus 

gomesii 

AMNH 24450 

Int:CF next 

to up/us 

― Int: Anterior 

aspects of 

cm and tm 

Ori: PIR 

Int: AIR 

Ori: up 

process  

Int: 

intermedia

te rib 

― 

Abbreviation: AIR, anterior intercostal ridge; CF, costal flange; cm, capitulum; CTL, 

Capitulotubercular lamina; PIR, posterior intercostal ridge; tm, tuberculum; up, uncinate process; 

us, uncinate scar. 
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Figures 

Figure 6.1. m. iliocostalis (IC) in extant archosaurs.  

dIC and vIC in Corvus corax (A), Dromaius novaehollandiae (B), and farm crocodile (C) in left 

lateral views. Schematic drawings of osteological correlates of dIC and vIC (D). Scale bars equal 

1 cm. Abbreviations: dIC, dorsal part of m. iliocostalis; OE, m. obliquus externuss; vIC, ventral 

part of m. iliocostalis. 
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Figure 6.2. m. obliquus externuss (OE) in extant archosaurs.  

Insertions of OE in Corvus corax (A), Dromaius novaehollandiae (B), and farm crocodile (C) in 

left lateral views. Schematic drawings of osteological correlates of OE (D); insertions of OE and 

vIC in Varanus exanthematicus in left lateral views (E), with OE reflected to show insertions at 

vertebral ribs near midshafts. Scale bars equal 1 cm. Abbreviations: APC, m. appendicocostalis; 

IE, mm. intercostales externi; LT, ligamentum triangulare; OE, m. obliquus externuss; vIC, 

ventral part of m. iliocostalis. 
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Figure 6.3. m. scalenus (SN) in extant archosaurs.  

SN in Corvus corax (A), Dromaius novaehollandiae (B), and Caiman crocodilus (C) in left 

lateral views. Schematic drawings of osteological correlates of SN (D). Scale bars equal 1 cm. 

Abbreviations: LC, m. levator costarum; SN, m. scalenus. 
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Figure 6.4. m. levator costarum (LC) in extant archosaurs.  

LC in Corvus corax in right lateral view (A), Dromaius novaehollandiae in right lateral views 

(B, C), in Caiman crocodilus in left lateral view (D). Osteological correlates of LC (E). Scale 

bars equal 1cm. Abbreviations: dIC, dorsal part of m. iliocostalis; IE, mm. intercostales externi; 

II, mm. intercostales interni; SN, m. scalenus; vIC, ventral part of m. iliocostalis; U, uncinate 

process. 
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Figure 6.5. mm. intercostales externi (IE) in extant archosaurs.  

IE in Corvus corax in right lateral views (A, B), Dromaius novaehollandiae in right lateral view 

(C), and in Caiman crocodilus in left lateral view (D). Osteological correlates of IE (E). Scale 

bars equal 1cm. Abbreviations: APC, m. appendicocostalis; IE, mm. intercostales externi; II, 

mm. intercostales interni; OE, m. obliquus externuss; SC, m. subcostalis; vIC, ventral part of m. 

iliocostalis; U, uncinate process. Blue star indicate portion of vIC attached to cartilaginous 

uncinate process posteromedially.  
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Figure 6.6. m. appendicocostales (APC) in extant archosaurs.  

APC in Corvus corax in left lateral views (A, B), in Dromaius novaehollandiae in right lateral 

view (C), and in Caiman crocodilus in left lateral view (D). Osteological correlates of APC (E). 

Scale bars equal 1cm. Abbreviations: APC, m. appendicocostalis; IE, mm. intercostales externi; 

LT, ligamentum triangulare; OE, m. obliquus externuss; SC, m. subcostalis;  vIC, ventral part of 

m. iliocostalis; U, uncinate process. 
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Figure 6.7. mm. intercostales interni (II) in extant archosaurs.  

II in Corvus corax in right lateral views (A), in Dromaius novaehollandiae in right lateral view 

(B, C), and in Caiman crocodilus in left lateral views (D, E). Osteological correlates (F). Scale 

bars equal 1cm. Abbreviations: dIC, dorsal part of m. iliocostalis; IE, mm. intercostales externi; 

II, mm. intercostales interni; IN, intercostal nerve; LC, m. levator costarum; ; U, uncinate 

process. 
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Figure 6.8. m. costoplumonare (CP) in Dromaius novaehollandiae (UAMZ unnumbered).  

Four strips of CP connecting PA to dorsal vertebral ribs in right medial view (A). Osteological 

correlate of PA (B). Scale bars equal 1cm. Abbreviations: CP, m. costoplumonare; PA, pulmonary 

aponeurosis. 
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Figure 6.9. m. costosternalis (COT) in Dromaius novaehollandiae (UAMZ unnumbered).  

Three strips of COT in right lateral view (A). Osteological correlates of COT (B). Scale bars 

equal 1cm. Abbreviation: COT, m. costosternalis. 

  



307 

 

 

  



308 

 

Figure 6.10. m. subcostales (SC) in extant archosaurs.  

SC in Corvus corax (A), Dromaius novaehollandiae (B), and Caiman crocodilus (C) in left 

lateral views. Osteological correlates of SC (D). Scale bars equal 1 cm. Abbreviations: COT, m. 

costosternalis; IE, mm. intercostales externi; SC, m. subcostalis. 
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Figure 6.11. Pelvic muscles of the deep dorsal group in extant archosaurs.  

m. iliofemoralis internus (IFI)/m. puboischiofemoralis internus 1 (PIFI1) and mm. 

iliotrochanterici cranialis et medius (ITCR+ITM)/m. puboischiofemoralis internus 2 (PIFI2) in 

extant archosaurs shown in context with m. iliofemoralis (IF)/mm. iliotrochantericus caudalis et 

iliofemoralis externus (ITC+IFE). ITCR and ITM in Corvus corax in left lateral view (A). ITCR 

and ITM in Dromaius novaehollandiae in context with overlying ITC and IFE (B), ITCR and 

ITM exposed (C), and IFI (D) in right lateral views. PIFI1–2 in Caiman crocodilus in ventral 

view (E), PIFI2 intact in right lateral view (F), and PIFI2 cut to expose underlying PIFI1 in right 

lateral view (G). Osteological correlates in Co. corax (H), Dr. novaehollandiae (I), and Cai. 

crocodilus (J) on a left pelvis in lateral and medial views and a left femur in anterior, lateral, 

posterior, and medial views (left to right). Scale bars equal 1 cm. Abbreviations: IFE, m. 

iliofemoralis externus; IFI, m. iliofemoralis internus; ITCR, m. iliotrochantericus cranialis; ITM, 

m. iliotrochantericus medius; PIFI1, m. puboischiofemoralis internus 1; PIFI2, m. 

puboischiofemoralis internus 2.  
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Figure 6.12. Deep pelvic muscles in extant archosaurs 

mm. obturatorii lateralis et medialis (OL+OM)/mm. puboischiofemorales externi 1–2 (PIFE1–2) 

in extant archosaurs shown in context with m. puboischiofemoralis externus 3 (PIFE3). Insertion 

tendons of OL and OM in Corvus corax in left lateral view (A) and origin of OM in medial view 

(B). Insertion tendons of OMII and OMIP in Dromaius novaehollandiae under tendon of ISF in 

posterior view (C) and origins of OMII and OMIP in ventromedial view (D). PIFE1 in Caiman 

crocodilus in anterior view (E) and PIFE2 in ventral view (F). Osteological correlates in Co. 

corax (G) and Dr. novaehollandiae (H) on a left pelvis in lateral and medial views and a left 

femur in anterior, lateral, posterior, and medial views (left to right). Osteological correlates in 

Cai. crocodilus also include the pubes in anterodorsal and posteroventral views (I). Scale bars 

equal 1 cm. Abbreviations: ISF, m. ischiofemoralis; OL, m. obturatorius lateralis; OM, m. 

obturatorius medialis; OMII, ilium-ischium part of m. obturatorius medialis; OMIP, ischium-

pubis part of m. obturatorius medialis; PIFE1, m. puboischiofemoralis externus 1; PIFE2, m. 

puboischiofemoralis externus 2. 
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Figure 6.13. Deep pelvic muscles in extant archosaurs. 

m. ischiofemoralis (ISF) in extant birds in context of surrounding musculature including m. 

iliofibularis (ILFB), m. flexor cruris medialis (FCM), m. flexor cruris lateralis pars pelvica 

(FCLP) et accessoria (FCLA), mm. puboischiofemorales medialis (PIFM) et lateralis (PIFL), and 

mm. caudofemorales pars pelvica (CFP) et caudalis (CFC). ISF in Corvus corax in left lateral 

view (A) and ISF in Dromaius novaehollandiae in right lateral view (B) with close-up (C). 

Osteological correlates in Co. corax (D) and Dr. novaehollandiae (E) on a left pelvis in lateral 

and medial views and a left femur in anterior and lateral (top) and posterior and medial (bottom) 

views. Scale bars equal 1 cm. Abbreviations: CFC, mm. caudofemorales pars cadalis; FCLP, m. 

flexor cruris lateralis pars pelvica; FCM, m. flexor cruris medialis; ILFB, m. iliofibularis; ISF, m. 

ischiofemoralis; PIFL, mm. puboischiofemorales lateralis; PIFM, mm. puboischiofemorales 

medialis. 
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Figure 6.14. Osteological correlates of vIC and IE in ornithischian dinosaurs.  

Dorsal vertebral ribs of Edmontonia longiceps (CMN8531) in right medial view (A), and dorsal 

vertebral ribs of Prosaurolophus maximus (TMP 1998.50.1) in right lateral view (B). Scale bars 

equal 1cm. Abbreviations: F, flange like projections of the tuberculum; IE, IE, mm. intercostales 

externi. 
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Figure 6.15. Osteological correlates of m. levator costarum (LC) in theropods mapped on a 

cladogram illustrating the phylogenetic relationships of sampled fossil theropods.  

Dorsal vertebral ribs and the osteological correlates in Coelophysis bauri (NMMNH P42351) in 

left lateral view with osteological correlate to the right (A); proximal end of dorsal vertebral rib 

of Gorgosaurus libratus (UALVP 10.74) with muscle scar at the osteological correlate in right 

anterior view (B); proximal part of dorsal vertebral rib of Deinonychus antirrhopus (YPM 5250) 

with the osteological correlate in right anterior view (C). Scale bars equal 1cm. Abbreviations: 

CTL, capitulotubercular lamina; LC, m. levator costarum. 
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Figure 6.16. Osteological correlates of LC, IE, and II in tyrannosaurid dinosaurs.  

Dorsal vertebral ribs of Gorgosaurus libratus (TMP 1991.36.500) with osteological correlates 

for CTL, II, and IE in right anterolateral (A) and with osteological correlates for IE lateral (B) 

views; Dorsal vertebral rib of Tyrannosauridae indet. (TMP 1992.36.1231) with osteological 

correlates for CTL and II in left anterior view (C), and close-up on CTL and muscle scar of II 

(D). Scale bar equals 1cm. Abbreviations: CTL, capitulotubercular lamina; IE, mm. intercostales 

externi; II, mm. intercostales interni; LC, m. levator costarum. 
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Figure 6.17. Osteological correlates of APC in dromaeosaurid dinosaurs.  

Dorsal vertebral ribs carrying mineralised/ossified uncinate processes for APC in 

Saurornitholestes langstoni (UALVP 55700) (A), and in Linheraptor exquisitus (IVPP V 16923) 

in right lateral views (B). Osteological correlates of APC with interpreted LT (C). Scale bars 

equal 1cm. Abbreviations: APC, m. appendicocostalis; LT, ligamentum triangulare. 
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Figure 6.18. Results of Phylogenetic Generalized Least Squares (PGLS) regressions on pelvic 

muscles. 

Phylogenetic Generalized Least Squares (PGLS) regressions on area of attachment for all hip 

muscles, major extensors, and ilium length, normalized to body mass (all log-transformed). 

Regressions for each major taxonomic group (A), non-avian theropods (B), and bipeds (C). 

Phylogenetically corrected residuals for non-avian theropods (D) and bipeds (E). 
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Figure 6.19. Pelvic musculature compared to other aspects of cursoriality.  

Proportion of major extensors (Table S2 in the digital supplementary information) grouped 

according to 5-class Jenks Natural Breaks optimization (A). Heat map of major extensors (from 

A), relative limb element proportions (sensu Carrano, 1999), morphology of the ankle joint (ball-

and-socket; hinge-like with unspecialized metatarsals; subarctometatarsus; arctometatarsus; 

tarsometatarsus), number of weight-bearing digits (fewer = higher), and foot symmetry (B). 

Average cursoriality inferred from heat map (C). 
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6.6 Supplementary Information 

Figure S6.1. A summary of osteological correlates of hypaxial muscles in archosaurs. 

Osteological correlates in Co. corax, including the last cervical vertebra (A), the last cervical 

vertebral rib (B), the second dorsal vertebra (C), the second dorsal vertebral rib (D), the first 

sternal rib (E), the second sternal rib (F), and the sternum (G). Osteological correlates in Dr. 

novaehollandiae, including the last cervical vertebra (H), the last cervical vertebral rib (I), the 

second dorsal vertebra (J), the second dorsal vertebral rib (K), the second sternal rib (L), and the 

sternum (M). Osteological correlates in crocodylians, including the last cervical vertebra (N), the 

last cervical rib (O), the second dorsal vertebra (P), the second dorsal vertebral rib (Q), the third 

intermediate rib (R), and the third sternal rib (S). Scale bars equal 1cm. 
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6.7 Digital Supplementary Data 

Raw data and r script to perform the Phylogenetic Generalized Least Squares (PGLS) 

regressions. Documents are stored and managed digitally by author and collaborators. R script is 

written and managed by Matthew Rhodes. 
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CHAPTER 7 

Estimating ventilatory motions of ribcages with tidal volumes in 

paleognath birds and crocodylians 

 

7.1 Introduction 

Extant birds and crocodylians are members of archosaurs, a group of sauropsid amniotes 

first appeared in the Triassic Period, and occupied many ecological niches available for large 

bodied vertebrates throughout the Mesozoic era (Brusatte et al. 2010; Nesbitt 2011; Benton 

2014).    

 Birds and crocodylians generate airflow into and out of the respiratory organs by 

expansion and contraction of the ribcage, a process often referred to as costal ventilation, which 

drives inspiration and expiration of air. In extant birds, the respiratory organs are 

compartmentalised into an immobile lung and high compliance air-sacs that facilitate high 

efficient cross-current gas exchanges and unidirectional airflow through the lung-air sac system, 

respectively (Duncker 1972; Maina 2002; Powell 2015). Additionally, vertebral ribs of the 

anterior thorax in most extant birds carry bony prongs extending posteriorly from the rib’s 

midshaft called uncinate processes (Baumel et al. 1993), which potentially increase the leverage 

of the associated muscles (mm. appendicocostales) to expand the ribcage (Zimmer 1935; Tickle 

et al. 2007). An electromyographic study carried out on the Canada goose, Branta canadensis 

provided in vivo experimental support for the theoretical function of uncinate processes and 

suggested that they enhance the bird’s ability to inspire air (Codd et al. 2005). In extant 

crocodylians, unidirectional air flow is also present in the less compartmentalised 

bronchoalveolar lung (Farmer and Sanders 2010). As in birds, dorsal vertebral ribs in extant 

crocodylians carry uncinate processes, though they are in the forms of cartilaginous tabs (Cong 

et al. 1988; Frey 1988), and m. iliocostalis, an epaxial muscle attached to the cartilaginous 

uncinate processes, may have an expiratory function based on experimental evidence (Codd et al. 

2019). In addition to costal ventilation, extant crocodylians further enhance their ability to 

generate airflow by an adaptation called the “hepatic piston”, which refers to the craniocaudal 



345 

 

movements of the liver by the skeletal muscle, m. diaphragmaticus (Carrier and Farmer 2000a; 

Farmer and Carrier 2000a). At least three electromyographic studies on m. diaphragmaticus 

(Gans and Clark 1976; Farmer and Carrier 2000a; Munns et al. 2012) and one cineradiographic 

study of the kinematics of the skeleton (Claessens 2009a) have suggested that the “hepatic 

piston” has an inspiratory function. Furthermore, anatomical and histological evidence suggest 

that the pubis can rotate relative to the rest of the pelvic girdle in crocodyliforms leading to 

modern crocodylians (Claessens and Vickaryous 2012), which may have enhanced the 

craniocaudal movement of the “hepatic piston”. Aside from the “hepatic piston” and pubic 

rotation in crocodylians, both birds and crocodylians rely on costal ventilation. 

  Kinematics of vertebrate skeletons are typically described in terms of rotation of a 

mobile skeletal element relative to a fixed skeletal element about a centre of rotation situated at 

an idealised anatomical joint near their area of contact (e.g. within a synovial joint) (Neumann 

2017). Accordingly, the capacity for movement at a given joint can be quantified as osteological 

range of motion (oROM), which can be measured in vivo (Sullivan 2007; Baier and Gatesy 2013; 

Kambic et al. 2014; Brocklehurst et al. 2017; Brocklehurst et al. 2019) and/or ex vivo (Hutson 

and Hutson 2012; Manafzadeh 2020; Herbst et al. 2022). As soft tissues can constrain the 

movement of joints (Manafzadeh and Padian 2018), traditional ex vivo oROM estimates based 

only on bones (Bramwell et al. 1997; Senter and Robins 2005) are likely exaggerated (Hutson 

and Hutson 2012; Kambic et al. 2017; Tsai et al. 2020). In studies of archosaur locomotion, 

oROM of a given joint (e.g. femoroacetabular joint) is mapped in a three dimensional joint 

space, and anatomically impossible poses are then excluded, defining a finite plausible oROM 

(Gatesy et al. 2009; Manafzadeh and Padian 2018; Demuth et al. 2020; Griffin et al. 2022). The 

recent implementation of AutoBend (Jones et al. 2021) and APSE (Bishop et al. 2023) further 

reduce the cost of time and computation power for oROM study. 

 In contrast to the relatively wide taxonomic scope of studies of archosaur locomotion, in 

vivo ventilatory motions of the ribcage have only been captured in the American alligator 

Alligator mississippiensis (Claessens 2009a; Brocklehurst et al. 2017), three palaeognath birds 

(Claessens 2009b), and the wild turkey Melagris gallopavo (Brocklehurst et al. 2019). Three-

dimensional ex vivo study of the kinematics during ventilation has not been explored. However, 



346 

 

methods used in oROM studies of archosaur locomotion mostly focus on one joint, and may not 

be applicable in studies of ventilation, as the ribcage consists of multiple bones (i.e. vertebrae, 

rib segments, and sternum) connected by joints (Cong et al. 1988; Baumel et al. 1993) forming a 

system comparable to a closed kinematic chain (Levin 2013; Levin et al. 2017). Accordingly, 

kinematics of the ribcage would need to be estimated as a one working unit.  

In extant birds and crocodylians, normal, rhythmical changes in lung volume during 

ventilation called tidal volume vary between different activities and environments, such as under 

general anesthesia, at rest without general anesthesia, during locomotion, during recovery, and at 

high altitude (Schmidt-Nielsen et al. 1969; Berger et al. 1970a; Brackenbury et al. 1982; Kiley et 

al. 1982; Farmer and Carrier 2000b; York et al. 2017). As costal ventilation is achieved by 

expansion/contraction of the ribcage, variations in tidal volumes in the situations listed above 

likely result from changes in the kinematics of the ribcage. Accordingly, tidal volume represents 

one of the factors in respiration that could be used to guide estimation of plausible oROM in 

archosaurs. 

In this study, we construct three-dimensional models of a palaeognath and a crocodylian 

using skeletal elements, and we estimate oROM of the ribcage during three types of ventilatory 

motion. Then the estimated oROM is scaled down to a plausible range according to tidal volume 

measurements available in the literature. Finally, scaled oROM is compared among anatomical 

joints, among ventilatory motions, and between the palaeognath and the crocodylian. 

 

7.2 Materials and Methods 

Skeletal elements of a skeletally mature Struthio camelus (UAMZ 7159) and a Caiman 

crocodilius (UAMZ unnumbered) housed at the University of Alberta were chosen to represent 

Palaeognathae and Crocodylia, respectively. In this study, we used a five-step procedure to 

construct kinematic models and estimate ventilatory oROM (see Supplementary Information for 

detailed description of the procedure):  
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Meshing — Elements of ribcages were digitalised using a structured light scanner 

(Polyga Carbon series) housed in the Sullivan Lab at the University of Alberta, which includes 

presacral vertebrae at and adjacent to the ribcage, left rib segments, and the Su. camelus (UAMZ 

7159) sternum. The sixth sternal rib, the cartilaginous uncinate processes and sternum of Cai. 

crocodilus (UAMZ unnumbered) were not completely preserved. A simple rod, ten compressed 

cubes and a low poly mesh were created in Autodesk Maya 2022 using reference in the literature 

(Cong et al. 1988; Baier and Gatesy 2013), to represent the last sternal rib, the cartilaginous 

uncinate processes and the sternum, respectively. Raw scans were smoothed, decimated, and 

remeshed using ZBrush 2018. An inclined plane was created to represent m. diaphragmaticus in 

Cai. crocodilus (UAMZ unnumbered). Landmarks were placed on the internal aspects of the 

ribcage, and a geometric mesh was created to represent the thoracic volume. A wrap deformer 

was created such that the thoracic volume would change according to the ventilatory motions of 

the ribcages.  

Digital articulation — Three kinematic models with working unit as metre were created 

in Autodesk Maya 2022 to represent palaeognath bird (Palaeognath), crocodylian with m. 

diaphragmaticus (Crocodylian W), and crocodylian without m. diaphragmaticus (Crocodylian 

WOD), respectively. For all scenes, the last cervical vertebrae were positioned at the origin of the 

scenes, and the remaining skeletal elements were articulated digitally to represent the state of the 

ribcage at maximal expiration. A maximal gap of 1 cm was allowed between skeletal elements at 

the joint surface, to represent the space occupied by soft tissues. 

Joint coordinate systems (JCS) — JCS in this study refers to the joint systems used in 

Maya that express rotations in Euler angles around three perpendicular axes (i.e. x-axis, y-axis, 

and z-axis). Although the setup used in this study is not identical to the practices in XROMM 

(Brainerd et al. 2010; Gatesy et al. 2010; Brocklehurst et al. 2017; Brocklehurst et al. 2019), the 

orientations of JCS are comparable.  

Maya joints (Mjoints) were placed anterior to the centra near the centres of the articular 

facet to represent intervertebral joints; near the centres of parapophysis, diapophysis, capitulum 

and tuberculum to represent costal joints; and near the midpoints between articular facets of rib 
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segments to represent intracostal joints. A single Mjoint was placed near the centroid of the 

sternum in Su. camelus, and near the junction between prosternum and mesosternum.   

 Three types of JCS orientations were created to describe kinematics and compare 

descriptive capacities of different setups existed in the literature: (1) CBP (Caliper-Bucket-

Pump) setup (Fig. 1A) aligned the x-axis lateromedially to describe pump-handle motions, the y-

axis craniocaudally to describe caliper motions, and z-axis ventrodorsally to describe bucket-

handle motions; (2) AB (Anatomical Bone) setup (Fig. 1B) aligned JCS with the long axis of the 

bones such that x-axis describes the axial rotation, y-axis describes abduction/adduction, and z-

axis describes protraction/retraction; (3) AJ (Anatomical Joint) setup (Fig. 1C) aligned JCS with 

a vector between joint surfaces, and describe rotations similar to AB setup. Accordingly, motions 

described by the CBP setup are comparable to those for costal joints captured in Iguana iguana 

by Brainerd et al. (2015), AB setup is comparable to parapophysis-diapophysis JCS by 

Brocklehurst et al. (2019). The AB and AJ setups differ in that the AB setup accounted for the 

long axis of bones, whereas the AJ setup only considers the positions of articular facets. In 

crocodylian models, the protraction/retraction are comparable is not equivalent to 

elevations/depressions due to the orientations of the sternal ribs. However, protraction/retraction 

were used so that comparisons between rib segments and between models can use the same sets 

of terms. The rotation order for each joint was set to xyz with Script 7.1. 

 Estimation of plausible oROM — To simplify the models, ventilatory motions were 

expressed as oROM around axes of JCS, and translations were excluded except in the case of the 

sternum, which was allowed to translate cranially and dorsally. To estimate oROM, bones were 

manually rotated to expand the ribcage and find positions to represent states of the ribcages at 

maximal inspiration. For a given intervertebral, costal, and intracostal joint, bones were allowed 

to rotate close to collision without moving the sternal ribs from the sternum to a point that can be 

interpreted as disarticulation. All oROMs were scaled until changes in thoracic volume between 

maximal expiration and inspiration approximated the tidal volumes taken from the literature 

(Schmidt-Nielsen et al. 1969; Perry 1988) (Table 7.1). The scaled rotations accordingly represent 

the plausible oROM. The scaling process caused the last sternal rib to collide with the sternum in 
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Palaeognath model during the ventilatory motions, and oROM of the last sternal rib in 

Palaeognath model was manually adjusted to avoid collisions. 

 Three versions of ventilatory motions were created: (1) vertebra-rib-sternum (VRS) 

version represents ventilation with vertebrae, rib segments, and sternum; (2) rib-sternum (RS) 

represents ventilation with rib segments and sternum; and (3) rib (R) represents ventilation with 

only rib segments. For the CBP, AB, and AJ setups of each version of ventilation, both oROM 

and plausible oROM were recorded as animation keyframes. 

 To describe oROM and plausible oROM from maximal expiration to maximal inspiration 

in a ventilatory cycle, the ratio of duration of inspiration to expiration was set to 1:2 for 

Palaeognath model and 1:1 for crocodylian models, which are based on respiratory studies in 

neognath and crocodylians (Table S7.1). To test the potential impacts of different kinematic 

assumptions, rotations were prescribed both as linear angular motions and motions with a 

constant angular acceleration estimated from oROM and duration of ventilation (see 

Supplementary Information for detailed description). 

 Visualise — For Palaeognath model, Crocodylian W model, and Crocodylian WOD 

model, oROM and plausible oROM were tabulated into 36 tables. Comparisons and visualisation 

were performed using Script 7.2 in Rstudio 4.1.2 (RStudio Team 2020). 

 

7.3 Results 

  Following the rationales of terminologies used in Chapter 2 and Chapter 3, presacral 

vertebrae, cervical vertebrae, dorsal vertebrae are termed presacrals, cervicals, and dorsals, 

respectively. Anatomical joints are termed intervertebral joints between articulated presacrals, 

costal joints between articulated presacrals and vertebral rib. In Palaeognath model, intracostal 

joints refers to the antomical joints between articulated vertebral and sternal ribs. In the 

Crocodylian W and Crocodylian WOD models, intracostal joints were further categorised into 

dorsal intracostal joints between vertebral and intermediate ribs and ventral intracostal joints 



350 

 

between intermediate and sternal ribs. Anatomical joints are also referred to by the sequential 

number of the presacral regions (i.e. IV#, C#, DIR#, IR#, VIR#, and SR#) where necessary. 

 Ventilatory motions are described using the AB setups, as they closely resemble 

anatomical rotations of bones. Comparisons with the CBP and AJ setups following the 

description using the AB setups. 

7.3.1 Scaling of oROM 

To increase the thoracic volumes by the amount of tidal volume (approximately 10%) in 

Palaeognath model (Table 7.1), plausible oROM were 30%, 37%, and 39% of the estimated 

oROM for VRS, RS, and R versions, respectively. To increase the thoracic volume by 

approximately 6.7% in Crocodylian W model, plausible oROM in Crocodylian W model were 

4.5%, 5.3%, and 5.4% of the estimated oROM for VRS, RS, and R versions, respectively. By 

comparison, plausible oROM in Crocodylian WOD were 19%, 28%, and 37% of the estimated 

oROM for VRS, RS, and R versions, respectively. Before scalling for plausible oROM, the 

geometric plane representing m. diaphragmaticus in Crocodylian W model translate caudally for 

13 cm, and ventrally for 1.7 or 2.2 cm. After scaling for plausible oROM, m. diaphragmaticus 

only translates caudally for 7 mm and ventrally for 1 mm. The remaining portion of the result 

section focus on plausible oROM. 

7.3.2 Ventilatory motions in Palaeognath model 

 Ventilatory motions described using the AB setup — All intervertebral joints have less 

than two degrees of plausible oROM, and the greatest amounts of rotation occurred at IV25, 

followed by IV19 and IV20 (Fig. 2). The greater amounts of plausible oROM recovered at IV25 

may be unrealistic, as IV25 is attached to and therefore constrained by the pelvis which was not 

modelled in this study. By comparisons, plausible oROM are below one degree for intervertebral 

joitns from IV21 to IV24. Although signs of plausible oROM suggest that IV21 and IV24 flex 

and IV22 and IV23 extend toward maximal inspiration, the amounts the rotations are nearly 

negligible. The directions and amounts of rotations recovered from the intervertebral joints 

suggest ventilatory flexions of the dorsal vertebrae are achieved by flexions of the last cervicals 

while the dorsals remain relatively immobile. 
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 At costal joints between presacrals and vertebral ribs, the VRS version recovered 

plausible oROM approximately five degrees of axial rotation, abduction, and protraction at 

maximal inspiration, except for the first dorsal vertebral rib at the C21, the axial rotation of 

which is substantially lower (Fig. 3, A – C). Likewise, the RS version also recovered low amount 

of axial rotation at C21 at less than two degrees. However, the amounts of protraction at costal 

joints gradually decrease from C19 to C25 (Fig. 4 A – C). By comparison, axial rotation at C21 is 

not distinctly lower than those of adjacent costal joints. Like the RS version, the R version 

recovered smaller amounts of protraction at costal joints from the posterior portion of the 

ribcage, and at the last costal joint C25, the vertebral rib is almost never protracted for 

inspiration. The plausible oROM across costal joints suggested that caudally positioned vertebral 

ribs may be needed only when the bird ventilate with the vertebral column and/or the sternum. 

Across all sampled costal joints among the VRS, RS, and R versions, axial rotation and 

abduction have overall similar amounts of rotations, suggesting that they could be the primary 

contributors to the kinematics of inspiration in palaeognath birds. 

  At intracostal joints between vertebral ribs and sternal ribs, the VRS version recovered 

greatest amounts of axial rotation near the anteroposterior midpoint at IR23, and the axial 

rotation at IR21 and IR25 are nearly negligible (Fig. 6A). Unlike the costal joints described 

above, sternal ribs are adducted at least five degrees and are retracted for inspiration, and 

adduction of the anterior sternal ribs have greater amounts of rotations (Fig. 6B, 6C). The RS and 

R versions recovered axial rotation and adduction comparable to VRS version, except for IR24 

that has near zero axial rotation (Fig. 8A). In the RS and R versions, the posterior sternal ribs 

have lower amounts of adduction compared to their counterparts in the VRS motions. Although 

all sternal ribs are retracted for inspiration in the VRS version, protraction are recovered at IR23 

in the RS version, and from IR23 to IR25 in the R version. Accordingly, the discrepancies at 

intracostal joints from IR23 to IR25 may be related to the flexion of the presacrals. Except for 

axial rotation, the kinematics of intracostal joints are in opposite directions the those recovered 

from costal joints. This is likely related to translations of the intracostal joints driven by vertebral 

ribs and the needs of sternal ribs to remain articulated with the sternum. Accordingly, sternal ribs, 

compared to their vertebral counterparts, in palaeognath may not act to expand the thorax.  
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 Comparisons between three types of JCS setups — Of the costal joints, the AB setup 

recovered all ventilatory motions as positive rotations with overall similar amounts of rotations 

for inspirations. The AJ setup (Fig. 3, D – F, Fig. 4, D – F, Fig. 5, D – F) recovered results 

comparable to those from the AB setup only for abduction and protraction, whereas axial rotation 

recovered by the AJ setup are lower in magnitude, and show less consistency in terms of 

magnitude and sign of rotations among the VRS, RS, and R versions. For example, C23 and C24 

in the VRS version have axial rotation in opposite directions to the remaining costal joints, 

whereas C22, C23, and C24 in the RS version and C20, C23, and C24 in the R version rotate in 

opposite direction to the remaining costal joints. Caliper and bucket-handle motions of the CBP 

setup (Fig. 3, G – I, Fig. 4, G – I, Fig. 5, G – I) are comparable to the abduction and protraction 

in the AB setup both in terms of amounts of rotations and signs. The pump-handle motions in the 

CBP setup have higher amounts of rotations and display patterns that are not recovered in both 

the AB and AJ setup. Plausible oROM and oROM are similar in magnitudes for pump-handle 

motions of C25 in the VRS version, of C24 and C25 in the RS version, of costal joints from C22 

to C25 in the R version (Fig. 3G, Fig. 4G, Fig. 5G).  

 Of the intracostal joints, the AB setup recovered all axial rotation as positive rotations 

and all adduction as negative rotations. Retractions recovered by the AB setup have inconsistent 

signs at IR23, IR24, and IR25 between ventilatory motions. The AJ setup recovered similar axial 

rotation as the AB setup except for IR21 where the axial rotation are in opposite directions to 

other intracostal joints. All intracostal joints of the AJ setup but IR21 recovered adduction, 

although the plausible oROM is near negligible. Pump-handle and bucket-handle motions of the 

CBP setup are recovered with rotations in the same direction, whereas caliper motions recovered 

inconsistent patterns between ventilatory motions. JCS setups and ventilatory motions 

notwithstanding, pump-handle motions have the greatest amounts of rotations at intracostal 

joints.  

Accordingly, abduction/caliper motions and protraction/bucket-handle motions of the 

costal joints in palaeognath are comparable both in terms of sings and amounts of rotations 

among three JCS setups, and the lateral and anterior expansions of the thorax could seemingly be 

captured regardless of which of the three JCS is used. 
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7.3.2 ventilatory motions in crocodylian model  

 Ventilatory motions described using the AB setup — All intervertebral joints have less 

than one degree of plausible oROM (Fig. 9). The magnitude of rotations is overall low in both 

Crocodylian W and Crocodylian WOD models. According to the signs of rotations recovered 

from intervertebral joints, intervertebral joints from IV8 to IV12 (last two cervicals to first three 

dorsals) act to flex the dorsal vertebral column, whereas IV13 to IV18 act to extend the dorsal 

vertebral column. The last cervicals in Crocodylian W and Crocodylian WOD models do not 

have greater amounts of rotations compared to the intervertebral joints of the dorsals. This may 

be artifacts introduced in the process of digital articulation, as the last cervical in Crocodylian W 

and Crocodylian WOD models were oriented caudodorsally whereas the last cervical in 

Palaeognath model was oriented posteriorly. 

In Crocodylian W model, most costal and intracostal joints in recovered less than 

negligible amount (less than one degree) rotations regardless of JCS and version of ventilatory 

motions (Fig. 10, A – C, Fig. 11, A – C, Fig. 12, A – C), and exceptions such as axial rotation of 

C8 in the RS and R versions recovered ventilatory rotations only between one to two degrees.  

 In Crocodylian WOD model, influences of m. diaphragmaticus is absence, and patterns of 

ventilatory motions can be discerned. In the VRS version, protraction are overall recovered to 

have greatest amounts of rotations that peak at C11, C12, C13, which are dorsal costal joints 

from the anterior portion of the ribcage. Abductions of the costal joints are around one degree for 

all costal joints except C8 and C9, C12, and C13. At C8 and C9, adduction instead of abduction 

are recovered, and at C12 and C13, the amounts of abduction are distinctly smaller than adjacent 

costal joints. The parapophysis migrates onto the diapophysis/transverse process on the third 

dorsal that C12 is located. Changes in parapophyseal position likely influence the orientations of 

JCS in the AB setup, which may contribute to the small amounts of abduction recovered at C12 

and C13. VRS version recovered overall smaller amounts of axial rotation from costal joints of 

the anterior ribcage. At the costal joints of the first two dorsals (C10 and C11), axial rotation 

have opposite directions compared to the remaining costal joints. Compared to VRS version, the 

RS and R versions recovered similar amounts of protraction from all costal joints, and costal 

joints of the first four dorsals (C10 to C13) all recovered smaller amounts of abduction compared 
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to the remaining costal joints. All axial rotation recovered by RS version have the same sign, 

though the amounts of rotations are uneven as in the VRS version. The VRS version recovered 

greater amounts of protraction from cranial portion of the ribcage and greater amounts of 

abduction from caudal portion of the ribcage. Such craniocaudal difference suggests that the 

ribcage of crocodylians may be functionally segregated into two craniocaudal units, prioritising 

protraction and abduction, respectively. 

 Of the dorsal intracostal joints, VRS version recovered uneven amounts of ventilatory 

motions of all three JCS (Fig. 13, A – C, Fig. 14, A – C, Fig. 15, A – C). Only protraction are 

consistently recovered from all dorsal intracostal joints. By comparison, the first four dorsal 

intracostal joints (DIR10 – DIR13) recovered adduction instead o abduction. Unlike costal joints, 

abduction/adduction are recovered to have overall least amounts of rotations at dorsal intracostal 

joints in VRS version. RS and R versions overall recovered comparable amounts of rotations 

from all three JCS. However, DIR11 and DIR 12 recovered adduction as in VRS version.  

 Of the ventral intracostal joints (Fig. 16, A – C, Fig. 17, A – C, Fig. 18, A – C), VRS 

version recovered comparable amounts of retraction of all except VIR 16 which has substantially 

smaller amounts of retraction. By comparison, the VRS version recovered discernable amount of 

adduction only at ventral instracostal joints from the posterior portion of the ribcage. 

Constrasting the abduction recovered at the costal and dorsal intracostal joints from the caudal 

portion of the ribcage, the sternal ribs are adducted at the ventral intracostal joints, which likely 

act to keep rib segments connected to the sternum. The RS and R versions recovered similar 

patterns for adduction at ventral instracostal joints as in the VRS version. Although the RS 

version recovered retraction from all but the last ventral intracostal joints, R version does not 

recover retraction with a discernable pattern. Unlike palaeognath, the sternal ribs in crocodylians 

are oriented so that retraction at the ventral intracostal joints would depress the sternal ribs. 

Therefore, retraction of ventral intracostal joints recovered from the VRS and RS versions may 

expand the thorax dorsoventrally. However, sternum in the R version is immobile, and ventral 

intracostal joints could not be expected to show a distinct pattern for retraction. This would 

suggest that sternal movements may be needed for sternal ribs to contribute to inspiration. The 

consistent adduction of sternal ribs along with the potential to expand the ribcage in tandem with 
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sternal movements indicate that sternal ribs may act both to increase the thoracic volume, and to 

keep rib segments connected to the sternum. 

Comparisons between three types of JCS setups — Of the costal joints, the AB setup 

consistently abduction and protraction from costal joints of dorsals (Fig. 10 A – C, Fig. 11 A – C, 

Fig. 12 A – C). Although the AJ setup could not recover consistent patterns for abduction and 

protraction, the axial rotation the AJ setup (Fig. 10B, Fig. 11B, Fig. 12B) recovered from all 

costal joints have the same sign representing the directions of axial rotation. CBP setup 

recovered consistent patterns for pump-handle and caliper motions for costal joints of all dorsals 

(Fig. 10G, 10H, Fig. 11G, 11H, Fig. 12G, 12H), and caliper motions and abduction recovered by 

the CBP and the AB setups have comparable amounts of rotations, although in opposite 

directions of rotations. Unlike the Palaeognath model, plausible oROM of pump-handle motions 

recovered by the CBP setup is substantially smaller than the oROM, and pump-handle motions 

does not exceed axial rotation recovered by the AB and AJ setups.  

Of the dorsal intracostal joints, consistent pattern shared by at least two types of JCS is 

seemingly absent. However, signs and by extension, the directions of joint orientation can still be 

compared between the AB and AJ setups. The AB setup recovered protraction from most dorsal 

intracostal joints (Fig. 13A, 13B, Fig. 14A, 14B, Fig. 15A, 15B) whereas the AJ setups recovered 

retraction from most dorsal intracostal joints with the amounts of rotations comparable to those 

recovered by the AB setup (Fig. 13D, 13E, Fig. 14D, 14E, Fig. 15D, 15E). Similar contrast in 

terms of signs can be seen from comparisons of abduction/adduction recovered by the AB and AJ 

setups. Of the ventral intracostal joints, consistent pattern shared by all three JCS is seemingly 

absent. 

Accordingly, abduction/caliper motions are comparable in terms of amounts of rotations 

for costal joints between the AB and CBP setups. The lateral expansions of the dorsal thorax 

could seemingly be captured by either the AB or CBP setups. 
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7.3.3 ventilatory motions between two kinematic assumptions  

With an assumed constant angular acceleration, ventilatory motions of Mjoints and by 

extension motions of anatomical joints in ways comparable to bell curves (Fig. 19, Fig. 20). By 

comparison, describing the ventilatory motions in as linear motions recover motions as straight 

lines from zero at maximal expiration to plausible oROM at maximal inspiration. For 

comparisons among rotations around JCS (e.g. axial rotation vs abduction), using an assumed 

angular acceleration recovered similar pattern as describing the rotations as linear motions.  

 

7.4 Discussion 

7.4.1 Comparisons with in vivo observations 

 Lateral expansions of the thorax in relatively uniform fashion and caudal motions of 

sternal ribs have been observed in palaeognath birds (Claessens 2009b). Caudal motions of the 

sternal ribs are likely represented by the retraction recovered at the intracostal joints in our 

Palaeognath model. As for lateral expansions of the thorax, Claessens (2009b) observed that the 

lateral expansion is greatest on the cranial aspects of the thorax. The Palaeognath model 

presented in this study recovered abduction at costal joints and adduction at intracostal joints. 

Accordingly, lateral expansions of palaeognath thorax are likely contributed mostly by abduction 

at costal joints. Unlike observations made by Claessens (2009b), abduction and the comparable 

caliper motions have similar plausible oROM across all costal joints of dorsals in the 

Palaeognath model (Fig. 3B, 3E, 3H, Fig. 4B, 4E, 4H, Fig. 5B, 5E, 5H). Two possible factors 

may contribute to the discrepancies between plausible oROM estimated in this study and those 

observed by Claessens (2009b). Firstly, ventilation in palaeognath birds is observed when the 

birds are walking or running in Claessens (2009b), whereas the tidal volume used to estimate 

plausible oROM is taken from resting individuals of Su. camelus under normal condition 

(Schmidt-Nielsen et al. 1969). Palaeognath birds with physiological demands from locomotion 

likely require more oxygen (Powell 2015), which would conceivably be archived by further 

expanding the thorax beyond the plausible oROM at rest. Secondly, skeletal muscles of the 

thorax have different volume (George and Berger 1966; Baumel et al. 1993) (see Chapter 6), and 

muscles that have been identified as inspiratory muscles such as m. levator costarum and mm. 
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intercostales externi have greater volumes on the anterior portion of thorax. The greater volume 

of skeletal muscles likely has higher physiological cross-section area which is related to the 

maximal muscle forces plausible for the muscle (Neumann 2017). With the increased muscle 

volume and maximal muscle forces, inspiratory muscles of the cranial thorax may contribute 

more muscle work in expanding the thorax compared to the inspiratory muscles of caudal thorax, 

which may contribute to the greater amount of expansion estimated from the cranial thorax. 

Although the discrepancies between the plausible oROM presented in this study and the 

ventilatory motions observed by Claessens (2009b) does not negate the viability of using tidal 

volumes to estimate plausible oROM during ventilation. We will need to test the effects of 

estimating oROM using tidal volumes from a wide range of activities, to reliably construe a 

general pattern in ventilatory oROM. 

 Compared to the observations made in a cineradiographic study on the American alligator 

Alligator mississippiensis (Claessens 2009a), m. diaphragmaticus in the Crocodylian W model 

presented in this study only translated slightly caudally and ventrally, which is smaller than the 

minimal 1.4 length of presacrals estimated by Claessens (2009a), and is much smaller than the 

cineradiographic records (supplementary video S2) created by Claessens (2009a). Claessens 

(2009a) estimated 0.8 the length presacrals as the minimal translations of m. diaphragmaticus, 

which is likely still higher than the 7 mm recovered from the estimation of plausible oROM 

using Crocodylian W model. The representation of m. diaphragmaticus in the Crocodylian W 

model was a concave plane and may not accurately capture the morphology of the in vivo m. 

diaphragmaticus, which along with the possible errors introduced from using deformers as a 

method to scale tidal volumes may account for the discrepancies between the plausible oROM of 

m. diaphragmaticus estimated using Crocodylian W model and those observed by Claessens 

(2009a).  

 Cranial motions have been reported as the primary ventilatory motions of vertebral ribs 

from the cranial portion of the ribcage, and lateral expansions of the thorax occurs more 

obviously on the vertebral ribs positioned further caudally (Claessens 2009a). For all three 

version of ventilatory motions in Crocodylian WOD model, protraction are recovered with 

greatest amounts of rotations, and abduction have greater amounts of rotations at costal joints 
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from the caudal portions of the ribcage (Fig. 10B, 10C, Fig. 11B, 11C, Fig. 12B, 12C). 

Accordingly, plausible oROM estimated from Crocodylian WOD model matches the qualitative 

descriptions in some in vivo observations. As anatomical landmarks other than joints (e.g. distal 

ends of intermediate ribs) are sometimes used to described kinematics (Baumel et al. 1990; 

Claessens 2009a), ventilatory motions of the skeleton would need to be compare in details with 

additional landmarks.  

Ventilatory motions of anatomical joints of the ribcage have been measured in at least Al. 

mississippiensis and Me. gallopavo (Brocklehurst et al. 2017; Brocklehurst et al. 2019), in which 

the kinematics of a given ventilatory cycle resemble the bell curves ventilatory motions with an 

assumed constant angular accelerations presented in this study (Fig. 19, Fig. 20). Accordingly, 

assuming a constant angular acceleration may describe the ventilatory motions in a more realistic 

manner.  

As the JCS setups in this study share similar rationale as those recorded by Brocklehurst 

et al. (2017) and Brocklehurst et al. (2019), the plausible oROM estimated in this study could be 

quantitatively compared with the in vivo measurements. In Me. gallopavo, the ventilatory 

motions as measured by pump-handle, caliper, and bucket-handle motions are of similar 

magnitudes below one degree of rotation (Brocklehurst et al. 2019). In our Palaeognath model 

however, pump-handle motions have recovered greater amounts of rotations than caliper and 

bucket-handle motions, and all plausible oROM are greater than one degree. In Al. 

mississippiensis examined by Brocklehurst et al. (2017), however, pump-handle, caliper, and 

bucket handle motions are comparable and at some joints (e.g. (Costovertebral joint 4 in 

Brocklehurst et al. 2017)) have greater amounts of rotations than the plausible oROM estimated 

in Crocodylian W and Crocodylian WOD models presented in this study. The causes of 

quantitative discrepancies could not be inferred confidently.  
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7.4.2 Implications for understanding transitions in the evolution of archosaur 

ventilation 

Birds and crocodylians use costal ventilation to generate airflow through the respiratory 

organs for gas exchange (Brainerd and Owerkowicz 2006; Perry et al. 2019), which is achieved 

by motions of the vertebrae, rib segments, and sternum (Claessens 2009b; Claessens 2009a; 

Brocklehurst et al. 2017; Brocklehurst et al. 2019). 

A great number of anatomical features can be extracted from ribcages of birds and 

crocodylians. As a whole, birds such as Su. camelus have deep and narrow ribcages whereas 

crocodylians have wide and shallow ribcages (Cong et al. 1988; Baumel et al. 1993; Claessens 

2015). Along the vertebral column, the parapophysis drifts dorsally and migrates onto the 

diapophysis/transverse process in crocodylians, which has been used to infer the pulmonary 

morphology and ventilatory mechanics (Schachner et al. 2009; Brocklehurst et al. 2018; 

Brocklehurst et al. 2019). Birds, crocodylians, and presumably most extinct archosaurs carry 

uncinate processes (Cong et al. 1988; Codd et al. 2008; Codd 2010; Boyd et al. 2011) (see 

Chapter 3 and 4), which theoretically improve archosaur’s ability to ventilate (Zimmer 1935; 

Tickle et al. 2007). However, which one(s) of the ventilatory motions that uncinate processes 

enhance muscles to perform remains unclear.  

In Palaeognath model presented in this study, all ventilatory motions have comparable 

plausible oROM, whereas protraction in Crocodylian W and Crocodylian WOD models have the 

greatest plausible oROM. If morphological features of the ribcages can be correlated with the 

types of ventilatory motions they prioritise, abduction and protraction may be prioritised in 

archosaurs with an avian-like and crocodylian-like ribcages, respectively. However, caution may 

be warranted when attempting to establish such correlation. Firstly, compliance and material 

properties of the respiratory organs (Scheid and Piiper 1969; Perry 1988; Maina 2007; Farmer 

2017) may have a greater bearing on how the ribcage would be expanded. Furthermore, 

discrepancies between plausible oROM estimated in this study and the in vivo observations are 

not fully resolved, and patterns observed from kinematic models in this study warrant further 

examinations and validations, using tidal volumes under various biological conditions (e.g. 

during locomotion, recovery after exercise). Challenges in research notwithstanding, well-
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preserved ribcages are found in exquisitely preserved fossil archosaurs (Xu et al. 2015; Currie et 

al. 2016). and plausible oROM could be estimated in fossil taxa following the rationale of extant 

phylogenetic bracket (Witmer 1995), especially in pennaraptorans with ossified sternum. 

Plausible oROM may then be compared in both extant and fossil archosaurs, for insights into 

evolutionary transitions of ventilatory mechanics at key moment of archosaurian history.   
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Tables 

Table 7. 1. Scaling factors used to estimate plausible oROM 

scaling 

percentage 

Crocodylian W model 
 

max_ex 

(m3) 

max_in 

(m3) 

volume 

difference (m3) 

delta/ex 

(%) 

delta/in 

(%) 

MT 

5.4% 0.0012 0.0012 0.0001 6.6028 6.1938 r 

5.3% 0.0012 0.0012 0.0001 6.6495 6.2349 rs 

4.5% 0.0012 0.0012 0.0001 6.5797 6.1735 vrs 

scaling 

percentage 

Crocodylian WOD model 
 

max_ex 

(m3) 

max_in 

(m3) 

volume 

difference (m3) 

delta/ex 

(%) 

delta/in (%) 

37.0% 0.0034 0.0037 0.0002 6.6546 6.2394 r 

28.0% 0.0034 0.0037 0.0002 6.6098 6.2000 rs 

19.0% 0.0034 0.0037 0.0002 6.5927 6.1850 vrs 

scaling 

percentage 

Palaeognath model 
 

max_ex 

(m3) 

max_in 

(m3) 

volume 

difference (m3) 

delta/ex 

(%) 

delta/in (%) 

39% 0.0785 0.0870 0.0085 10.7866 9.7364 r 

version 

37% 0.0785 0.0871 0.0085 10.8781 9.8109 rs 

version 

30% 0.0785 0.0871 0.0086 10.9872 9.8995 vrs 

version 

Abbreviations: r, rib only; rs, rib-sternum; vrs, vertebra-rib-sternum. 
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Figures 

Figure 7.1. Axes of three types of joint coordinate system (JCS). 

Line drawings of vertebra, vertebral rib, and sternal rib of Struthio camelus (UAMZ 7159) 

illustrating the axes of CBP setup (A) of the JCS in this study; line drawing of vertebra, vertebral 

rib, and sternal rib of Struthio camelus (UAMZ 7159) illustrating the axes of AB setup (B) of the 

JCS in this study; and line drawings of vertebra, vertebral rib, and sternal rib of Struthio camelus 

(UAMZ 7159) illustrating the axes of AJ setup (C) of the JCS in this study. Scale bars equal 1 

cm. red arrows represent pump-handle motions and axial rotation; green arrows represent caliper 

motions and abduction/adduction; and blue arrows represent bucket-handle motions and 

protraction/retraction. Directions of arrows indicate directions of positive rotations. 
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Figure 7.2. oROM and plausible oROM of intervertebral joints in Palaeognath model. 

Bar graph of oROM and plausible oROM of intervertebral joints estimated using tidal volume. 

Orange at high and low opacity represent plausible oROM and oROM. 
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Figure 7.3. oROM and plausible oROM of costal joints in VRS version of ventilatory motions in 

Palaeognath model. 

Bar graph of oROM and plausible oROM estimated from tidal volume in Palaeognath model. 

Axial rotations (A), abduction (B), and protraction (C) using AB setup; axial rotation (D), 

abduction (E), and protraction (F) using AJ setup; and pump-handle motions (G), caliper motions 

(H), and bucket-handle motions (I) using CBP setup. Orange at high and low opacity refer to 

plausible oROM and oROM using AB setups; Yellow at high and low opacity refer to plausible 

oROM and oROM using AJ setup; navy blue at high and low opacity refer to plausible oROM 

and oROM using CBP setups.    
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Figure 7.4. oROM and plausible oROM of costal joints in RS version of ventilatory motions in 

Palaeognath model. 

Bar graph of oROM and plausible oROM estimated from tidal volume in Palaeognath model. 

Axial rotations (A), abduction (B), and protraction (C) using AB setup; axial rotation (D), 

abduction (E), and protraction (F) using AJ setup; and pump-handle motions (G), caliper motions 

(H), and bucket-handle motions (I) using CBP setup. Orange at high and low opacity refer to 

plausible oROM and oROM using AB setups; Yellow at high and low opacity refer to plausible 

oROM and oROM using AJ setup; navy blue at high and low opacity refer to plausible oROM 

and oROM using CBP setups.    
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Figure 7.5. oROM and plausible oROM of costal joints in R version of ventilatory motions in 

Palaeognath model. 

Bar graph of oROM and plausible oROM estimated from tidal volume in Palaeognath model. 

Axial rotations (A), abduction (B), and protraction (C) using AB setup; axial rotation (D), 

abduction (E), and protraction (F) using AJ setup; and pump-handle motions (G), caliper motions 

(H), and bucket-handle motions (I) using CBP setup. Orange at high and low opacity refer to 

plausible oROM and oROM using AB setups; Yellow at high and low opacity refer to plausible 

oROM and oROM using AJ setup; navy blue at high and low opacity refer to plausible oROM 

and oROM using CBP setups.    
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Figure 7.6. oROM and plausible oROM of intracostal joints in VRS version of ventilatory 

motions in Palaeognath model. 

Bar graph of oROM and plausible oROM estimated from tidal volume in Palaeognath model. 

Axial rotations (A), abduction (B), and protraction (C) using AB setup; axial rotation (D), 

abduction (E), and protraction (F) using AJ setup; and pump-handle motions (G), caliper motions 

(H), and bucket-handle motions (I) using CBP setup. Orange at high and low opacity refer to 

plausible oROM and oROM using AB setups; Yellow at high and low opacity refer to plausible 

oROM and oROM using AJ setup; navy blue at high and low opacity refer to plausible oROM 

and oROM using CBP setups.    

  



373 

 

 

 



374 

 

Figure 7.7. oROM and plausible oROM of intracostal joints in RS version of ventilatory motions 

in Palaeognath model. 

Bar graph of oROM and plausible oROM estimated from tidal volume in Palaeognath model. 

Axial rotations (A), abduction (B), and protraction (C) using AB setup; axial rotation (D), 

abduction (E), and protraction (F) using AJ setup; and pump-handle motions (G), caliper motions 

(H), and bucket-handle motions (I) using CBP setup. Orange at high and low opacity refer to 

plausible oROM and oROM using AB setups; Yellow at high and low opacity refer to plausible 

oROM and oROM using AJ setup; navy blue at high and low opacity refer to plausible oROM 

and oROM using CBP setups.    
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Figure 7.8. oROM and plausible oROM of intracostal joints in R version of ventilatory motions 

in Palaeognath model. 

Bar graph of oROM and plausible oROM estimated from tidal volume in Palaeognath model. 

Axial rotations (A), abduction (B), and protraction (C) using AB setup; axial rotation (D), 

abduction (E), and protraction (F) using AJ setup; and pump-handle motions (G), caliper motions 

(H), and bucket-handle motions (I) using CBP setup. Orange at high and low opacity refer to 

plausible oROM and oROM using AB setups; Yellow at high and low opacity refer to plausible 

oROM and oROM using AJ setup; navy blue at high and low opacity refer to plausible oROM 

and oROM using CBP setups.    
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Figure 7.9. oROM and plausible oROM of intervertebral joints in VRS version of ventilatory 

motions in Crocodylian W and Crocodylian WOD model. 

Bar graph of oROM and plausible oROM estimated from tidal volume in Crocodylian W and 

Crocodylian WOD models. Orange at high, medium, and low opacity refer to plausible oROM in 

Crocodylian W model, Crocodylian WOD mode, and oROM, respectively.    
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Figure 7.10. oROM and plausible oROM of costal joints in VRS version of ventilatory motions 

in Crocodylian W and Crocodylian WOD models. 

Bar graph of oROM and plausible oROM estimated from tidal volume in Palaeognath model. 

Axial rotations (A), abduction (B), and protraction (C) using AB setup; axial rotation (D), 

abduction (E), and protraction (F) using AJ setup; and pump-handle motions (G), caliper motions 

(H), and bucket-handle motions (I) using CBP setup. Orange at high, medium, and low opacity 

refer to plausible oROM in Crocodylian W model, plausible oROM in Crocodylian WOD model, 

and oROM using AB setups; Yellow at high, medium, and low opacity refer to Crocodylian W 

model, plausible oROM in Crocodylian WOD model, and oROM using AJ setup; navy blue at 

high, medium, and low opacity refer to Crocodylian W model, plausible oROM in Crocodylian 

WOD model, and oROM using CBP setups.    
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Figure 7.11. oROM and plausible oROM of costal joints in RS version of ventilatory motions in 

Crocodylian W and Crocodylian WOD models. 

Bar graph of oROM and plausible oROM estimated from tidal volume in Palaeognath model. 

Axial rotations (A), abduction (B), and protraction (C) using AB setup; axial rotation (D), 

abduction (E), and protraction (F) using AJ setup; and pump-handle motions (G), caliper motions 

(H), and bucket-handle motions (I) using CBP setup. Orange at high, medium, and low opacity 

refer to plausible oROM in Crocodylian W model, plausible oROM in Crocodylian WOD model, 

and oROM using AB setups; Yellow at high, medium, and low opacity refer to Crocodylian W 

model, plausible oROM in Crocodylian WOD model, and oROM using AJ setup; navy blue at 

high, medium, and low opacity refer to Crocodylian W model, plausible oROM in Crocodylian 

WOD model, and oROM using CBP setups.    
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Figure 7.12. oROM and plausible oROM of costal joints in R version of ventilatory motions in 

Crocodylian W and Crocodylian WOD models. 

Bar graph of oROM and plausible oROM estimated from tidal volume in Palaeognath model. 

Axial rotations (A), abduction (B), and protraction (C) using AB setup; axial rotation (D), 

abduction (E), and protraction (F) using AJ setup; and pump-handle motions (G), caliper motions 

(H), and bucket-handle motions (I) using CBP setup. Orange at high, medium, and low opacity 

refer to plausible oROM in Crocodylian W model, plausible oROM in Crocodylian WOD model, 

and oROM using AB setups; Yellow at high, medium, and low opacity refer to Crocodylian W 

model, plausible oROM in Crocodylian WOD model, and oROM using AJ setup; navy blue at 

high, medium, and low opacity refer to Crocodylian W model, plausible oROM in Crocodylian 

WOD model, and oROM using CBP setups.    

  



385 

 

 

  



386 

 

Figure 7.13. oROM and plausible oROM of dorsal intracostal joints in VRS version of 

ventilatory motions in Crocodylian W and Crocodylian WOD models. 

Bar graph of oROM and plausible oROM estimated from tidal volume in Palaeognath model. 

Axial rotations (A), abduction (B), and protraction (C) using AB setup; axial rotation (D), 

abduction (E), and protraction (F) using AJ setup; and pump-handle motions (G), caliper motions 

(H), and bucket-handle motions (I) using CBP setup. Orange at high, medium, and low opacity 

refer to plausible oROM in Crocodylian W model, plausible oROM in Crocodylian WOD model, 

and oROM using AB setups; Yellow at high, medium, and low opacity refer to Crocodylian W 

model, plausible oROM in Crocodylian WOD model, and oROM using AJ setup; navy blue at 

high, medium, and low opacity refer to Crocodylian W model, plausible oROM in Crocodylian 

WOD model, and oROM using CBP setups.    
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Figure 7.14. oROM and plausible oROM of dorsal intracostal joints in RS version of ventilatory 

motions in Crocodylian W and Crocodylian WOD models. 

Bar graph of oROM and plausible oROM estimated from tidal volume in Palaeognath model. 

Axial rotations (A), abduction (B), and protraction (C) using AB setup; axial rotation (D), 

abduction (E), and protraction (F) using AJ setup; and pump-handle motions (G), caliper motions 

(H), and bucket-handle motions (I) using CBP setup. Orange at high, medium, and low opacity 

refer to plausible oROM in Crocodylian W model, plausible oROM in Crocodylian WOD model, 

and oROM using AB setups; Yellow at high, medium, and low opacity refer to Crocodylian W 

model, plausible oROM in Crocodylian WOD model, and oROM using AJ setup; navy blue at 

high, medium, and low opacity refer to Crocodylian W model, plausible oROM in Crocodylian 

WOD model, and oROM using CBP setups.    
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Figure 7.15. oROM and plausible oROM of dorsal intracostal joints in R version of ventilatory 

motions in Crocodylian W and Crocodylian WOD models. 

Bar graph of oROM and plausible oROM estimated from tidal volume in Palaeognath model. 

Axial rotations (A), abduction (B), and protraction (C) using AB setup; axial rotation (D), 

abduction (E), and protraction (F) using AJ setup; and pump-handle motions (G), caliper motions 

(H), and bucket-handle motions (I) using CBP setup. Orange at high, medium, and low opacity 

refer to plausible oROM in Crocodylian W model, plausible oROM in Crocodylian WOD model, 

and oROM using AB setups; Yellow at high, medium, and low opacity refer to Crocodylian W 

model, plausible oROM in Crocodylian WOD model, and oROM using AJ setup; navy blue at 

high, medium, and low opacity refer to Crocodylian W model, plausible oROM in Crocodylian 

WOD model, and oROM using CBP setups.    
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Figure 7.16. oROM and plausible oROM of ventral intracostal joints in VRS version of 

ventilatory motions in Crocodylian W and Crocodylian WOD models. 

Bar graph of oROM and plausible oROM estimated from tidal volume in Palaeognath model. 

Axial rotations (A), abduction (B), and protraction (C) using AB setup; axial rotation (D), 

abduction (E), and protraction (F) using AJ setup; and pump-handle motions (G), caliper motions 

(H), and bucket-handle motions (I) using CBP setup. Orange at high, medium, and low opacity 

refer to plausible oROM in Crocodylian W model, plausible oROM in Crocodylian WOD model, 

and oROM using AB setups; Yellow at high, medium, and low opacity refer to Crocodylian W 

model, plausible oROM in Crocodylian WOD model, and oROM using AJ setup; navy blue at 

high, medium, and low opacity refer to Crocodylian W model, plausible oROM in Crocodylian 

WOD model, and oROM using CBP setups.    
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Figure 7.17. oROM and plausible oROM of ventral intracostal joints in RS version of ventilatory 

motions in Crocodylian W and Crocodylian WOD models. 

Bar graph of oROM and plausible oROM estimated from tidal volume in Palaeognath model. 

Axial rotations (A), abduction (B), and protraction (C) using AB setup; axial rotation (D), 

abduction (E), and protraction (F) using AJ setup; and pump-handle motions (G), caliper motions 

(H), and bucket-handle motions (I) using CBP setup. Orange at high, medium, and low opacity 

refer to plausible oROM in Crocodylian W model, plausible oROM in Crocodylian WOD model, 

and oROM using AB setups; Yellow at high, medium, and low opacity refer to Crocodylian W 

model, plausible oROM in Crocodylian WOD model, and oROM using AJ setup; navy blue at 

high, medium, and low opacity refer to Crocodylian W model, plausible oROM in Crocodylian 

WOD model, and oROM using CBP setups.    
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Figure 7.18. oROM and plausible oROM of ventral intracostal joints in R version of ventilatory 

motions in Crocodylian W and Crocodylian WOD models. 

Bar graph of oROM and plausible oROM estimated from tidal volume in Palaeognath model. 

Axial rotations (A), abduction (B), and protraction (C) using AB setup; axial rotation (D), 

abduction (E), and protraction (F) using AJ setup; and pump-handle motions (G), caliper motions 

(H), and bucket-handle motions (I) using CBP setup. Orange at high, medium, and low opacity 

refer to plausible oROM in Crocodylian W model, plausible oROM in Crocodylian WOD model, 

and oROM using AB setups; Yellow at high, medium, and low opacity refer to Crocodylian W 

model, plausible oROM in Crocodylian WOD model, and oROM using AJ setup; navy blue at 

high, medium, and low opacity refer to Crocodylian W model, plausible oROM in Crocodylian 

WOD model, and oROM using CBP setups.    
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Figure 7.19. Ventilatory motions plots, oROM, and plausible oROM of R version ventilatory 

motions at costal joint C23 in Palaeognath model. 

Line plot of axial rotation/pump-handle motions based on oROM plotted against percentage of a 

ventilatory cycle (A); line plot of abduction/caliper motions based on oROM plotted against 

percentage of a ventilatory cycle (B); line plot of protraction/bucket-handle motions based on 

oROM plotted against percentage of a ventilatory cycle (C); line plot of axial rotation/pump-

handle motions based on plausible oROM plotted against percentage of a ventilatory cycle (D); 

line plot of abduction/caliper motions based on plausible oROM plotted against percentage of a 

ventilatory cycle (E); line plot of protraction/bucket-handle motions based on plausible oROM 

plotted against percentage of a ventilatory cycle (F); bar graph of oROM and plausible oROM 

representing axial rotation/pump-handle motions at C23 (G); bar graph of oROM and plausible 

oROM representing abduction/caliper motions at C23 (H); bar graph of oROM and plausible 

oROM representing protraction/bucket-handle motions at C23 (I). solid lines represent motions 

described as linear angular motions, and dotted dash lines represent motions described with an 

assumed angular accelerations. Orange at high and low opacity represents plausible oROM and 

oROM using AB setup; yellow at high and low opacity represents plausible oROM and oROM 

using AJ setup; navy blue at high and low opacity represents plausible oROM and oROM using 

CBP setup. Abbreviations: AB, anatomical bone; AJ, anatomical joint; CBP, caliper, bucket-

handle, pump-handle; JCS, joint coordinate system. 
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Figure 7.20. Ventilatory motions plots, oROM, and plausible oROM of VRS version ventilatory 

motions at costal joint C11 in Crocodylian W and Crocodylian WOD model. 

Line plot of axial rotation/pump-handle motions based on oROM plotted against percentage of a 

ventilatory cycle (A); line plot of abduction/caliper motions based on oROM plotted against 

percentage of a ventilatory cycle (B); line plot of protraction/bucket-handle motions based on 

oROM plotted against percentage of a ventilatory cycle (C); line plot of axial rotation/pump-

handle motions based on plausible oROM plotted against percentage of a ventilatory cycle (D); 

line plot of abduction/caliper motions based on plausible oROM plotted against percentage of a 

ventilatory cycle (E); line plot of protraction/bucket-handle motions based on plausible oROM 

plotted against percentage of a ventilatory cycle (F); bar graph of oROM and plausible oROM 

representing axial rotation/pump-handle motions at C23 (G); bar graph of oROM and plausible 

oROM representing abduction/caliper motions at C23 (H); bar graph of oROM and plausible 

oROM representing protraction/bucket-handle motions at C23 (I). solid lines represent motions 

described as linear angular motions, and dotted dash lines represent motions described with an 

assumed angular acceleration. Orange at high, medium, and low opacity refer to plausible oROM 

in Crocodylian W model, plausible oROM in Crocodylian WOD model, and oROM using AB 

setups; Yellow at high, medium, and low opacity refer to Crocodylian W model, plausible oROM 

in Crocodylian WOD model, and oROM using AJ setup; navy blue at high, medium, and low 

opacity refer to Crocodylian W model, plausible oROM in Crocodylian WOD model, and oROM 

using CBP setups. Abbreviations: AB, anatomical bone; AJ, anatomical joint; CBP, caliper, 

bucket-handle, pump-handle; JCS, joint coordinate system. 
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7.6 Supplementary Information 

7.6.1 Detailed description of the procedure used to construct kinematic models in 

this study 

 In this section, individual presacral and presacral ribs is referred by the sequential number 

of the respective regions (i.e. P#, C#, D#, PR#, IR#, SR#) where necessary. 

Sampling for digitalisation — For the palaeognath model, 20 elements were sampled 

from Struthio camelus (UAMZ 7159), including seven vertebrae from P19 to P25, left PR19 to 

PR25, five left SR21 to SR25, and the sternum. For both crocodylian with m. diaphragmaticus 

(crocodylian W) and crocodylian without m. diaphragmaticus (crocodylian WOD), 33 elements 

were sampled from Caiman crocodilus (UAMZ unnumbered), including 12 vertebrae from P8 to 

P19, left PR9 to PR18, left IR10 to IR16, and left SR10 to SR15.  

 Meshing — the sampled elements were scanned over several sessions using a light 

reflected scanner (Polyga Carbon series) controlled by the program FlexScan 3D housed in the 

Sullivan Lab at the University of Alberta. Scanner was calibrated using 10mm calibration board, 

and the spatial coverage of each scanning sessions was at least 85%. For clean up in FlexScan 

3D, erosion of the edges of holes were performed once or twice followed by one to two iterations 

of smoothing for each scanned bone.  

Some areas of the sampled bones were not completely captured by the scanner: (1) 

internal surfaces of the neural canals of all sampled vertebrae, as they are underexposed and 

filtered out by the scanner; (2) anterior and posterior rugose surface of the neural spines near 

their proximal ends in Su. camelus (UAMZ 7159), as the rugose textures created many noisy 

polygons when captured by the scanner; (3) distal articular facet of PR13 and PR18, articular 

facet of capitulum of PR15, and articular facet of tuberculum of PR14 in Cai. crocodilus (UAMZ 

unnumbered), as remnants of soft tissues were present at the time of scanning; (4) proximal end 

of IR11 as it was damaged during dissection performed in Chapter 6.  

Meshes of ribcages were exported from FlexScan 3D as .obj files, and were refined in 

ZBrush 2018. For each mesh, the .obj file was imported in ZBrush as tool, Dyna mesh was 
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performed once to fill holes with blur set to zero, resolution of mesh set to 1024. The mesh was 

decimated using decimation master in ZBrush, the levels of decimation were set differently for 

individual mesh, such that the key morphological features such as outline of the articular facets 

were preserved. Masking key area before decimation can limit the amount of anatomical features 

lost in the process of decimation. However, the unmasked portion would lose more anatomical 

features, and masking was therefore not used in this study. With target polygon count set to 100, 

ZRemesher was then used to change the mesh from being composed of triangular geometry to 

evenly distributed quadrangulate geometry. Of the sampled meshes, Dyna mesh and ZRemesher 

were used twice for PR10 of Cai. crocodilus (UAMZ unnumbered), to fill all holes. Then, 

meshes were exported as .obj files. 

As left SR16, the cartilaginous uncinate processes and the sternum in Cai. crocodilus 

(UAMZ unnumbered) were not preserved, a simple rod was created using geometric primitive in 

Maya to represent SR16; five compressed cubes were created from using primitive geometric in 

Maya to represent the cartilaginous uncinate processes; a low poly mesh was created using 

reference images of crocodylian sternum from the literature to represent the cartilaginous 

sternum (Cong et al. 1988; Baier and Gatesy 2013). The scales of these interpreted meshes were 

adjusted such that they approximate the approximate size of the sternum in Cai. crocodilus 

(UAMZ unnumberd). 

Three scenes were created in Autodesk Maya 2022 with working unit set to metre for 

palaeognath, crocodylian W, crocodylian WOD kinematic models, and ribcage meshes were 

imported as bone meshes (Bmesh) for digital articulation. 

Digital articulation — For all kinematic models, Bmesh of the last cervical vertebra 

(P19 and P8) was positioning such that the cranial side of the vertebra was aligned with the Z-

axis of the world, and the dorsal side of the vertebra was aligned with the Y-axis of the world. 

The remaining vertebra, rib segments, and sternum were positioned such that the ribcage 

represent maximal expiration. Using operations such as centre pivots and freeze transformation 

may facilitate the process of digital articulation. A maximal gap of 1 cm was allowed between 

articular facets of Bmesh, which were estimated using the distance tool in Maya (Bonus tool add-
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on in Maya can perform similar functions). Variations are likely present between trials of using 

distance tool, as placement of the locators could not guaranteed to be the same. All Bmeshes of 

the left side were mirrored to the right side. After all Bmeshes were digitally articulated, free 

transformation was performed to set the translation and rotation values at zero. History of each 

mesh was deleted to avoid complications in Bmesh attribute. 

Creating thoracic volume and m. diaphragmaticus — A incline plane was created 

from geometric primitive in Maya to represent m. diaphragmaticus (Dmesh), which was then 

scaled and placed at the position representing maximal expiration according to anatomical 

landmarks from the literature (Claessens 2009a). 

Landmarks were placed on the ventral aspects of the vertebrae, medial aspects of the left 

rib segments, and dorsal aspects of the sternum. A low poly mesh was then created based on the 

landmarks using create polygon tool. Vertices of the low poly mesh were moved manually to 

limit the amount of overlapping with Bmeshes of the ribcage. The low poly mesh was then 

mirrored into a closed mesh, which was then duplicated and scaled to 95% to 96% of its size 

called lung mesh (Lmesh). Lmesh was then remeshed and retopoligised in Maya, such that 

deformations of the Lmesh appear natural. The exact threshold for remesh and retopology are 

subjected to hardware of computers, and a clear threshold at which optimal results may be 

obtained was not found in this study. If edge flows of the remesh and retopoligised Lmesh appear 

unnatural, the subsequent deformation used for estimating plausible oROM may be affected. If 

needed, tools such as live retopology can be used to create a new Lmesh. 

A deformer was setup to drive the deformation of Lmesh. The low poly mesh created 

from landmarks in this step was used as a hulk to drive deformation of the slightly smaller 

Lmesh. A wrap deformer in Maya was used, such that motions of vertices of the hulk would 

deform Lmesh.  

To have vertices of the hulk follow ventilatory motions of Bmeshes, Vertices of the hulk 

were assigned to cluster deformers that were parent constrained to the nearest Bmeshes. For 

vertices positioned between two Bmeshes (e.g. vertices positioned within an intercostal space), 
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clusters of the vertices were parent constrained by both adjacent Bmeshes. The resulting 

deformation should expand smoothly, and reassigning vertices to clusters may be required to 

achieve desirable effects.  

For crocodylian W model, the Lmesh was created also using landmarks from the Dmesh. 

As Lmesh does not reach the posterior aspects of the ribcage, additional edge loops were created 

near the posterior end of Lmesh, such that ventilatory motions of the posterior ribcage can drive 

deformations of Lmesh.  Setup of deformer could be done after oROM is estimated. 

Joint coordinate systems (JCS) — Three types of JCS were created using Maya joints 

(Mjoints) to describe anatomical rotations of Bmeshes around three axes using Euler angles. 

Intervertebral joints and sternum have the same setup across all three types of JCS. For 

intervertebral joints, Mjoints were placed at the anterior aspect of the centrum near the centres of 

the centrum. To place an intervertebral joint, a landmark was placed at the left lateral most aspect 

of the centrum, and a mirror landmark was created across Z-axis of the world using mirror tool in 

Maya. The intervertebral joint was placed in the midpoint between two landmarks. For sternum, 

Mjoints was placed at near its centroid. Orientation of intervertebral joints and sternum follow 

the CBP setup. For costal joints and intracostal joints, three types of JCS were setup as follow: 

(1) CBP (Caliper-Bucket-Pump) setup 

CBP setup describes ventilatory motions around x-axis as pump-handle motions, around 

y-axis as caliper motions, and around z-axis as bucket-handle motion. 

For costal joints, Mjoints were placed at the centre among parapophysis, diapophysis, 

capitulum, and tuberculum. To place a costal joint, landmarks were placed near the centres on the 

articular facets of parapophysis, diapophysis, capitulum, and tuberculum. Maya tools such as 

snap to vertices and geometric constraints may facilitate placements of landmarks. The costal 

joint was then positioned to the centre of landmarks by point constraint of the costal joints under 

all four landmarks. Constraint was removed after the placement of costal joint was completed.  

For intracostal joints, Mjoints were placed at the centres between articular facets of rib 

segments. To place an intracostal joint, four landmarks were placed at two ends of the long axes 
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of each articular facet (e.g. long axis of the surface at the distal end of a dorsal vertebral rib and 

at the proximal end of the articulated sternal rib). The intracostal joint was then positioned to the 

centre of the four landmarks. Constraints, if used, were removed after the intracostal joint was 

placed. 

To orient a costal/intracostal joint in CBP manner, a child joint was created by duplicating 

the costal/intracostal joint, which was then translated dorsally along the Y-axis of the world and 

parented under the costal/intracostal joint. The costal/intracostal joint was then oriented using 

Orient Joint Option in Maya with Z-axis as the primary axis, Y-axis as the secondary axis, and 

negative Z-axis as the secondary axis world orientation. Child joint was removed after the 

costal/intracostal joint was oriented. X-axis of the costal/intracostal joint was scaled to -1. As 

channel box values in Maya do not take scale into account, a new attribute was created for 

costal/intracostal joints to scale the values from x-axis in the channel box by -1.  

(2) AB (Anatomical Bone) setup 

Taking the long axis of Bmeshes as morphological features in considerations, AB setup 

describes ventilatory motions around x-axis as axial rotation, around y-axis as 

abduction/adduction, and around z-axis as protraction/retraction. 

For costal joints, Mjoints were placed at the midpoint between capitulum and tuberculum. 

To place a costal joint, landmarks were placed near the centres on the articular facets of 

capitulum and tuberculum. The costal joint was then positioned to the midpoint of two 

landmarks by point constraint of the costal joints. Constraint was removed after the placement of 

costal joint was completed. 

For intracostal joints, Mjoints were placed at the midpoints on the proximal articular 

facets of rib segments. To place an intracostal joint, two landmarks were placed at the ends of the 

long axis on the articular facet (e.g. long axis of the surface at the proximal end of the articulated 

sternal rib). The intracostal joint was then placed in the midpoint of two landmarks. Constraints, 

if used, were removed after the intracostal joint was placed. 
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To orient a costal/intracostal joint in AB manner, a child joint was created and placed near 

the centre of the articular facet at the distal end of the rib segment. The child joint was parented 

under the costal/intracostal joint. The costal/intracostal joint was then oriented using Orient Joint 

Option in Maya with X-axis as the primary axis, Y-axis as the secondary axis, and positive Z-

axis as the secondary axis world orientation. 

(3) AJ (Anatomical Joint) setup 

 Only account for the positions of articular facets of rib segmetns, AJ setup describes 

ventilatory motions around x-axis as axial rotation, around y-axis as abduction/adduction, and 

around z-axis as protraction/retraction.  

 Placements of costal and intracostal joints were the same as CBP setup. To orient a costal 

joint in palaeognath model, a child joint was created at the midpoint between capitulum and 

tuberculum. The costal joint was then oriented using Orient Joint Option in Maya with X-axis as 

the primary axis, Y-axis as the secondary axis, and positive Z-axis as the secondary axis world 

orientation. To orient an intracostal joint in palaeognath model, a child joint was created at the 

midpoint on the articular facet of the sternal rib. The intracostal joint was then oriented using 

Orient Joint Option in Maya with X-axis as the primary axis, Z-axis as the secondary axis, and 

positive Y-axis as the secondary axis world orientation. To orient a costal joint in crocodylian W 

and crocodylian WOD, the procedure was the same as orienting a costal joint in palaeognath 

model. To orient a dorsal intracoastal joint, a child joint was created at the midpoint on the 

articular facet along the long axis of intermediate rib, and the child joint was parented under the 

costal joint. The dorsal intracostal joint was then oriented using Orient Joint Option in Maya with 

X-axis as the primary axis, Y-axis as the secondary axis, and positive Z-axis as the secondary 

axis world orientation. To orient a ventral intracostal joint, a child joint was created at the 

midpoint on the articular facet along the long axis of sternal rib, and the child joint was parented 

under the ventral intraocostal joint. The ventral intracostal joint was then oriented using Orient 

Joint Option in Maya with X-axis as the primary axis, Y-axis as the secondary axis, and positive 

Y-axis as the secondary axis world orientation. 
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 Rigging and setting up connections — To connect Mjoints with CBP, AB, and AJ 

setups, joint locators (JLocators) were then placed and oriented in the same way as the Mjoints 

with AJ setup. All Mjoints with CBP, AB, and AJ setups were parent constrained under the 

JLocators. 

Duplicates of joints from AJ setup were created to drive motions of the ribcage in Maya. 

NURB curves were created as controller to record oROM as animation key frames. Pivot points 

and orientations of Bmeshes and NURB controllers were matched to those of the Mjoints 

duplicated from AJ setup. Maya tools such as Match Transformation may facilitate this process. 

Then, freeze transformation were applied to Bmeshes. To have clean channel boxes for the 

NURB controllers, we could create groups that house the NURB controllers, and Match 

Transformation of the group to Mjoints.  

Bmehes were then parent constrained to Mjoints, which were parent constrained to 

NURB controllers. Accordingly, we can use NURB controller to drive movement of individual 

Bmesh. Bmeshes of vertebrae would need to drive motions of rib segments, so that translations 

were not required for rib segments. To achieve this effect, NURB controllers of the ventral rib 

segments (e.g. sternal ribs) were hierarchically parent constrained to the dorsal rib segments (e.g. 

vertebral rib), and then parent constrained to the NURB controller of the corresponding vertebral 

Bmeshes. NURB controller of the posterior vertebral Bmeshes were then hierarchically parent 

constrained to those of the anterior vertebral Bmeshes. To have clean connections, empty groups 

can be created as parent objects to house NURB controllers, and parent constrains can be placed 

on the group. Note that NURB controller of the ventral Bmeshes (e.g. sternal ribs) under this 

setup would inherit transformations driven by the those of the dorsal Bmeshes (e.g. vertebrae), 

which is why JLocators were used to record pure rotations of the ventral Bmeshes.  

Rotation orders of all objects in the scene were set to xyz with Script 7.1. 

Estimate plausible oROM — NURB controller were manually rotate such that the 

ribcage was expanded to a state representing maximal inspiration, and the manual rotations were 

recorded as animation keyframes representing oROM. Bmeshes were allowed to approached 
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other Bmeshes without direct contact. Xray view in Maya may facilitate the estimations. For 

crocodylian W model, Dmesh was manually translated to a position representing maximal 

inspiration by referencing the literature (Claessens 2009a).   

To estimate plausible oROM, oROM of all Bmeshes were scaled until changes of the 

thoracic volume approximated the tidal volumes taken from the literature (Schmidt-Nielsen et al. 

1969; Perry 1988; Maina et al. 2009) (Table 7.1). Noted that tidal volume used for crocodylian 

W and crocodylian WOD models were computed from VLr and VLm reported by Perry (1988). 

Volumes of Lmesh were estimated using the MEL command ComputePolysetVolume. Multiple 

trial and error may be needed to approximate the tidal volume, and we did not recover the exact 

value of tidal volumes documented in the literature. 

Three versions of ventilatory motions were created: (1) vertebra-rib-sternum (VRS) 

version represents ventilation with vertebrae, rib segments, and sternum; (2) rib-sternum (RS) 

represents ventilation with rib segments and sternum; and (3) rib (R) represents ventilation with 

only rib segments. For CBP, AB, AJ setups of each version of ventilation, both oROM and 

plausible oROM were recorded as animation keyframes and were saved in .atom format. 

JLocators were also keyframed with the same values as NURB controller, so that pure rotations 

of the Mjoints of CBP, AB, and AJ can be recorded and exported. 

To describe oROM and plausible oROM from maximal expiration to maximal inspiration 

in a ventilatory cycle, the ratio of duration of inspiration to expiration as expressed by animation 

keyframes in Maya was set to 1:2 for paleognath and 1:1 for crocodylian, which are based on 

respiratory studies in neognath and crocodylians (Table S7.1). To test the potential impacts of 

different kinematic assumptions, rotations were prescribed both as linear angular motions and 

motions with a constant angular acceleration estimated from oROM and duration of ventilation. 

Linear angular motions were prescribed as equal steps each of the size determined by the 

following formula: 

Ss = (ROM)/(t) 

Ss: the increments of angular rotation between successive keyframes. 
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ROM: oROM or plausible oROM. 

t: duration of inspiration and/or expiration as expressed by animation keyframes. 

Motions with a constant angular acceleration was prescribed using kinematic equations as 

follow: 

Ss = (ω(f+1)
2 – ω f

2) / (2 * α) 

ωf = α * f 

α = (ROM)/t2 

Ss: the increments of angular rotation between successive keyframes. 

ωf: angular velocity at a given point in time during ventilation. 

α = angular acceleration. 

ROM: oROM or plausible oROM. 
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Table S7. 1. Durations of inspiration and expiration estimated from the literature 

Taxa Active level Condition Inspiration 

(s) 

Expiration 

(s) 

I:E ratio 

Domestic goose 

(Cohn and 

Shannon 1968) 

resting unanathetized 2.44 2.41 1.01   
2.52  2.54 0.99 

Canada geese 

(Funk et al. 

1993) 

in flight unanathetized 1.99  4.86 0.41    
1.85 4.92 0.38   
1.67 5.13 0.33   
1.79 4.72 0.38 

Mallard duck * 

(Lord et al. 

1962) 

resting unanathetized 1.5 3 0.50 

in flight unanathetized 0.4 0.4 1.00 

Chicken 

(Kadono et al. 

1963) 

resting unanathetized 0.96 1.1 0.87   
1.1 0.89 1.24   
0.95 1.22 0.78   
1.11 1.2 0.93   
0.91 0.96 0.95   
0.5 0.92 0.54   
0.99 0.85 1.16   
0.95 0.97 0.98   
1.09 0.87 1.25   
1.26 1.27 0.99   
1.05 1.13 0.93   
0.96 1.12 0.86   
0.9 1.22 0.74   
1.09 1.23 0.89   
1.02 1.24 0.82   
0.99 1.21 0.82   
1.29 1.16 1.11   
1.27 1.19 1.07   
1.28 0.98 1.31   
1.1 1.28 0.86   
1.38 1.14 1.21   
1.02 1.13 0.90   
0.9 1.19 0.76   
0.48 0.55 0.87   
0.44 0.42 1.05   
0.38 0.48 0.79   
0.39 0.43 0.91   
0.46 0.48 0.96   
0.4 0.45 0.89 
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0.4 0.46 0.87   
0.39 0.44 0.89   
0.39 0.42 0.93   
0.38 0.5 0.76   
0.36 0.43 0.84   
0.89 0.71 1.25   
0.83 0.76 1.09   
0.66 1.24 0.53   
0.58 1.29 0.45   
0.46 0.5 0.92   
0.44 0.47 0.94   
0.4 0.5 0.80   
0.48 0.54 0.89   
0.81 0.91 0.89   
0.81 1.02 0.79   
0.73 0.72 1.01   
0.75 0.85 0.88   
0.29 0.37 0.78   
0.24 0.41 0.59   
0.3 0.41 0.73   
0.29 0.46 0.63   
0.27 0.5 0.54   
0.27 0.49 0.55   
0.48 0.48 1.00   
0.49 0.45 1.09   
0.47 0.43 1.09   
0.46 0.45 1.02   
0.44 0.41 1.07   
0.45 0.5 0.90   
0.46 0.51 0.90   
0.44 0.59 0.75 

Black duck 

(Berger et al. 

1970b) 

in flight unanathetized 0.21 0.75 0.28   
0.22 0.84 0.26   
0.22 0.95 0.23   
0.13 0.89 0.15   
0.22  0.87 0.25   
0.35 1.39 0.25   
0.41 1.38 0.30   
0.42 1.28 0.33   
0.43 0.78 0.55   
0.46 0.74 0.62   
0.49 0.69 0.71   
0.46 0.88 0.52 
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0.36 0.66 0.55 

Evening 

grosbeak 

(Berger et al. 

1970b) 

in flight unanathetized 0.06 0.14 0.43   
0.07 0.14 0.50   
0.06 0.09 0.67   
0.06 0.09 0.67   
0.07 0.14 0.50 

Magpie 

(Boggs 1997) 

in flight unanathetized 0.19 0.24 0.79   
0.24 0.26 0.92   
0.19 0.23 0.83 

Magpie 

(Boggs et al. 

1997a)  

in flight unanathetized 0.19 0.21 0.90   
0.23 0.34 0.68   
0.15 0.18 0.83 

Magpie 

(Boggs et al. 

1997b)  

in flight unanathetized 0.24 0.26 0.92   
0.12 0.25 0.48 

American 

alligator 

(Carrier and 

Farmer 2000b) 

in walk unanathetized 2.19 1.62 1.35   
1.74 1.95 0.89   
1.69 2.17 0.78 

American 

alligator  

(Farmer and 

Carrier 2000a) 

recovering unanathetized 2.74 8.46 0.32   
3.27 10.39 0.31   
3.85 9.11 0.42   
3.97 7.98 0.50 

American 

alligator 

(Farmer and 

Carrier 2000a) 

in walk unanathetized 2.22 1.76 1.26   
1.76 1.94 0.91   
1.63 2.26 0.72 

American 

alligator 

(Farmer and 

Carrier 2000a) 

in walk unanathetized 1.98 2.14 0.93   
0.9 1.28 0.70   
1.46 1.74 0.84   
1.86 1.35 1.38 

* indicates taxon where durations of inspiration and expiration were described. Durations of 

inspiration and expiration in other taxa were measured from figures using ImageJ (Schneider et 

al. 2012). 
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7.7 Digital Supplementary Data 

Digital supplementary data is stored and managed by the author, the documents of which 

are listed as follow: 

(1) three Maya scenes for the Palaeognath, Crocodylian W, and Crocodylian WOD mdoels. 

(2) oROM and plausible oROM estimated for VRS, RS, and R versions of ventilatory motions in 

this study. 

(3) raw figures of oROM and plausible oROM for each anatomical joints in VRS, RS, and R 

versions of ventilatory motions, using AB, AJ, and CBP setups. 

(4) two R scripts to organise and visualise the oROM and plausible oROM estimated in this 

study. 

Latest version of this script may be found at: 

https://github.com/Wani2Y/Bioinformatics/tree/main/visualise%20oROM%20from%20Maya%2

0animation 
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CHAPTER 8 

Inferring ventilatory contributions of hypaxial muscles in a 

palaeognath and a crocodylian using muscle moment arms 

 

8.1 Introduction 

 Extant birds and crocodylians are modern representatives of Archosauria, a group of 

amniotes that first appeared in the Triassic and filled most niches available to large-bodied 

terrestrial vertebrates throughout the Jurassic and Cretaceous (Brusatte et al. 2010; Nesbitt 2011; 

Benton 2014).  

As in other amniotes, birds and crocodylians fuel their biological activities by oxygen 

obtained via airflow into and out of the respiratory organs (Powell 2015; Perry et al. 2019). In 

both birds and crocodylians, airflow through the respiratory organs is mostly generated by the 

rhymic movements of the ribcage, a process traditionally referred to as costal ventilation (Janis 

and Keller 2001; Perry et al. 2019) that is classified into inspiration that draws air in and 

expiration that pump air out. In extant birds, respiratory organs are compartmentalised into a 

lung fixed to the vertebral column and nine pneumatic sacs responsible for highly efficient cross-

current gas exchanges and unidirectional airflow through the lung-air sac system, respectively 

(Duncker 1972; Maina 2002; Powell 2015). Additionally, vertebral ribs of the anterior thorax in 

most extant birds carry bony prongs extending caudally from the rib’s midshaft called uncinate 

processes (Baumel et al. 1993), which theoretically provide additional leverage for the associated 

muscles (m. appendicocostales) to expand the ribcage (Zimmer 1935; Tickle et al. 2007). 

Inspiratory function of m. appendicocostales, and by extension that of the uncinate processes 

have received experimental support from an electromyographic study conducted on the Canada 

goose, Branta canadensis (Codd et al. 2005).  

Like birds, unidirectional airflow is present in the less compartmentalised  

bronchoalveolar lung in crocodylians (Farmer and Sanders 2010), though a capacity for cross-

current gas exchange may be lacking. Dorsal vertebral ribs in crocodylians also carry uncinate 



426 

 

processes, though they are cartilaginous tabs extending caudally from the rib’s distal ends (Cong 

et al. 1988; Frey 1988). M. iliocostalis, an epaxial muscle attached to the cartilaginous uncinate 

processes has received experimental support for an expiratory function (Codd et al. 2019). In 

addition to costal ventilation, the capacity to generate ventilatory airflow in crocodylian is further 

enhanced by the so called “hepatic piston”, which refers to the craniocaudal movements of the 

liver driven by rotation of the pubis relative to the ilium and ischium transmitted via the skeletal 

muscle, m. diaphragmaticus (Carrier and Farmer 2000a; Farmer and Carrier 2000a). The “hepatic 

piston” in crocodylians likely act to inspire air into the lung, as suggested by three 

electromyographic studies on m. diaphragmaticus (Gans and Clark 1976; Farmer and Carrier 

2000a; Munns et al. 2012) and a cineradiographic study on the ventilatory motions of the trunk 

(Claessens 2009a). Anatomical and histological evidence suggest that the mobile pubis, and its 

inspiratory function may have appeared in early crocodyliforms on the evolutionary path to 

extant crocodylians (Claessens and Vickaryous 2012). Besides “hepatic pistion” in crocodylians, 

costal ventilation is the primary mechanism for ventilation in both birds and crocodylians.   

A large volume of existing studies notwithstanding, ventilation in archosaurs focus 

primarily on three aspects: (1) volumetric estimations of tidal volumes between inspiration and 

expiration, and their correlations to other biological aspects such as locomotion (Berger et al. 

1970; Butler 1981; Funk et al. 1993; Carrier 1996; Carrier and Farmer 2000b) and ecological 

adaptations (Schmidt-Nielsen et al. 1969; Brackenbury et al. 1982; Kiley et al. 1982; Farmer and 

Carrier 2000b; York et al. 2017); (2) muscle activations during ventilation indicative of the 

inspiratory and expiratory functions of skeletal muscles (Fedde et al. 1964; dewet et al. 1967; 

Gans and Clark 1976; Baumel et al. 1990; Codd et al. 2005; Codd et al. 2019); (3) anatomical 

features indicative of pulmonary morphologies (Schachner et al. 2009; Schachner et al. 2011; 

Brocklehurst et al. 2018) and those relevant to the origin of an avian-like ventilation (e.g. 

pneumatic sac, uncinate processes) (O’Connor 2006; Codd et al. 2008; Wedel 2009; Codd 2010). 

By comparison, the mechanical process of costal ventilation and ventilatory functions of muscles 

have remained largely unexplored in archosaurs, and kinetic studies on the relationships between 

muscles and motions are lacking. Existing mechanical studies of archosaur ventilation are mostly 

if not exclusively two-dimensional in scope, and the focus is on one intercostal space between 

two series of rib segments (Zimmer 1935; Tickle et al. 2007).  
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With the advent of three-dimensional techniques to capture skeletal motions (Brainerd et 

al. 2010; Gatesy et al. 2010), in vivo ventilatory motions in archosaurs have been captured at 

least in the domestic turkey Meleagris gallopavo and the American alligator Alligator 

mississippiensis as rotations around three perpendicular axes in three-dimensional space 

(Brocklehurst et al. 2017; Brocklehurst et al. 2019). Additionally, ventilatory motions may be 

inferred using ex vivo skeletons (see Chapter 7). Accordingly, functional interpretations of 

muscle based on two-dimensional analysis and muscle activations listed above could be difficult 

to connected with the three-dimensional nature of ventilatory motions. 

 In this study, we constructed two three-dimensional models of palaeognath and 

crocodylian, to estimate changes in moment arms of trunk muscles during ventilation. Then, the 

capacity of various trunk muscles to contribute to ventilation is inferred based on signs and 

values of muscle moment arms, and variations of muscle functions within the trunk are explored. 

Finally, the functional significance of uncinate processes is evaluated in three-dimensional terms.  

 

8.2 Materials and methods 

Following the rationales of terminologies used in Chapter 7, presacral vertebrae, costal 

joints refer to the anatomical joints between articulated presacrals and vertebral rib. In 

Palaeognath model, intracostal joints refers to the antomical joints between articulated vertebral 

and sternal ribs. In Crocodylian model, intracostal joints were further categorised into dorsal 

intracostal joints between vertebral and intermediate ribs and ventral intracostal joints between 

intermediate and sternal ribs. Anatomical joints are also referred to by the sequential number of 

the presacral regions (i.e. IV#, C#, DIR#, IR#, and VIR#) where necessary. For pseudo-muscle 

units, “PC#” is used to differentiate from their counterparts that have attachment sites on the 

uncinate processes. Muscle abbreviations follow those used in Chapter 6, and the following 

sections assume muscles were activated when describing moment arms. All inferred ventilatory 

functions of Palaeognath and Crocodylian models are provided in Table 8.1 and 8.2, respectively.  
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Ribcages of a skeletally mature Struthio camelus (UAMZ 7159) and a Caiman crocodilius 

(UAMZ unnumbered) housed at the University of Alberta were chosen to represent palaeognath 

and crocodylian, respectively. In this study, we used a three-step procedure to construct two 

models (i.e. Palaeognath model and Crocodylian model) and infer muscle functions during 

ventilation (see Supplementary Information for detailed description of the procedure): 

 Kinematic modeling and estimate ventilatory motions — Elements of ribcages were 

digitised using a light reflected scanner (Polyga Carbon series) housed in the Sullivan Lab at the 

University of Alberta, and then digitally articulated in Autodesk Maya following the procedure 

described in Chapter 7. Joint coordinate systems (JCS) were created using Anatomical Bone 

(AB) setup (Fig. 1), such that ventilatory motions were described as axial rotation, 

abduction/adduction, and protraction/retraction of the skeletal elements. As the uncinate 

processes are anchored to the dorsal vertebral ribs with limited mobility (see Chapter 5), uncinate 

processes in this study were assumed to be immobile relative to the dorsal vertebral ribs. 

Ventilatory motions based on osteological range of motion (oROM) and plausible oROM were 

estimated, which were described as both linear angular motions and motions with a constant 

angular acceleration following the procedure in Chapter 7. Only the Vertebrae-Rib-Sternum 

(VRS) versions from the Palaeognath kinematic, Crocodylian W and Crocodylian WOD models 

were used in this study. Assisted by Script 8.1 and Script 8.2, kinematic models and ventilatory 

motions were transferred to models in Software for Interactive Musculoskeletal Modeling 

(SIMM), such that the exact coordinates of digital ribcages, JCS, and ventilatory motions are 

identical between Maya and SIMM. All five costal joints between vertebrae and vertebral ribs 

and five intracostal joints between vertebral and sternal ribs were examined in Palaeognath 

model. In Crocodylian model, only the first, second, fourth, and sixth costal joints, only the 

second, fourth, and seventh dorsal intracostal joitns between the vertebral and intermediate ribs, 

and only the second, fourth, and sixth ventral intracostal joints between the intermediate and 

sternal ribs were sampled for functional interpretations. 

  Representing trunk muscles — Trunk muscles were represented as vectors connecting 

bony elements of the ribcage. However, many hypaxial muscles (e.g. mm. intercostales externi) 

have broad insertions on the ribs, and cannot be accurately represented as single vectors. Instead, 
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such muscles were represented by vectors for  multiple “muscle units” evenly spaced throughout 

the areas of origin and insertion indicated by osteological correlates (see Chapter 6 for 

osteological correlates), with each vector representing a bundle of similarly oriented fibres (Fig. 

2). A total of 136 and 300 muscle units were created for the kinetic Palaeognath and Crocodylian 

models using Script 8.3. As this study focused on hypaxial trunk muscles, only 67 and 84 muscle 

units were examined as a basis for functional interpretations. Where appropriate, wrap objects 

were added in SIMM to prevent vectors of muscle units from passing through bony elements. To 

evaluate the functional significance of uncinate processes from the perspective of moment arms, 

pseudo-muscle units were created for ventral part of m. iliocostalis and m. appendicocostalis, 

which were attached directly to the vertebral ribs, neglecting the presence of uncinate processes. 

Accordingly, the pseudo-muscle units represent hypothetical muscles without the additional 

mechanical leverage that may be provided by the uncinate processes.  

Analysing moment arm plots — For a given ventilatory cycle, changes in moment arms 

of sampled muscle units were plotted in SIMM, which were organised in RStudio 4.1(RStudio 

Team 2020) using Script 8.4 and Script 8.5, such that magnitudes of moment arms and changes 

of moment arms throughout a ventilatory cycle can be compared between three kinematic 

motions and among anatomical joints. As signs of moment arms are indicative of the directions 

in which the muscles would drive the skeletal elements to rotate, ventilatory functions of each 

muscle unit were inferred by comparing the signs of moment arms to those of the kinematic 

motions. Muscle units with moment arms of the same and opposite signs as those of kinematic 

motions were inferred to have inspiratory and expiratory functions, respectively. Muscle units 

with moment arms that change signs during a ventilatory cycle were inferred to have mixed 

ventilatory functions. Only the VRS version of plausible oROM from Palaeognath and 

Crocodylian W kinematic models were used to infer ventilatory function. 

As many vertebral ribs carry attachment sites cranially and caudally for ventral part of m. 

iliocostalis, mm. intercostales externi, and mm. intercostales interni (see Chapter 6), the 

simultaneous contractions of muscle units cranial and caudal to a given vertebral ribs may result 

in inspiratory or expiratory function. Combinations of muscle moment arms were computed, and 

the signs of combined moment arms were used to inferred whether the combinations of cranial 
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and caudal units of ventral part of m. iliocostalis, mm. intercostales externi, and mm. 

intercostales interni would rotate vertebral ribs for inspiration or expiration. The third and fourth 

costal joints were sampled as representative in Palaeognath and Crocodylian models, 

respectively.  

Results were visualised using the R package GGplot2 (Wickham 2009). 

 

8.3 Results 

 8.3.1 Inferred ventilatory functions of sampled trunk muscles 

Ventral part of m. iliocostalis (vIC) (Fig. 3). vIC is only sampled in Crocodylian model, 

and all five units of vIC at C10, C11, C13, and C15 provide axial rotations for inspiration. All 

units of vIC adduct vertebral ribs for expirations, except unit 1 at C11 and unit 4 at C13 which 

abduct vertebral ribs. All five units of vIC at C10 and C11 protract vertebral ribs for inspiration, 

whereas all five units of vIC at C13 and C15 retract vertebral ribs for expiration. Accordingly, 

alterations of muscle attachment sites provided by the uncinate processes do not change the 

ventilatory functions for vIC at C10 and C11. Accordingly, vIC likely have expiratory function in 

crocodylians, as most units adduct vertebral ribs, and caudal units of vIC also retract vertebral 

ribs. 

 Maximal moment arms of vIC are similar in magnitude between abduction/adduction and 

protraction/retraction, both of which are higher than the moment arms for axial rotations. Of the 

five units of vIC, moment arms for axial rotation are similar in magnitudes, whereas units of vIC 

positioned further distally have larger moment arms to generate craniocaudal motions. Moment 

arms for abduction/adduction are somewhat variable, though unit 5 attached to uncinate 

processes tend to have largest moment arms. Moment arms for axial rotation and 

protraction/retraction do not vary significantly among costal joints, whereas moment arms for 

abduction/adduction are substantially larger at C10.  
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M. levator costarum (LC). LC is represented as two units in Palaeognath (Fig. 4) and 

one unit in Crocodylian (Fig. 5) models. In Palaeognath model, both unit 1 and unit 2 of LC at all 

costal joints from C21 to C25 provide axial rotations for inspiration. Only the two units of LC at 

C22 abduct vertebral ribs for inspiration, and all remaining units at C21 to C25 except unit 2 at 

C21 would adduct vertebral ribs. Unit 2 at C21 is inferred to have mixed function, as the moment 

arm changes sign near maximal inspiration. All units at C21 to C25 act to protract vertebral ribs 

for inspiration. 

Comparing only the maximal magnitude, moment arms are overall largest for 

protraction/retraction and are smallest for axial rotation. Moment arms for protraction/retraction 

gradually decrease from C21 to C2. For abduction/adduction, moment arms are largest near the 

centre of the ribcage at C23, and gradually reduce cranially and caudally. Moment arms for axial 

rotation do not vary significantly among costal joints. 

In Crocodylian model, unit 1 of LC at both C10 and C11 provide axial rotation for 

inspiration, whereas those at C13 and C15 rotate axially for expiration. Unit 1 of LC at all 

sampled costal joints abduct vertebral ribs for inspiration, except unit 1 at C10 that act to adduct 

vertebral rib. As in Palaeognath model, unit 1 of LC at all sampled costal joints consistently 

protract vertebral ribs for inspiration. 

For LC in Crocodylian model, maximal moment arms are largest for 

protraction/retraction and smallest for abduction/adduction. For protraction/retraction, moment 

arms gradually decrease from C10 to C15, as in Palaeognath model. Moment arm for axial 

rotation do no vary significantly among sampled costal joints. For abduction/adduction, moment 

arm is largest at C11, and are substantially smaller in magnitude at remaining costal joints. 

LC accordingly would mostly act to protract vertebral ribs for inspiration in palaeognaths 

and crocodylians. 

Mm. intercostales externi (IE). IE is represented as five units in Palaeognath (Fig. 6) 

and four units in Crocodylian (Fig. 7) models. In Palaeognath model, all units of IE at C21 to 

C25 provide axial rotation for inspiration. All five units of IE from C23 to C25 act to abduct 
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vertebral ribs for inspiration, whereas all five units of IE at C21 act to adduct vertebral rib. Unit 1 

IE at C22 have mixed function due to a change in sign of moment arm, and the remaining four 

units of IE at C22 act to abduct vertebral ribs as their counterparts from C23 to C25. All five 

units at costal joints from C21 to C25 act to protract vertebral ribs. 

Comparing only the maximal magnitude, moment arms in Palaeognath model are largest 

for protraction/retraction, and smallest for axial rotation. For protraction/retraction, maximal 

moment arms are generally largest for units positioned distally on vertebral ribs, except for IE at 

C22 where moment arms for protraction/retraction are similar for unit 4 and unit 5. Similar to 

moment arms for protraction/retraction, moment arms for abduction/adduction are generally 

larger for units positioned distally. By comparison, moment arms for axial rotations are smaller 

for units positioned distally on vertebral rib. Moment arms do not vary among sampled costal 

joints.  

In Crocodylian model, all four units of IE at C10 and C11 provide axial rotations for 

inspirations, whereas all four units of IE at C13 and C15 act to rotate vertebral ribs axially for 

expiration. All five units of IE at C15 abduct vertebral rib for inspiration, whereas all five units 

of IE at C10 adduct vertebral rib for expiration. At C11 and C13, unit 1 and unit 2 of IE abduct 

vertebral ribs for inspiration, and unit 3 and unit 4 of IE adduct vertebral ribs for expiration. As 

in Palaeognath model, all units of IE at all four sampled costal joints act to protract vertebral ribs 

for inspiration. 

Estimating only the maximal magnitude, moment arms are largest for 

protraction/retraction, followed by both abduction/adduction and axial rotation of similar 

magnitudes. Moment arms for protraction/retraction are generally larger for units positioned 

further distally on vertebral rib, whereas a clear pattern is seemingly absent for 

abduction/adduction and axial rotation. 

 IE accordingly has most consistent inspiratory function to protract vertebral ribs, and 

only units of IE from caudal aspects of the trunk would abduct vertebral ribs for inspiration. 
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M. appendicocostalis (APC). APC is represented as two units in Palaeognath (Fig. 8) 

and three units in Crocodylian (Fig. 9) models. In Palaeognath model, all units of APC rotate 

axially, abduct, and protract vertebral ribs for inspiration, except for unit 2 at C24 which adduct 

vertebral rib for expiration.  

Comparing only the maximal magnitude, moment arms are largest for 

protraction/retraction and smallest for axial rotation. Moment arms do not vary between C23 and 

C24. Between unit 1 and unit 2 of APC, unit 1 has comparatively larger moment arms for axial 

rotation and abduction/adduction, whereas unit 2 has larger moment arms for 

protraction/retraction. The contrasts between unit 1 and unit 2 may represent difference in 

orientation, as unit 1 is more dorsoventrally oriented, and unit 2 is more craniocaudally oriented. 

In Crocodylian model, APC in crocodylians connects vertebral and intermediate ribs, and 

intermediate ribs may be rotated at the dorsal intracostal joint relative to their corresponding 

vertebral ribs. Accordingly, moment arms estimated at the costal joints take vertebral ribs and 

intermediate ribs a combined unit, and moment arms estimated at the dorsal intracostal joints 

consider ventilatory motions of the intermediate ribs relative to the vertebral ribs. All three units 

of APC at C11 provide axial rotation for expiration, whereas those at C13 and C15 axially rotate 

vertebral and intermediate ribs for inspiration. All three units of APC at C11, C13, and C15 

abduct and protract vertebral and intermediate ribs for inspiration. At dorsal intracostal joints, all 

three units of APC at DIR10 and DIR11 provide axial rotations for inspiration, whereas all three 

units of APC at DIR 16 axially rotate for expiration. All three units of APC at DIR10 and DIR11 

adduct intermediate ribs for expiration, and the three units of APC at DIR16 abduct intermediate 

rib for inspiration. All three units of APC at DIR11, DIR13 and DIR16 protract intermediate ribs 

for inspiration, as at the costal joints.  

Estimating only the maximal magnitude, moment arms are largest for 

protraction/retraction, and smallest for axial rotation at both costal and dorsal intracostal joints. 

Among the three units of APC at costal joints, units positioned distally have relatively larger 

moment arms for abduction/adduction and axial rotation, whereas moment arms are similar in 

magnitude for protraction/retraction. At dorsal intracostal joints, the distally positioned units of 
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APC have marginally larger moment arms for protraction/retraction, and a clear pattern in absent 

for axial rotation and abduction/adduction. 

Accordingly, APC is likely an inspiratory muscle that primarily abduct and protract rib 

segments at costal joints and protract intermediate ribs at dorsal intracostal joints.  

Mm. intercostales interni (II). II is represented as five units in Palaeognath (Fig. 10) 

and eight units of Crocodylian (Fig. 11) models. In Palaeognath model, all five units of II at 

costal joints from C21 to C25 retract and axially rotate vertebral ribs for expiration. All unit 1 of 

II at costal joints from C21 to C25 abduct vertebral ribs for inspiration, whereas unit 5 of II 

adduct vertebral ribs for expiration. Unit 2 of II at cranial costal joints abduct vertebral ribs for 

inspiration and those at caudal costal joints adduct vertebral ribs for expiration. 

Comparing only the maximal magnitude, moment arms are largest for 

protraction/retraction and smallest for axial rotation. Units of II positioned distally have larger 

moment arms for protraction/retraction, which do not vary significantly from C21 to C24. By 

comparison, a distinct pattern is absent for axial rotation and abduction/adduction.  

 Of the eight units of II in Crocodylian model, first five units connect adjacent vertebral 

ribs, and the last three units connect adjacent intermediate ribs. Unit 1 to unit 5 of II at C10 and 

C11 retract and axially rotate vertebral ribs for expiration, whereas their counterparts at C13 and 

C15 axially rotate vertebral ribs for inspiration. All five units of II at C13 and C15 adduct 

vertebral ribs for expiration, whereas all five units of II at C11 abduct vertebral rib for 

inspiration. At C10, unit 1 of II adducts vertebral rib and the remaining four units abduct 

vertebral rib for expiration and inspiration, respectively. At DIR11 and DIR13, all but two units 

of II rotate axially, adduct, and retract intermediate ribs for expiration. Unit 8 at DIR11 and unit 6 

at DIR13 provide axial rotations and abduct intermediate rib for inspiration, respectively.  

 Estimating only the maximal magnitude, moment arms are largest for 

protraction/retraction and smallest for axial rotation at costal and dorsal intracostal joints. Among 

the five units of II at costal joints, units positioned distally on vertebral ribs have larger moment 

arms for protraction/retraction and smaller moment arms for axial rotations. For 
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abduction/adduction, units of II at C10 and C11 positioned distally have larger moment arms, but 

units of II at C13 and C15 are similar in magnitude and lack a distinct pattern. Among the three 

units of II at dorsal intracostal joint, units positioned distally have larger moment arms for 

protraction/retraction and smaller moment arms for axial rotation, as in units of II at C10 and 

C112. A distinct pattern is lacking for abduction/adduction, as in units of II at C13 and C15.   

Accordingly, II is most likely an expiratory muscle that mostly retract rib segments. 

M. costosternalis (COT). COT is only sampled in Palaeognath model (Fig. 12), and all 

three units at IR21, IR22, and IR 23 act to rotate axially, adduct, and protract the sternal ribs for 

expiration. 

Comparing only the maximal magnitude, moment arms for protraction/retraction are 

largest and moment arms for abduction/adduction are smallest. For both protraction/retraction 

and axial rotation, moment arms are larger at caudally positioned intracostal joint, whereas the 

opposite is found for abduction/adduction. 

M. subcostalis (SC). SC is represented as one unit in Palaeognath (Fig. 13) and three 

units in Crocodylian (Fig. 14) models. In Palaeognath model, unit 1 of SC at all costal joints 

from IR21 to IR25 provide axial rotations for inspiration and protract sternal ribs for expiration. 

All unit 1 of SC adduct sternal ribs for expiration except that at IR21 which abducts sternal rib 

for inspiration. 

Comparing only the maximal magnitude, moment arms are largest for 

protraction/retraction, and are larger on units of SC at caudally positioned intracostal joints. For 

both axial rotation and abduction/adduction, moment arms are similar from IR21 to IR 24 and is 

increased at IR25. 

 In Crocodylian model, all three units of SC at VIR11, VIR13, and VIR15 retract and 

axially rotate sternal ribs for expiration. Unit 1 of SC at VIR11 adducts sternal rib for expiration, 

and unit 2 and 3 positioned further distally abduct the sternal rib for inspiration. At VIR13, the 

proximal two units abduct for inspiration and the distal most unit 3 adduct for expiration. At 
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VIR15, the proximal most unit 1 abduct for inspiration, and the two units positioned further 

distally adduct sternal ribs for expiration. 

 Overall, LC, IE, APC are inferred as inspiratory muscles act to protract rib segments. 

APC additionally would abduct rib segments at costal joints. vIC, II, COT, and SC are inferred as 

expiratory muscles act to retract rib segments. Trunk muscles likely abduct or adduct rib 

segments according to the relative anatomical positions of the muscles and joints. Of the sampled 

moment arms, protraction/retraction has the largest maximal magnitude, and by extension the 

greatest mechanical leverage compared to axial rotation and abduction/adduction. Ventilatory 

functions of muscles contributed to axial rotations are more variable compared to those 

contributed to abduction/adduction and protraction/retraction, which suggests axial rotations may 

have other functional significance other than rotating rib segments for inspiration and expiration. 

8.3.3 Impacts of uncinate processes on ventilatory function of APC 

In Palaeognath model, both units of APC (Fig. 8) and IE (Fig. 6) act almost exclusively 

for inspiration, which suggest they have the same ventilatory function. Accounting for the 

mechanical leverage to rotate vertebral ribs, unit 1 of APC positioned midshaft of vertebral rib 

has maximal moment arms for axial rotation, abduction/adduction, and protraction/retraction 

similar to unit 3 of IE which is positioned distally on vertebral rib. Similarly, unit 2 of APC 

positioned midshaft of vertebral rib has maximal moment arms for protraction/retraction 

comparable to unit 4 of IE which is positioned further distally on vertebral rib. Compared to the 

pseudo-muscle unit of APC that pass through uncinate process and attach to vertebral rib, 

however, maximal moment arms of unit 1 for protraction/retraction are similar between units of 

APC and that of pseudo-muscle unit. Maximal moment arms for axial rotations are larger in unit 

1 of APC, whereas maximal moment arms for abduction/adduction are larger in the unit of 

pseudo-muscle unit. Unit 2 of APC at both C23 and C24 have slightly larger maximal moment 

arms for axial rotation and protraction/retraction than those of pseudo-muscle unit, whereas 

moment arms for abduction/adduction is substantially smaller in unit 2 of APC. As unit 1 of APC 

is oriented somewhat dorsoventrally and unit 2 of APC is oriented craniocaudally, the maximal 

moment arms in Palaeognath model suggest that uncinate processes may enhance the ability of 
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craniocaudally oriented muscles to protract vertebral ribs at the costs of lowering muscle’s ability 

to abduct vertebral ribs in palaeognath birds. 

 In Crocodylian model, units of APC (Fig. 9) have maximal moment arms for 

protraction/retraction comparable to unit 4 of IE (Fig. 7) position at the distal end of vertebral 

ribs, which are marginally larger than pseudo-muscle units that pass through uncinate processes 

and attach to vertebral ribs. For abduction/adduction, units of APC have substantially larger 

moment arms compared to the pseudo-muscle unit.  Accordingly, uncinate processes likely 

enhance muscle’s ability to both abduct and protract rib segments in crocodylians. 

8.3.4 Impacts on inferring ventilatory function using different oROM and kinematic 

descriptions. 

 Estimating moment arms using oROM show more drastic changes in moment arm 

magnitudes throughout the ventilatory cycle. For several muscle units (e.g. unit 1 of LC and unit 

2 of vIC at C13 in Crocodylian model) (Fig. 15), moment arms change sign near maximal 

inspiration only when estimations are based on oROM, which would likely lead to incorrect 

inference on ventilatory function of the muscle units. Accordingly, estimating muscle moment 

arms based on oROM may be exaggerated, and plausible oROM may provide more accurate 

inference on muscle’s ventilatory functions.  

 Although describing ventilatory motions as rotations with a constant angular acceleration 

may recover ventilatory motions comparable to in vivo studies (see Chapter 7), moment arms 

estimated based on linear angular rotations and angular rotations with an assumed angular 

acceleration do not vary significantly. Therefore, linear angular rotations may be preferrable for 

functional interpretations.  

8.3.5 Combined effects of cranial and caudal muscle units attached to the same 

vertebral rib. 

 Combined effects of vIC (del_vIC) (Fig. 16). Units of del_vIC are inferred to have the 

same ventilatory functions as units of vIC at C13, except for unit 3 which have mixed function 

for abduction/adduction. However, the mixed function of unit 3 is likely accounted for by its near 
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zero moment arm throughout the ventilatory cycle. Compared to vIC, the maximal moment arms 

of del_vIC are substantially smaller, indicating that the capacity of vIC, when contract 

simultaneously, would have less capacity to retract vertebral ribs for expiration.  

 Combined effects of IE (del_IE). At C23 in Palaeognath (Fig. 17) and C13 in 

Crocodylian (Fig. 18) models, units of del_IE are inferred to have similar functions as units of IE 

to protract vertebral ribs for inspiration, except unit 4 of del_IE in Crocodylian model which is 

inferred to retract vertebral rib. Unlike inference from units of IE, all units of del_IE in 

Palaeognath and Crocodylian models adduct vertebral ribs for expiration, except unit 4 and unit 

5 of del_IE in Palaeognath model, which have mixed function and abduct vertebral rib for 

inspiration, respectively. Accordingly, simultaneous activations of IE near the centre of ribcage 

may have tendencies to protract and adduct vertebral ribs. However, the maximal moment arms 

of del_IE are overall small, such that the tendencies to adduct vertebral ribs could be 

compensated by activations of other inspiratory muscles such as APC. 

 Combined effects of II (del_II). At C23 in Palaeognath (Fig. 19) and C13 in 

Crocodylian (Fig. 20) models, units of del_IE are inferred to have similar functions as units of II 

to retract and adduct vertebral ribs except unit 5 of II in both Palaeognath and Crocodylian 

models which have mixed function and protract vertebral rib, respectively. Accordingly, 

simultaneous contractions of II near the centre of the ribcage would have tendencies to retract 

and adduct rib segments. 

 

8.4 Discussion 

 8.4.1 ribcage morphology indicative of overall ventilatory functions  

 Of the trunk muscles inferred in this study, protraction/retraction consistently has largest 

maximal moment arms. Except for all units of vIC in Crocodylian model, trunk muscles are 

inferred to have the same ventilatory function for protraction/retraction among sampled costal 

and intracostal joints. Accordingly, craniocaudal motions of the ribcage are likely prioritised to 

generate ventilatory airflow in palaeognath and crocodylians, which echoes with the dominant 
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craniocaudal motions observed upon inspiration in in vivo experiments in extant birds and 

crocodylians (Claessens 2009a; Claessens 2009b; Brocklehurst et al. 2017; Brocklehurst et al. 

2019). In addition, maximal moment arms for protraction/retraction do not vary significantly in 

Paleognath model, suggesting that if forces provided by trunk muscles are of similar magnitude, 

ventilatory motions are relatively uniforms throughout the ribcage. Such an inference would be 

consistent with the in vivo observations in extant birds (Claessens 2009b; Brocklehurst et al. 

2019). 

Unlike protraction/retraction, inferred ventilatory function for abduction/adduction 

generated by sampled trunk muscles are variable according to the craniocaudal positions of rib 

segments that the trunk muscles attach to, except for unit 1 of APC and unit 1 of COT in 

Palaeognath model, and all units of APC in Crocodylian model which consistently abduct/adduct 

rib segments. In basal birds, lateral expansions of the thorax observed in a cineradiographic study 

are most noticeable if not significant from the cranial and middle portions of the thorax 

(Claessens 2009b), whereas in crocodylians, lateral expansions observed in a cineradiographic 

and an XROMM studies are more obvious from the middle and caudal portions of the thorax. 

The variable ventilatory motions observed in these in vivo studies may be related to the different 

ventilatory function for abduction/adduction inferred in this study.  

From an anatomical perspective, dorsal vertebral ribs from the middle portions of the 

ribcages are positioned lateral to the costal segments both cranial and caudal to them in Su. 

camelus (UAMZ 7159), Cai. crocodilus (UAMZ unnumbered), and many other extant 

archosaurs (Ghetie 1976; Cong et al. 1988; Baumel et al. 1993) (also see Chapter 6). Trunk 

muscles originated from the cranial and caudal of the ribcage would pass somewhat laterally and 

insert on the adjacent costal segments, the activation of which would most definitely adduct the 

costal segments medially. Whether a trunk muscle would abduct or adduct a given costal 

segment may be influenced if not determined by the mediolateral positions of adjacent costal 

segments. Brocklehurst et al. (2017) observe that the lateral expansions of the thorax as 

represented by caliper motions become an important component of the ventilatory motions after 

parapophysis of a vertebra migrates dorsally onto the diapophysis/transverse process. Unlike 

crocodylians, parapophysis generally does not migrate onto the diapophysis in birds (Ghetie 
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1976; Baumel et al. 1993), although lateral expansions of the thorax have been observed from 

the cranial portion of the thorax in basal birds (Claessens 2009b).  

Accordingly, a palaeognath-like ribcage may limit the bird’s ability to expand the thorax 

laterally by the relative positions of parapophysis and costal segments. 

8.4.2 Functional significance of uncinate processes  

 Uncinate processes have received two primary functional hypotheses: (1) reinforcement 

of the ribcage (Welty and Baptista 1972; Hildebrand 1982; Walker and Liem 2001) and (2) 

ventilation (Zimmer 1935; Tickle et al. 2007). Only the ventilatory hypothesis has been analysed 

from a mechanical perspective using two-dimensional geometric models. Both Zimmer (1935) 

and Tickle et al. (2007) represent dorsal vertebral ribs by straight lines or solid beams, and fibres 

of APC pass caudoventrally from the distal end of uncinate processes to protract the vertebral rib. 

Unlike the geometric models by Zimmer (1935) and Tickle et al. (2007), muscle units of APC in 

Palaeognath model presented in this study have marginally larger maximal moment arms to 

protract vertebral ribs compared to pseudo-muscle units of IE attached directly to vertebral ribs 

only when fibres of APC (e.g. unit 2) is oriented nearly craniocadually. Instead, muscle units of 

APC have comparatively larger maximal moment arms for axial rotations and smaller maximal 

moment arms for abduction/adduction. The discrepancies between our inferences and those 

modelled by  Zimmer (1935) and Tickle et al. (2007) may be attributed to three plausible factors. 

Firstly, fibres of IE are represented as vectors nearly perpendicular to vertebral ribs by Zimmer 

(1935) and Tickle et al. (2007), whereas muscles units of IE are oriented caudoventrally in our 

Palaeognath model based on observations from an emu Dromaius novaehollandiae (see Chapter 

6), which are similar to the orientation APC. Representation IE by Zimmer (1935) and Tickle et 

al. (2007) has been observed from the intercostal space dorsal to uncinate processes in a common 

raven Corvus corax (see Chapter 6) and from the literature (Ghetie 1976; Shufeldt 1988). The 

different representations of IE would likely affect the comparative results. Secondly, vertebral 

ribs are represented as straight elements by Zimmer (1935) and Tickle et al. (2007), whereas the 

natural curvatures of vertebral ribs are captured by our Palaeognath models. The different 

curvature may alter attachment sites of muscle units, which in turn may impact the computation 

of moment arms. Lastly, uncinate processes in Su. camelus (UAMZ 7159) are overall short and 
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do not extend dorsally as in uncinate processes modelled by Zimmer (1935) and Tickle et al. 

(2007). The units of APC in our Palaeognath model would not pass caudoventrally at a steep 

angle as represented in the geometric models by Zimmer (1935) and Tickle et al. (2007).  

 Unlike the Palaeognath model, our Crocodylian model represents uncinate processes and 

the orientation of the APC in approximately the same manner as the geometric models by 

Zimmer (1935) and Tickle et al. (2007). Maximal moment arms estimated from units of APC to 

protract vertebral ribs are not comparable to the units positioned further distally at the distal ends 

of vertebral rib, and units of APC have decently larger moment arms to abduct vertebral ribs 

laterally.  

Comparisons among functional inferences on APC from Palaeognath model, Crocodylian 

model, and geometric models by Zimmer (1935) and Tickle et al. (2007) suggest that uncinate 

processes and the caudoventrally oriented APC likely enhance the capacity to expand the thorax 

laterally, while maintaining similar capacity to protract vertebral ribs. The comparisons also 

suggest that uncinate processes and the craniocaudally oriented APC likely constraint 

palaeognath bird’s capacity to abduct vertebral rib, while promote palaeognath bird’s capacity to 

protract vertebral ribs. Although uncinate processes most definitely enhances archosaurs’ 

capacities to ventilate, the exact ways of ventilatory enhancement may be tied to the overall 

ribcage morphology and the configurations of trunk muscles. 

8.4.3 Implications for studies of ventilation in deep time 

 Vertebrae and vertebral ribs in fossil archosaurs have various features and curvatures 

(Brochu 2003) (also see Chapter 4), which have been used to infer the pulmonary morphology in 

fossil dinosaurs, and when an immobile lung may have evolved on the evolutionary line toward 

birds (Schachner et al. 2011; Brocklehurst et al. 2018). Direct and indirect evidence of uncinate 

processes have also been used to infer that uncinate process, along with their enhancement in 

ventilation may have evolved long before the origin of birds (Codd et al. 2008) (also see Chapter 

4).  
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Palaeognath and Crocodylian models presented in this study further hint at a correlation 

between the configurations of bony elements and ventilatory functions of trunk muscles. Bony 

elements of ribcages in fossil archosaurs can be well preserved in three dimension (Brochu 2003; 

Turner 2006; Xu et al. 2015; Currie et al. 2016; Drysdale et al. 2018), and articulated versions of 

ribcages in fossil archosaurs may be reconstructed with reasonable constraints on soft tissues 

(Claessens 2015). Accordingly, three-dimensional models can be created from well-preserved 

fossil archosaurs, and we may gain insights into how ventilatory functions of the ribcage changes 

on the evolutionary paths to extant birds and crocodylians. 
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Tables 

Table 8. 1. Ventilatory functions of sampled hypaxial muscles inferred by moment arms in 

Palaeognath model. 

Costal Joints 

muscle muscle unit muscle action C21 C22 C23 C24 C25 

LC unit 1 axial rotation Ins Ins Ins Ins Ins 

abduction/adduction Exp Ins Exp Exp Exp 

protraction/retraction Ins Ins Ins Ins Ins 

unit 2 axial rotation Ins Ins Ins Ins Ins 

abduction/adduction Mix Ins Exp Exp Exp 

protraction/retraction Ins Ins Ins Ins Ins 

IE unit 1 axial rotation Ins Ins Ins Ins Ins 

abduction/adduction Exp Mix Ins Ins Ins 

protraction/retraction Ins Ins Ins Ins Ins 

unit 2 axial rotation Ins Ins Ins Ins Ins 

abduction/adduction Exp Ins Ins Ins Ins 

protraction/retraction Ins Ins Ins Ins Ins 

unit 3 axial rotation Ins Ins Ins Ins Ins 

abduction/adduction Exp Ins Ins Ins Ins 

protraction/retraction Ins Ins Ins Ins Ins 

unit 4 axial rotation Ins Ins Ins Ins Ins 

abduction/adduction Exp Ins Ins Ins Ins 

protraction/retraction Ins Ins Ins Ins Ins 

unit 5 axial rotation Ins Ins Ins Ins Ins 

abduction/adduction Exp Ins Ins Ins Ins 

protraction/retraction Ins Ins Ins Ins Ins 

APC unit 1 axial rotation - - Ins Ins - 

abduction/adduction - - Ins Ins - 

protraction/retraction - - Ins Ins - 

unit 2 axial rotation - - Ins Ins - 

abduction/adduction - - Ins Exp - 

protraction/retraction - - Ins Ins - 

II unit 1 axial rotation Exp Exp Exp Exp - 

abduction/adduction Ins Ins Ins Ins - 

protraction/retraction Exp Exp Exp Exp - 

unit 2 axial rotation Exp Exp Exp Exp - 

abduction/adduction Ins Ins Mix Exp - 

protraction/retraction Exp Exp Exp Exp - 

unit 3 axial rotation Exp Exp Exp Exp - 

abduction/adduction Ins Mix Exp Exp - 

protraction/retraction Exp Exp Exp Exp - 

unit 4 axial rotation Exp Exp Exp Exp - 
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abduction/adduction Mix Exp Exp Exp - 

protraction/retraction Exp Exp Exp Exp - 

unit 5 axial rotation Exp Exp Exp Exp - 

abduction/adduction Exp Exp Exp Exp - 

protraction/retraction Exp Exp Exp Exp - 

del_IE unit 1 axial rotation - - Exp - - 

abduction/adduction - - Exp - - 

protraction/retraction - - Ins - - 

unit 2 axial rotation - - Exp - - 

abduction/adduction - - Exp - - 

protraction/retraction - - Ins - - 

unit 3 axial rotation - - Exp - - 

abduction/adduction - - Exp - - 

protraction/retraction - - Ins - - 

unit 4 axial rotation - - Exp - - 

abduction/adduction - - Mix - - 

protraction/retraction - - Ins - - 

unit 5 axial rotation - - Exp - - 

abduction/adduction - - Ins - - 

protraction/retraction - - Ins - - 

del_II unit 1 axial rotation - - Exp - - 

abduction/adduction - - Exp - - 

protraction/retraction - - Exp - - 

unit 2 axial rotation - - Exp - - 

abduction/adduction - - Exp - - 

protraction/retraction - - Exp - - 

unit 3 axial rotation - - Mix - - 

abduction/adduction - - Exp - - 

protraction/retraction - - Exp - - 

unit 4 axial rotation - - Ins - - 

abduction/adduction - - Exp - - 

protraction/retraction - - Exp - - 

unit 5 axial rotation - - Ins - - 

abduction/adduction - - Mix - - 

protraction/retraction - - Exp - - 

Intracostal Joints 

muscle muscle unit muscle action IR21 IR22 IR23 IR24 IR25 

COT unit 1 axial rotation Exp Exp Exp - - 

abduction/adduction Exp Exp Exp - - 

protraction/retraction Exp Exp Exp - - 

SC unit 1 axial rotation Ins Ins Ins Ins Ins 

abduction/adduction Ins Exp Exp Exp Exp 

protraction/retraction Exp Exp Exp Exp Exp 
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Abbreviations: APC, m. appendicocostalis; del_IE, combination of mm. intercostales externus 

attached anterior and posterior to the vertebral rib; COT, m. costosternalis; del_II, combination 

of mm. intercostales internus attached anterior and posterior to the vertebral rib; Exp, expiration; 

IE, mm. intercostales externi; II, mm. intercostales interni; Ins, inspiration; LC, m. levator 

costarum; SC, m. subcostalis; vIC, ventral part of m. iliocostalis.  
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Table 8. 2. Ventilatory functions of sampled hypaxial muscles inferred by moment arms in 

Crocodylian model. 

Costal Joints 

muscle muscle unit muscle action C10 C11 C13 C15 

vIC unit 1 axial rotation Ins Ins Ins Ins 

abduction/adduction Exp Ins Exp Exp 

protraction/retraction Ins Ins Exp Exp 

unit 2 axial rotation Ins Ins Ins Ins 

abduction/adduction Exp Exp Exp Exp 

protraction/retraction Ins Ins Exp Exp 

unit 3 axial rotation Ins Ins Ins Ins 

abduction/adduction Exp Exp Exp Exp 

protraction/retraction Ins Ins Exp Exp 

unit 4 axial rotation Ins Ins Ins Ins 

abduction/adduction Exp Exp Ins Exp 

protraction/retraction Ins Ins Exp Exp 

unit 5 axial rotation Ins Ins Ins Ins 

abduction/adduction Exp Exp Exp Exp 

protraction/retraction Ins Ins Exp Exp 

LC unit 1 axial rotation Ins Ins Exp Exp 

abduction/adduction Exp Ins Ins Ins 

protraction/retraction Ins Ins Ins Ins 

IE unit 1 axial rotation Ins Ins Exp Exp 

abduction/adduction Exp Ins Ins Ins 

protraction/retraction Ins Ins Ins Ins 

unit 2 axial rotation Ins Ins Exp Exp 

abduction/adduction Exp Ins Ins Ins 

protraction/retraction Ins Ins Ins Ins 

unit 3 axial rotation Ins Ins Exp Exp 

abduction/adduction Exp Exp Exp Ins 

protraction/retraction Ins Ins Ins Ins 

unit 4 axial rotation Ins Ins Exp Exp 

abduction/adduction Exp Exp Exp Ins 

protraction/retraction Ins Ins Ins Ins 

APC_vr unit 1 axial rotation - Exp Ins Ins 

abduction/adduction - Ins Ins Ins 

protraction/retraction - Ins Ins Ins 

unit 2 axial rotation - Exp Ins Ins 

abduction/adduction - Ins Ins Ins 

protraction/retraction - Ins Ins Ins 

unit 3 axial rotation - Exp Ins Ins 

abduction/adduction - Ins Ins Ins 
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protraction/retraction - Ins Ins Ins 

II_vr unit 1 axial rotation Exp Exp Ins Ins 

abduction/adduction Exp Ins Exp Exp 

protraction/retraction Exp Exp Exp Exp 

unit 2 axial rotation Exp Exp Ins Ins 

abduction/adduction Ins Ins Exp Exp 

protraction/retraction Exp Exp Exp Exp 

unit 3 axial rotation Exp Exp Ins Ins 

abduction/adduction Ins Ins Exp Exp 

protraction/retraction Exp Exp Exp Exp 

unit 4 axial rotation Exp Exp Ins Ins 

abduction/adduction Ins Ins Exp Exp 

protraction/retraction Exp Exp Exp Exp 

unit 5 axial rotation Exp Exp Ins Ins 

abduction/adduction Ins Ins Exp Exp 

protraction/retraction Exp Exp Exp Exp 

del_vIC unit 1 axial rotation - - Ins - 

abduction/adduction - - Exp - 

protraction/retraction - - Exp - 

unit 2 axial rotation - - Ins - 

abduction/adduction - - Exp - 

protraction/retraction - - Exp - 

unit 3 axial rotation - - Ins - 

abduction/adduction - - Mix - 

protraction/retraction - - Exp - 

unit 4 axial rotation - - Ins - 

abduction/adduction - - Ins - 

protraction/retraction - - Exp - 

unit 5 axial rotation - - Ins - 

abduction/adduction - - Exp - 

protraction/retraction - - Exp - 

del_IE unit 1 axial rotation - - Ins - 

abduction/adduction - - Exp - 

protraction/retraction - - Ins - 

unit 2 axial rotation - - Ins - 

abduction/adduction - - Exp - 

protraction/retraction - - Ins - 

unit 3 axial rotation - - Exp - 

abduction/adduction - - Exp - 

protraction/retraction - - Ins - 

unit 4 axial rotation - - Ins - 

abduction/adduction - - Exp - 

protraction/retraction - - Exp - 
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del_II unit 1 axial rotation - - Ins - 

abduction/adduction - - Exp - 

protraction/retraction - - Exp - 

unit 2 axial rotation - - Ins - 

abduction/adduction - - Exp - 

protraction/retraction - - Exp - 

unit 3 axial rotation - - Exp - 

abduction/adduction - - Exp - 

protraction/retraction - - Exp - 

unit 4 axial rotation - - Exp - 

abduction/adduction - - Exp - 

protraction/retraction - - Exp - 

unit 5 axial rotation - - Exp - 

abduction/adduction - - Exp - 

protraction/retraction - - Ins - 

Dorsal Intracostal Joints 

muscle muscle unit muscle action DIR11 DIR13 DIR16 - 

APC_ir unit 1 axial rotation Ins Ins Exp - 

abduction/adduction Exp Exp Ins - 

protraction/retraction Ins Ins Ins - 

unit 2 axial rotation Ins Ins Exp - 

abduction/adduction Exp Exp Ins - 

protraction/retraction Ins Ins Ins - 

unit 3 axial rotation Ins Ins Exp - 

abduction/adduction Exp Exp Ins - 

protraction/retraction Ins Ins Ins - 

II_ir unit 6 axial rotation Exp Exp - - 

abduction/adduction Exp Ins - - 

protraction/retraction Exp Exp - - 

unit 7 axial rotation Exp Exp - - 

abduction/adduction Exp Exp - - 

protraction/retraction Exp Exp - - 

unit 8 axial rotation Ins Exp - - 

abduction/adduction Exp Exp - - 

protraction/retraction Exp Exp - - 

Ventral Intracostal Joints 

muscle muscle unit muscle action VIR11 VIR13 VIR15 - 

SC unit 1 axial rotation Exp Exp Exp - 

abduction/adduction Exp Ins Ins - 

protraction/retraction Exp Exp Exp - 

unit 2 axial rotation Exp Exp Exp - 

abduction/adduction Ins Ins Exp - 

protraction/retraction Exp Exp Exp - 
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unit 3 axial rotation Exp Exp Exp - 

abduction/adduction Ins Exp Exp - 

protraction/retraction Exp Exp Exp - 

Abbreviations: APC_ir, m. appendicocostalis acted on dorsal intracostal joint; APC_vr, m. 

appendicocostalis acted on costal joint; del_IE, combination of mm. intercostales externus 

attached anterior and posterior to the vertebral rib; del_II, combination of mm. intercostales 

internus attached anterior and posterior to the vertebral rib; del_VIC, combination of m. 

iliocostalis attached anterior and posterior to the vertebral rib; Exp, expiration; IE, mm. 

intercostales externi; II_ir, mm. intercostales interni acted on dorsal intracostal joint; II_vr, mm. 

intercostales interni acted on costal joint; Ins, inspiration; LC, m. levator costarum; SC, m. 

subcostalis; vIC, ventral part of m. iliocostalis.  
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Figures 

Figure 8.1. Joint coordinate system (JCS) used in SIMM models. 

Line drawings of vertebra, vertebral rib, and sternal rib of Struthio camelus (UAMZ 7159) 

illustrating the AB setup of the JCS system for axial rotation at dorsal costal joint in lateral view 

(A), for abduction/adduction at dorsal costal joint in lateral view (B), for protraction/retraction at 

dorsal costal joint in anterior view (C), and all three axes at intracostal joint in anterolateral view 

(D). Scale bar equals 1 cm. 
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Figure 8.2. Muscle units in SIMM models reported in this study. 

Line drawings of vertebral rib and sternal rib of Struthio camelus (UAMZ 7159) in lateral and 

anterolateral views (A), illustrating the approximate anatomical positions of all muscle units 

reported from Palaeognath model; line drawings of vertebral rib, intermediate rib, and sternal rib 

of Caiman crocodilus (UAMZ unnumbered) in lateral, lateral, and ventral views (B), illustrating 

the approximate anatomical positions of all muscle units reported from Crocodylian model. 

Drawings are oriented such that proximal ends of rib segments face the top side. Scale bars equal 

1 cm. See digital Supplementary Data for precise coordinates used in SIMM models. 

Abbreviations: APC, m. appendicocostalis; COT, m. costosternalis; IE, mm. intercostales externi; 

II, mm. intercostales interni; LC, m. levator costarum; SC, m. subcostalis; vIC, ventral part of m. 

iliocostalis. 
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Figure 8.3. Maximal muscle moment arms of costal joints for ventral part of m. iliocostalis (vIC) 

in Crocodylian model at maximal inspiration. 

Bar graphs of moment arms for five units of vIC estimated in Paleognath model. Moment arms 

about x-axis for axial rotations at C10, C11, C13, C15, and the pseudo-muscle units at C10 and 

C11 (A); moment arms about y-axis for abduction/adduction at C10, C11, C13, C15, and the 

pseudo-muscle units at C10 and C11 (B); moment arms about z-axis for protraction/retraction at 

C10, C11, C13, C15, and the pseudo-muscle units at C10 and C11 (C). Colours at high and low 

opacity refer to moment arms estimated using plausible oROM and oROM, respectively. 

Abbreviations: C, costal joint; PC, pseudo-muscle units at costal joint; oROM, osteological range 

of motions. 
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Figure 8.4. Maximal muscle moment arms at costal joints for m. levator costarum (LC) in 

Palaeognath model. 

Bar graphs of moment arms for two units of LC estimated in Paleognath model. Moment arms 

about x-axis for axial rotations at first five dorsal costal joints (A); moment arms about y-axis for 

abduction/adduction at first five dorsal costal joints (B); moment arms about z-axis for 

protraction/retraction at first five dorsal costal joints (C). Colours at high and low opacity refer to 

moment arms estimated using plausible oROM and oROM, respectively. Abbreviations: C, costal 

joint; oROM, osteological range of motions. 
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Figure 8.5. Maximal muscle moment arms at costal joints for m. levator costarum (LC) in 

Crocodylian model. 

Bar graphs of moment arms for LC estimated in Crocodylian model. Moment arms about x-axis 

for axial rotations at C10, C11, C13, C15 (A); moment arms about y-axis for 

abduction/adduction at C10, C11, C13, C15 (B); moment arms about z-axis for 

protraction/retraction at C10, C11, C13, C15 (C). Colours at high and low opacity refer to 

moment arms estimated using plausible oROM and oROM, respectively. Abbreviations: C, costal 

joint; oROM, osteological range of motions. 
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Figure 8.6. Maximal muscle moment arms at costal joints for mm. intercostales externi (IE) in 

Palaeognath model. 

Bar graphs of moment arms for five units of IE estimated in Paleognath model. Moment arms 

about x-axis for axial rotations at first five dorsal costal joints (A); moment arms about y-axis for 

abduction/adduction at first five dorsal costal joints (B); moment arms about z-axis for 

protraction/retraction at first five dorsal costal joints (C). Colours at high and low opacity refer to 

moment arms estimated using plausible oROM and oROM, respectively. Abbreviations: C, costal 

joint; oROM, osteological range of motions. 
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Figure 8.7. Maximal muscle moment arms at costal joints for mm. intercostales externi (IE) in 

Crocodylian model. 

Bar graphs of moment arms for four units of IE estimated in Paleognath model. Moment arms 

about x-axis for axial rotations at C10, C11, C13, C15 (A); moment arms about y-axis for 

abduction/adduction at C10, C11, C13, C15 (B); moment arms about z-axis for 

protraction/retraction at C10, C11, C13, C15 (C). Colours at high and low opacity refer to 

moment arms estimated using plausible oROM and oROM, respectively. Abbreviations: C, costal 

joint; oROM, osteological range of motions. 
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Figure 8.8. Maximal muscle moment arms at costal joints for m. appendicocostalis (APC) in 

Palaeognath model. 

Bar graphs of moment arms for two units of IE estimated in Paleognath model. Moment arms 

about x-axis for axial rotations at C23, C24 and pseudo-muscle units at C23 and C24 (A); 

moment arms about y-axis for abduction/adduction at C23, C24 and pseudo-muscle units at C23 

and C24 (B); moment arms about z-axis for protraction/retraction at C23, C24 and pseudo-

muscle units at C23 and C24 (C). Colours at high and low opacity refer to moment arms 

estimated using plausible oROM and oROM, respectively. Abbreviations: C, costal joint; PC, 

pseudo-muscle unit at costal joint; oROM, osteological range of motions. 
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Figure 8.9. Maximal muscle moment arms at costal joints and dorsal intracostal joints for m. 

appendicocostalis (APC) in Crocodylian model. 

Bar graphs of moment arms for three units of IE estimated in Crocodylian model. Moment arms 

about x-axis for axial rotations at C11, C13, C15, DIR11, DIR13, and DIR16 (A); moment arms 

about y-axis for abduction/adduction at C11, C13, C15, DIR11, DIR13, and DIR16 (B); moment 

arms about z-axis for protraction/retraction at C11, C13, C15, DIR11, DIR13, and DIR16 (C). 

Colours at high and low opacity refer to moment arms estimated using plausible oROM and 

oROM, respectively. Abbreviations: C, costal joint; DIR, dorsal intracostal joint; oROM, 

osteological range of motions. 
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Figure 8.10. Maximal muscle moment arms at costal joints for mm. intercostales interni (II) in 

Palaeognath model. 

Bar graphs of moment arms for five units of II estimated in Paleognath model. Moment arms 

about x-axis for axial rotations at first four dorsal costal joints (A); moment arms about y-axis for 

abduction/adduction at first four dorsal costal joints (B); moment arms about z-axis for 

protraction/retraction at first four dorsal costal joints (C). Colours at high and low opacity refer 

to moment arms estimated using plausible oROM and oROM, respectively. Abbreviations: C, 

costal joint; oROM, osteological range of motions. 
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Figure 8.11. Maximal muscle moment arms at costal joints and dorsal intracostal joints for mm. 

intercsotalis internus (II) in Crocodylian model. 

Bar graphs of moment arms for five units of II estimated in Crocodylian model. Moment arms 

about x-axis for axial rotations at C11, C13, C15, DIR11, DIR13, and DIR16 (A); moment arms 

about y-axis for abduction/adduction at C11, C13, C15, DIR11, DIR13, and DIR16 (B); moment 

arms about z-axis for protraction/retraction at C11, C13, C15, DIR11, DIR13, and DIR16 (C). 

Colours at high and low opacity refer to moment arms estimated using plausible oROM and 

oROM, respectively. Abbreviations: C, costal joint; DIR, dorsal intracostal joint; oROM, 

osteological range of motions. 
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Figure 8.12. Maximal muscle moment arms at intracostal joints for m. costosternalis (COT) in 

Palaeognath model. 

Bar graphs of moment arms for COT estimated in Paleognath model. Moment arms about x-axis 

for axial rotations at first three intracostal joints (A); moment arms about y-axis for 

abduction/adduction at first three intracostal joints (B); moment arms about z-axis for 

protraction/retraction at first three intracostal joints (C). Colours at high and low opacity refer to 

moment arms estimated using plausible oROM and oROM, respectively. Abbreviations: IR, 

intracostal joint; oROM, osteological range of motions. 
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Figure 8.13. Maximal muscle moment arms of intracostal joints for m. subcostalis (SC) in 

Palaeognath model. 

Bar graphs of moment arms for SC estimated in Paleognath model. Moment arms about x-axis 

for axial rotations at first five intracostal joints (A); moment arms about y-axis for 

abduction/adduction at first five intracostal joints (B); moment arms about z-axis for 

protraction/retraction at first five intracostal joints (C). Colours at high and low opacity refer to 

moment arms estimated using plausible oROM and oROM, respectively. Abbreviations: IR, 

intracostal joint; oROM, osteological range of motions. 
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Figure 8.14. Maximal muscle moment arms of ventral intracostal joints for m. subcostalis (SC) 

in Crocodylian model. 

Bar graphs of moment arms for SC estimated in Crocodylian model. Moment arms about x-axis 

for axial rotations at VIR11, VIR13, and VIR15 (A); moment arms about y-axis for 

abduction/adduction at VIR11, VIR13, and VIR15 (B); moment arms about z-axis for 

protraction/retraction at VIR11, VIR13, and VIR15 (C). Colours at high and low opacity refer to 

moment arms estimated using plausible oROM and oROM, respectively. Abbreviations: VIR, 

ventral intracostal joint; oROM, osteological range of motions. 
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Figure 8.15. Muscle moment arms at C15 for m. levator costarum (LC) in Crocodylian model. 

Changes of moment arms throughout a ventilatory cycle at C15 about x-axis for axial rotation 

from oROM (A), plausible oROM in Crocodylian W model (B), and plausible oROM in 

Crocodylian WOD model (C); Changes of moment arms throughout a ventilatory cycle at C15 

about y-axis for abduction/adduction from oROM (E), plausible oROM in Crocodylian W model 

(F), and plausible oROM in Crocodylian WOD model (G); Changes of moment arms throughout 

a ventilatory cycle at C15 about z-axis for protraction/retraction from oROM (I), plausible 

oROM in Crocodylian W model (K), and plausible oROM in Crocodylian WOD model (L); Bar 

graphs of maximal moment arms for LC estimated in Crocodylian model (D, H, M). Colours at 

high and low opacity refer to moment arms estimated using plausible oROM and oROM, 

respectively. Abbreviations: C, ventral costal joint; oROM, osteological range of motions. 
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Figure 8.16. Muscle moment arms at C13 for combined effects of ventral part of m. iliocostalis 

(del_vLC) in Crocodylian model. 

Changes of moment arms throughout a ventilatory cycle at C13 about x-axis for axial rotation 

from oROM (A), plausible oROM in Crocodylian W model (B), and plausible oROM in 

Crocodylian WOD model (C); Changes of moment arms throughout a ventilatory cycle at C13 

about y-axis for abduction/adduction from oROM (E), plausible oROM in Crocodylian W model 

(F), and plausible oROM in Crocodylian WOD model (G); Changes of moment arms throughout 

a ventilatory cycle at C13 about z-axis for protraction/retraction from oROM (I), plausible 

oROM in Crocodylian W model (K), and plausible oROM in Crocodylian WOD model (L); Bar 

graphs of maximal moment arms for del_vIC estimated in Crocodylian model (D, H, M). 

Colours at high and low opacity refer to moment arms estimated using plausible oROM and 

oROM, respectively. Abbreviations: C, costal joint; oROM, osteological range of motions. 
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Figure 8.17. Muscle moment arms at C23 for combined effects of mm. intercostales externi 

(del_IE) in Palaeognath model. 

Changes of moment arms throughout a ventilatory cycle at C23 about x-axis for axial rotation 

from oROM (A) and plausible oROM (B); Changes of moment arms throughout a ventilatory 

cycle at C23 about y-axis for abduction/adduction from oROM (D) and plausible oROM (E); 

Changes of moment arms throughout a ventilatory cycle at C23 about z-axis for 

protraction/retraction from oROM (G) and plausible oROM (H); Bar graphs of maximal moment 

arms for del_IE estimated in Palaeognath model (C, F, I). Colours at high and low opacity refer 

to moment arms estimated using plausible oROM and oROM, respectively. Abbreviations: C, 

costal joint; oROM, osteological range of motions. 
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Figure 8.18. Muscle moment arms at C13 for combined effects of mm. intercostales externi 

(del_IE) in Crocodylian model. 

Changes of moment arms throughout a ventilatory cycle at C13 about x-axis for axial rotation 

from oROM (A), plausible oROM in Crocodylian W model (B), and plausible oROM in 

Crocodylian WOD model (C); Changes of moment arms throughout a ventilatory cycle at C13 

about y-axis for abduction/adduction from oROM (E), plausible oROM in Crocodylian W model 

(F), and plausible oROM in Crocodylian WOD model (G); Changes of moment arms throughout 

a ventilatory cycle at C13 about z-axis for protraction/retraction from oROM (I), plausible 

oROM in Crocodylian W model (K), and plausible oROM in Crocodylian WOD model (L); Bar 

graphs of maximal moment arms for del_IE estimated in Crocodylian model (D, H, M). Colours 

at high and low opacity refer to moment arms estimated using plausible oROM and oROM, 

respectively. Abbreviations: C, costal joint; oROM, osteological range of motions. 
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Figure 8.19. Muscle moment arms at C23 for combined effects of mm. intercostales interni 

(del_II) in Palaeognath model. 

Changes of moment arms throughout a ventilatory cycle at C23 about x-axis for axial rotation 

from oROM (A) and plausible oROM (B); Changes of moment arms throughout a ventilatory 

cycle at C23 about y-axis for abduction/adduction from oROM (D) and plausible oROM (E); 

Changes of moment arms throughout a ventilatory cycle at C23 about z-axis for 

protraction/retraction from oROM (G) and plausible oROM (H); Bar graphs of maximal moment 

arms for del_II estimated in Palaeognath model (C, F, I). Colours at high and low opacity refer to 

moment arms estimated using plausible oROM and oROM, respectively. Abbreviations: C, costal 

joint; oROM, osteological range of motions. 
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Figure 8.20. Muscle moment arms at C13 for combined effects of mm. intercostales interni 

(del_II) in Crocodylian model. 

Changes of moment arms throughout a ventilatory cycle at C13 about x-axis for axial rotation 

from oROM (A), plausible oROM in Crocodylian W model (B), and plausible oROM in 

Crocodylian WOD model (C); Changes of moment arms throughout a ventilatory cycle at C13 

about y-axis for abduction/adduction from oROM (E), plausible oROM in Crocodylian W model 

(F), and plausible oROM in Crocodylian WOD model (G); Changes of moment arms throughout 

a ventilatory cycle at C13 about z-axis for protraction/retraction from oROM (I), plausible 

oROM in Crocodylian W model (K), and plausible oROM in Crocodylian WOD model (L); Bar 

graphs of maximal moment arms for del_II estimated in Crocodylian model (D, H, M). Colours 

at high and low opacity refer to moment arms estimated using plausible oROM and oROM, 

respectively. Abbreviations: C, costal joint; oROM, osteological range of motions. 
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8.6 Supplementary Information 

8.6.1 Detailed description of the procedure used to construct kinetic models and 

infer ventilatory functions in this study. 

 In this section, individual presacral and presacral ribs is referred by the sequential number 

of the respective regions (i.e. P#, C#, D#, PR#, IR#, SR#) where necessary. 

Sampling for digitalisation — For the palaeognath model, 20 elements were sampled 

from Struthio camelus (UAMZ 7159), including seven vertebrae from P19 to P25, left PR19 to 

PR25, five left SR21 to SR25, and the sternum. For both crocodylian with m. diaphragmaticus 

(crocodylian W) and crocodylian without m. diaphragmaticus (crocodylian WOD), 33 elements 

were sampled from Caiman crocodilus (UAMZ unnumbered), including 12 vertebrae from P8 to 

P19, left PR9 to PR18, left IR10 to IR16, and left SR10 to SR15.  

 Meshing — the sampled elements were scanned over several sessions using a light 

reflected scanner (Polyga Carbon series) controlled by the program FlexScan 3D housed in the 

Sullivan Lab at the University of Alberta. Scanner was calibrated using 10mm calibration board, 

and the spatial coverage of each scanning sessions was at least 85%. For clean up in FlexScan 

3D, erosion of the edges of holes were performed once or twice followed by one to two iterations 

of smoothing for each scanned bone.  

Some areas of the sampled bones were not completely captured by the scanner: (1) 

internal surfaces of the neural canals of all sampled vertebrae, as they are underexposed and 

filtered out by the scanner; (2) anterior and posterior rugose surface of the neural spines near 

their proximal ends in Su. camelus (UAMZ 7159), as the rugose textures created many noisy 

polygons when captured by the scanner; (3) distal articular facet of PR13 and PR18, articular 

facet of capitulum of PR15, and articular facet of tuberculum of PR14 in Cai. crocodilus (UAMZ 

unnumbered), as remnants of soft tissues were present at the time of scanning; (4) proximal end 

of IR11 as it was damaged during dissection performed in Chapter 6.  

Meshes of ribcages were exported from FlexScan 3D as .obj files, and were refined in 

ZBrush 2018. For each mesh, the .obj file was imported in ZBrush as tool, Dyna mesh was 



499 

 

performed once to fill holes with blur set to zero, resolution of mesh set to 1024. The mesh was 

decimated using decimation master in ZBrush, the levels of decimation were set differently for 

individual mesh, such that the key morphological features such as outline of the articular facets 

were preserved. Masking key area before decimation can limit the amount of anatomical features 

lost in the process of decimation. However, the unmasked portion would lose more anatomical 

features, and masking was therefore not used in this study. With target polygon count set to 100, 

ZRemesher was then used to change the mesh from being composed of triangular geometry to 

evenly distributed quadrangulate geometry. Of the sampled meshes, Dyna mesh and ZRemesher 

were used twice for PR10 of Cai. crocodilus (UAMZ unnumbered), to fill all holes. Then, 

meshes were exported as .obj files. 

As left SR16, the cartilaginous uncinate processes and the sternum in Cai. crocodilus 

(UAMZ unnumbered) were not preserved, a simple rod was created using geometric primitive in 

Maya to represent SR16; five compressed cubes were created from using primitive geometric in 

Maya to represent the cartilaginous uncinate processes; a low poly mesh was created using 

reference images of crocodylian sternum from the literature to represent the cartilaginous 

sternum (Cong et al. 1988; Baier and Gatesy 2013). The scales of these interpreted meshes were 

adjusted such that they approximate the approximate size of the sternum in Cai. crocodilus 

(UAMZ unnumberd). 

Three scenes were created in Autodesk Maya 2022 with working unit set to metre for 

palaeognath, crocodylian W, crocodylian WOD kinematic models, and ribcage meshes were 

imported as bone meshes (Bmesh) for digital articulation. 

Digital articulation — For all kinematic models, Bmesh of the last cervical vertebra 

(P19 and P8) was positioning such that the cranial side of the vertebra was aligned with the Z-

axis of the world, and the dorsal side of the vertebra was aligned with the Y-axis of the world. 

The remaining vertebra, rib segments, and sternum were positioned such that the ribcage 

represent maximal expiration. Using operations such as centre pivots and freeze transformation 

may facilitate the process of digital articulation. A maximal gap of 1 cm was allowed between 

articular facets of Bmesh, which were estimated using the distance tool in Maya (Bonus tool add-
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on in Maya can perform similar functions). Variations are likely present between trials of using 

distance tool, as placement of the locators could not guaranteed to be the same. All Bmeshes of 

the left side were mirrored to the right side. After all Bmeshes were digitally articulated, free 

transformation was performed to set the translation and rotation values at zero. History of each 

mesh was deleted to avoid complications in Bmesh attribute. 

Creating thoracic volume and m. diaphragmaticus — A incline plane was created 

from geometric primitive in Maya to represent m. diaphragmaticus (Dmesh), which was then 

scaled and placed at the position representing maximal expiration according to anatomical 

landmarks from the literature (Claessens 2009a). 

Landmarks were placed on the ventral aspects of the vertebrae, medial aspects of the left 

rib segments, and dorsal aspects of the sternum. A low poly mesh was then created based on the 

landmarks using create polygon tool. Vertices of the low poly mesh were moved manually to 

limit the amount of overlapping with Bmeshes of the ribcage. The low poly mesh was then 

mirrored into a closed mesh, which was then duplicated and scaled to 95% to 96% of its size 

called lung mesh (Lmesh). Lmesh was then remeshed and retopoligised in Maya, such that 

deformations of the Lmesh appear natural. The exact threshold for remesh and retopology are 

subjected to hardware of computers, and a clear threshold at which optimal results may be 

obtained was not found in this study. If edge flows of the remesh and retopoligised Lmesh appear 

unnatural, the subsequent deformation used for estimating plausible oROM may be affected. If 

needed, tools such as live retopology can be used to create a new Lmesh. 

A deformer was setup to drive the deformation of Lmesh. The low poly mesh created 

from landmarks in this step was used as a hulk to drive deformation of the slightly smaller 

Lmesh. A wrap deformer in Maya was used, such that motions of vertices of the hulk would 

deform Lmesh.  

To have vertices of the hulk follow ventilatory motions of Bmeshes, Vertices of the hulk were 

assigned to cluster deformers that were parent constrained to the nearest Bmeshes. For vertices 

positioned between two Bmeshes (e.g. vertices positioned within an intercostal space), clusters 
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of the vertices were parent constrained by both adjacent Bmeshes. The resulting deformation 

should expand smoothly, and reassigning vertices to clusters may be required to achieve 

desirable effects.  

For crocodylian W model, the Lmesh was created also using landmarks from the Dmesh. 

As Lmesh does not reach the posterior aspects of the ribcage, additional edge loops were created 

near the posterior end of Lmesh, such that ventilatory motions of the posterior ribcage can drive 

deformations of Lmesh.  Setup of deformer could be done after oROM is estimated. 

 Joint coordinate systems (JCS) —JCS were created using Maya joints (Mjoints) to 

describe anatomical rotations of Bmeshes around three axes using Euler angles following the AB 

setup in Chapter 7. Mjoints were placed at the anterior aspect of the centrum near the centres of 

the centrum. To place an intervertebral joint, a landmark was placed at the left lateral most aspect 

of the centrum, and a mirror landmark was created across Z-axis of the world using mirror tool in 

Maya. The intervertebral joint was placed in the midpoint between two landmarks. For sternum, 

Mjoints was placed at near its centroid. Orientations of intervertebral joints and sternum are 

setup as follow: 

Ventilatory motions for intervertebral joints and sternum are described as rotations 

around x-axis as flexion/extensions. Translations were allowed only for sternum. 

Taking the long axis of Bmeshes as morphological features in considerations, AB setup 

describes ventilatory motions around x-axis as axial rotations, around y-axis as 

abduction/adductions, and around z-axis as protractions/retractions. 

For costal joints, Mjoints were placed at the midpoint between capitulum and tuberculum. 

To place a costal joint, landmarks were placed near the centres on the articular facets of 

capitulum and tuberculum. The costal joint was then positioned to the midpoint of two 

landmarks by point constraint of the costal joints. Constraint was removed after the placement of 

costal joint was completed. 
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For intracostal joints, Mjoints were placed at the midpoints on the proximal articular 

facets of rib segments. To place an intracostal joint, two landmarks were placed at the ends of the 

long axis on the articular facet (e.g. long axis of the surface at the proximal end of the articulated 

sternal rib). The intracostal joint was then placed in the midpoint of two landmarks. Constraints, 

if used, were removed after the intracostal joint was placed. 

To orient a costal/intracostal joint in AB manner, a child joint was created and placed near 

the centre of the articular facet at the distal end of the rib segment. The child joint was parented 

under the costal/intracostal joint. The costal/intracostal joint was then oriented using Orient Joint 

Option in Maya with X-axis as the primary axis, Y-axis as the secondary axis, and positive Z-

axis as the secondary axis world orientation. 

Rigging and setting up connections — controllers were setup using AJ setup described 

in Chapter 7. AJ setup only account for the positions of articular facets of rib segmetns, AJ setup 

describes ventilatory motions around x-axis as axial rotations, around y-axis as 

abduction/adductions, and around z-axis as protractions/retractions.  

 Placements of costal and intracostal joints were the same as CBP setup. To orient a costal 

joint in palaeognath model, a child joint was created at the midpoint between capitulum and 

tuberculum. The costal joint was then oriented using Orient Joint Option in Maya with X-axis as 

the primary axis, Y-axis as the secondary axis, and positive Z-axis as the secondary axis world 

orientation. To orient an intracostal joint in palaeognath model, a child joint was created at the 

midpoint on the articular facet of the sternal rib. The intracostal joint was then oriented using 

Orient Joint Option in Maya with X-axis as the primary axis, Z-axis as the secondary axis, and 

positive Y-axis as the secondary axis world orientation. To orient a costal joint in crocodylian W 

and crocodylian WOD, the procedure was the same as orienting a costal joint in palaeognath 

model. To orient a dorsal intracoastal joint, a child joint was created at the midpoint on the 

articular facet along the long axis of intermediate rib, and the child joint was parented under the 

costal joint. The dorsal intracostal joint was then oriented using Orient Joint Option in Maya with 

X-axis as the primary axis, Y-axis as the secondary axis, and positive Z-axis as the secondary 

axis world orientation. To orient a ventral intracostal joint, a child joint was created at the 
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midpoint on the articular facet along the long axis of sternal rib, and the child joint was parented 

under the ventral intraocostal joint. The ventral intracostal joint was then oriented using Orient 

Joint Option in Maya with X-axis as the primary axis, Y-axis as the secondary axis, and positive 

Y-axis as the secondary axis world orientation. 

To connect Mjoints between AB, and AJ setups, joint locators (JLocators) were then 

placed and oriented in the same way as the Mjoints with AJ setup. All Mjoints with AB, and AJ 

setups were parent constrained under the JLocators. 

Duplicates of joints from AJ setup were created to drive motions of the ribcage in Maya. 

NURB curves were created as controller to record oROM as animation key frames. Pivot points 

and orientations of Bmeshes and NURB controllers were matched to those of the Mjoints 

duplicated from AJ setup. Maya tools such as Match Transformation may facilitate this process. 

Then, freeze transformation were applied to Bmeshes. To have clean channel boxes for the 

NURB controllers, we could create groups that house the NURB controllers, and Match 

Transformation of the group to Mjoints.  

Bmehes were then parent constrained to Mjoints, which were parent constrained to 

NURB controllers. Accordingly, we can use NURB controller to drive movement of individual 

Bmesh. Bmeshes of vertebrae would need to drive motions of rib segments, so that translations 

were not required for rib segments. To achieve this effect, NURB controllers of the ventral rib 

segments (e.g. sternal ribs) were hierarchically parent constrained to the dorsal rib segments (e.g. 

vertebral rib), and then parent constrained to the NURB controller of the corresponding vertebral 

Bmeshes. NURB controller of the posterior vertebral Bmeshes were then hierarchically parent 

constrained to those of the anterior vertebral Bmeshes. To have clean connections, empty groups 

can be created as parent objects to house NURB controllers, and parent constrains can be placed 

on the group. Note that NURB controller of the ventral Bmeshes (e.g. sternal ribs) under this 

setup would inherit transformations driven by the those of the dorsal Bmeshes (e.g. vertebrae), 

which is why JLocators were used to record pure rotations of the ventral Bmeshes.  
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Rotation orders of all objects in the scene were set to xyz with Script 8.1 (see digital 

supplementary information). 

Estimate plausible oROM — NURB controller were manually rotate such that the 

ribcage was expanded to a state representing maximal inspiration, and the manual rotations were 

recorded as animation keyframes representing oROM. Bmeshes were allowed to approached 

other Bmeshes without direct contact. Xray view in Maya may facilitate the estimations. For 

crocodylian W model, Dmesh was manually translated to a position representing maximal 

inspiration by referencing the literature (Claessens 2009a).   

To estimate plausible oROM, oROM of all Bmeshes were scaled until changes of the 

thoracic volume approximated the tidal volumes taken from the literature (Schmidt-Nielsen et al. 

1969; Perry 1988; Maina et al. 2009) (Table 7.1 in Chapter 7). Noted that tidal volume used for 

crocodylian W and crocodylian WOD models were computed from VLr and VLm reported by 

Perry (1988). Volumes of Lmesh were estimated using the MEL command 

ComputePolysetVolume. Multiple trial and error may be needed to approximate the tidal volume, 

and we did not recover the exact value of tidal volumes documented in the literature. 

Three versions of ventilatory motions were created: (1) vertebra-rib-sternum (VRS) 

version represents ventilation with vertebrae, rib segments, and sternum; (2) rib-sternum (RS) 

represents ventilation with rib segments and sternum; and (3) rib (R) represents ventilation with 

only rib segments. For AB and AJ setups of each version of ventilation, both oROM and 

plausible oROM were recorded as animation keyframes and were saved in .atom format. 

JLocators were also keyframed with the same values as NURB controller, so that pure rotations 

of the Mjoints of AB and AJ can be recorded and exported. 

To describe oROM and plausible oROM from maximal expiration to maximal inspiration 

in a ventilatory cycle, the ratio of duration of inspiration to expiration as expressed by animation 

keyframes in Maya was set to 1:2 for paleognath and 1:1 for crocodylian, which are based on 

respiratory studies in neognath and crocodylians (Table S8.1). To test the potential impacts of 

different kinematic assumptions, rotations were prescribed both as linear angular motions and 
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motions with a constant angular acceleration estimated from oROM and duration of ventilation. 

Linear angular motions were prescribed as equal steps each of the size determined by the 

following formula: 

Ss = (ROM)/(t) 

Ss: the increments of angular rotation between successive keyframes. 

ROM: oROM or plausible oROM. 

t: duration of inspiration and/or expiration as expressed by animation keyframes. 

Motions with a constant angular acceleration was prescribed using kinematic equations as 

follow: 

Ss = (ω(f+1)
2 – ω f

2) / (2 * α) 

ωf = α * f 

α = (ROM)/t2 

Ss: the increments of angular rotation between successive keyframes. 

ωf: angular velocity at a given point in time during ventilation. 

α = angular acceleration. 

ROM: oROM or plausible oROM. 

All computed oROM and plausible oROM were written manually transferred to SIMM 

motion file. Only a header would need to be added for each motion file, and the computed values 
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could be copied directed from Excel, or other software packages such as R. Noted that names of 

motion files (.mot) should be the same as the names mentioned in joint file (.jnt) of SIMM. 

Transferring kinematic models from Maya to SIMM — Bmeshes in Maya were 

translated to the world origin of the scene, which were then exported as individual .obj file. As 

SIMM does not have a built-in working unit, all Bmeshes retained the millimetre scale from the 

initial capture using the light reflected scanner. Bmeshes exported from Maya were scaled to 

metre scale using Autodesk Meshmixer. As all morphological information were captured in 

Maya, Bmeshes were decimated to 5000 polygons, before being placed in SIMM. 

 To obtain the joint orientation using AB setup, Script 8.2 were used to extract axial 

rotations from MMatrix in maya, which were then written in the joint file for SIMM model.  

 Representing trunk muscles — Trunk muscles were represented as vectors connecting 

bony elements of the ribcage. As many hypaxial muscles (e.g. mm. intercostales externi) have 

broad insertions on the ribs, and cannot be accurately represented as single vectors. Instead, 

muscles were represented by vectors of multiple muscle units evenly spaced throughout the area 

of osteological correlates (see Chapter 6 for osteological correlates), with each muscle unit 

representing a bundle of similarly oriented fibres.  

 To represent a muscle, maya scenes were created with all Bmeshes located at the world 

origin, as SIMM takes pivot points of Bmehes as origin for muscles attached to them. Then, 

landmarks were placed on the osteological correlates. Vertex snapping or geometric constraints 

may facilitate this process. For muscles attached to an area along the rib segments (e.g. mm. 

intercostales externi), Four to five landmarks were created according to the number of units 

needed. Point constraints without maintaining offset and geometric constraints were used to 

positioned landmarks such that they were evenly distributed along the osteological correlate.  

A total of 136 and 300 muscle units were created for the kinetic Palaeognath and 

Crocodylian models using Script 8.3. All muscle coordinates were then manually transferred to a 

muscle file in SIMM. Noted that the name of muscle file (.msl) should be consistent with the 

name mentioned in the joint file (.jnt) for SIMM model. As this study focused on hypaxial trunk 
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muscles, only 67 and 84 muscle units were sampled as representatives for functional 

interpretations. Where appropriate, wrap objects were added in SIMM to prevent vectors of 

muscle units from passing through bony elements. To evaluate the functional significance of 

uncinate processes from the perspective of moment arms, pseudo-muscle units were created for 

ventral part of m. iliocostalis and m. appendicocostalis, which were attached directly to the 

vertebral ribs, neglecting the presence of uncinate processes. Accordingly, the pseudo-muscle 

unites represent hypothetical muscle without mechanical leverages that may be provided by the 

uncinate processes.  

Analysing moment arm plots — For a given ventilatory cycle, changes in moment arms 

of sampled muscle units were plotted in SIMM. To generate a moment arm plot, x variable was 

set to respective motion file, and y variable was set to moment arm (numeric). Moement arm 

instead of moment arm (numeric) can also be used for similar results, though moment arm 

(numeric) took in account for the moment arm values from adjacent frames by estimating the 

derivatives. The moment arm plots were then exported as .plt file for AutoCAD. Unfortunately 

SIMM does not seem to have other options for exporting moment arm plots. Moment arm plots 

in .plt format were then opened in Excel such that moment arm data was organised and named in 

a consistent format for subsequent analyses. 

Moment arm data were imported and analysed in RStudio 4.1(RStudio Team 2020) using 

Script 8.4 and Script 8.5, such that magnitudes of moment arms and changes of moment arms 

throughout a ventilatory cycle can be compared between three kinematic motions and among 

anatomical joints. As signs of moment arms are indicative of the directions at which the muscles 

would drive the skeletal elements to rotate, ventilatory functions of each muscle unit were 

inferred by comparing the signs of moment arms to those of the kinematic motions. Muscle units 

with moment arms of the same and opposite signs as those of kinematic motions were inferred to 

have inspiratory and expiratory functions, respectively. Muscle units with moment arms that 

change signs during a ventilatory cycle were inferred to have mixed ventilatory functions. Only 

the VRS version of plausible oROM from Palaeognath and Crocodylian W kinematic models 

were used to infer ventilatory function. 
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As many vertebral ribs carry attachment sites cranially and caudally for ventral part of m. 

iliocostalis, mm. intercostales externi, and mm. intercostales interni (see Chapter 6), the 

simultaneous contractions of muscle units cranial and caudal to a given vertebral ribs may result 

in inspiratory or expiratory function. Combinations of muscle moment arms were computed, and 

the signs of combined moment arms were used to inferred whether the combinations of cranial 

and caudal units of ventral part of m. iliocostalis, mm. intercostales externi, and mm. 

intercostales interni would rotate vertebral ribs for inspiration or expiration. The third and fourth 

costal joints were sampled as representative in Palaeognath and Crocodylian models, 

respectively. Results were visualised using the R package GGplot2 (Wickham 2009). 
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Table S8. 1. Duration of inspiration and expiration estimated from the literature. 

Taxa Active level Condition Inspiration 

(s) 

Expiration 

(s) 

I:E ratio 

Domestic goose 

(Cohn and 

Shannon 1968) 

resting unanathetized 2.44 2.41 1.01   
2.52  2.54 0.99 

Canada geese 

(Funk et al. 

1993) 

in flight unanathetized 1.99  4.86 0.41    
1.85 4.92 0.38   
1.67 5.13 0.33   
1.79 4.72 0.38 

Mallard duck * 

(Lord et al. 

1962) 

resting unanathetized 1.5 3 0.50 

in flight unanathetized 0.4 0.4 1.00 

Chicken 

(Kadono et al. 

1963) 

resting unanathetized 0.96 1.1 0.87   
1.1 0.89 1.24   
0.95 1.22 0.78   
1.11 1.2 0.93   
0.91 0.96 0.95   
0.5 0.92 0.54   
0.99 0.85 1.16   
0.95 0.97 0.98   
1.09 0.87 1.25   
1.26 1.27 0.99   
1.05 1.13 0.93   
0.96 1.12 0.86   
0.9 1.22 0.74   
1.09 1.23 0.89   
1.02 1.24 0.82   
0.99 1.21 0.82   
1.29 1.16 1.11   
1.27 1.19 1.07   
1.28 0.98 1.31   
1.1 1.28 0.86   
1.38 1.14 1.21   
1.02 1.13 0.90   
0.9 1.19 0.76   
0.48 0.55 0.87   
0.44 0.42 1.05   
0.38 0.48 0.79   
0.39 0.43 0.91   
0.46 0.48 0.96   
0.4 0.45 0.89 
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0.4 0.46 0.87   
0.39 0.44 0.89   
0.39 0.42 0.93   
0.38 0.5 0.76   
0.36 0.43 0.84   
0.89 0.71 1.25   
0.83 0.76 1.09   
0.66 1.24 0.53   
0.58 1.29 0.45   
0.46 0.5 0.92   
0.44 0.47 0.94   
0.4 0.5 0.80   
0.48 0.54 0.89   
0.81 0.91 0.89   
0.81 1.02 0.79   
0.73 0.72 1.01   
0.75 0.85 0.88   
0.29 0.37 0.78   
0.24 0.41 0.59   
0.3 0.41 0.73   
0.29 0.46 0.63   
0.27 0.5 0.54   
0.27 0.49 0.55   
0.48 0.48 1.00   
0.49 0.45 1.09   
0.47 0.43 1.09   
0.46 0.45 1.02   
0.44 0.41 1.07   
0.45 0.5 0.90   
0.46 0.51 0.90   
0.44 0.59 0.75 

Black duck 

(Berger et al. 

1970) 

in flight unanathetized 0.21 0.75 0.28   
0.22 0.84 0.26   
0.22 0.95 0.23   
0.13 0.89 0.15   
0.22  0.87 0.25   
0.35 1.39 0.25   
0.41 1.38 0.30   
0.42 1.28 0.33   
0.43 0.78 0.55   
0.46 0.74 0.62   
0.49 0.69 0.71   
0.46 0.88 0.52 
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0.36 0.66 0.55 

Evening 

grosbeak 

(Berger et al. 

1970) 

in flight unanathetized 0.06 0.14 0.43   
0.07 0.14 0.50   
0.06 0.09 0.67   
0.06 0.09 0.67   
0.07 0.14 0.50 

Magpie 

(Boggs 1997) 

in flight unanathetized 0.19 0.24 0.79   
0.24 0.26 0.92   
0.19 0.23 0.83 

Magpie 

(Boggs et al. 

1997a)  

in flight unanathetized 0.19 0.21 0.90   
0.23 0.34 0.68   
0.15 0.18 0.83 

Magpie 

(Boggs et al. 

1997b)  

in flight unanathetized 0.24 0.26 0.92   
0.12 0.25 0.48 

American 

alligator 

(Carrier and 

Farmer 2000b) 

in walk unanathetized 2.19 1.62 1.35   
1.74 1.95 0.89   
1.69 2.17 0.78 

American 

alligator  

(Farmer and 

Carrier 2000a) 

recovering unanathetized 2.74 8.46 0.32   
3.27 10.39 0.31   
3.85 9.11 0.42   
3.97 7.98 0.50 

American 

alligator 

(Farmer and 

Carrier 2000a) 

in walk unanathetized 2.22 1.76 1.26   
1.76 1.94 0.91   
1.63 2.26 0.72 

American 

alligator 

(Farmer and 

Carrier 2000a) 

in walk unanathetized 1.98 2.14 0.93   
0.9 1.28 0.70   
1.46 1.74 0.84   
1.86 1.35 1.38 

* indicates taxon where durations of inspiration and expiration were described. Durations of 

inspiration and expiration in other taxa were measured from figures using ImageJ (Schneider et 

al. 2012). 
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8.7 Digital supplementary information 

Digital supplementary data is stored and managed by the author, the documents of which 

are listed as follow: 

(1) two SIMM models to recreate moment arm plots and estimate other ventilatory functions. 

(2) two Maya scenes to show landmarks on the osteological correlates of trunk muscles  

(3) raw data exported from SIMM in .plt format 

(4) Script 8.1 used to adjust rotation order in Maya 

Latest version of this script may be found at: 

https://github.com/Wani2Y/3D-modelling/blob/main/Maya/change_rotation_order.py 

(5) Script 8.2 used to get joint orientation values from MMatrix in Maya for SIMM joint file 

Latest version of this script may be found at: 

https://github.com/Wani2Y/3D-modelling/blob/main/Maya/get_joint_info_for_SIMM.py 

(6) Script 8.3 used to export muscle coordinates in Maya for muscle file in SIMM 

Latest version of this script may be found at: 

https://github.com/Wani2Y/3D-modelling/blob/main/Maya/export_channel_box_info.py 

(7) raw data and Script 8.4 and Script 8.5 to recreated analyses and functional inferences in R 

Latest version of this script may be found at: 

https://github.com/Wani2Y/Bioinformatics/tree/main/EDA%20of%20moment%20arms%20from

%20SIMM 
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CHAPTER 9 

Conclusions and future directions 

 

9.1 General conclusions 

 The primary aims of this thesis have been to provide updated anatomical information on 

the archosaur trunk, to use biomechanical principles to analyse the ventilatory process, and to 

gain insights into the evolutionary transitions that have occurred over deep time with respect to 

archosaur ventilation.    

 Before the twenty-first century, ventilatory studies of archosaurs focused on 

understanding three key points: (1) pulmonary morphology (Brackenbury 1972; Powell and 

Wagner 1982), (2) the amount of air that passed into and out of the respiratory organs during 

ventilation (Lord et al. 1962; Kadono et al. 1963; Cohn and Shannon 1968; Schmidt-Nielsen et 

al. 1969; Berger et al. 1970; Perry 1988; Funk et al. 1993; Boggs et al. 1997), and (3) the 

ventilatory roles of various muscles, as inferred from their activity patterns (Lord et al. 1962; 

Berger et al. 1970; Duncker 1972; Butler 1982; Perry 1988; Boggs et al. 1997; Boggs et al. 

1997). Only Zimmer (1935) attempted to analyse ventilation using mechanical principles. Since 

then, these lines of investigation have continued to expand, and have yielded key insights into 

how the trunk musculature and lungs behave during ventilation in archosaurs (Codd et al. 2005; 

Tickle et al. 2007; Farmer and Sanders 2010; Munns et al. 2012; Codd et al. 2019). With the 

advent of and subsequent improvements in non-invasive techniques, ventilatory motions have 

also been documented in several extant archosaurs to further scientific understanding of 

mechanical aspects of their ventilation (Claessens 2009a; Claessens 2009b; Brocklehurst et al. 

2017; Brocklehurst et al. 2019). 

In addition to research on extant archosaurs, a growing body of work has accumulated on 

transformations that have affected respiration, including ventilation, over the course of archosaur 

evolution (Carrier and Farmer 2000a; Carrier and Farmer 2000b; Claessens 2004; O’Connor and 

Claessens 2005; Codd et al. 2008; Schachner et al. 2009; Schachner et al. 2011; Claessens and 
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Vickaryous 2012; Brocklehurst et al. 2018). In this thesis, we continued the path set by scholars 

that came before us, to gain insights into the mechanics and evolution of archosaur ventilation.   

 In Chapter 2 and Chapter 3, we proposed qualitative criteria, and developed supervised 

statistical models, intended to regionalise the presacral vertebrae accurately and consistently. The 

goal was to use vertebral morphological features to identify the first presacral vertebra that 

would have been connected to the sternum via rib segments, traditionally defined as the first 

dorsal (Romer 1956). Although the morphological criteria proposed in Chapter 2 could not 

pinpoint the cervicodorsal transition, as traditionally defined, they were capable of delineating a 

transitional region that would likely contain the first sternal connection in extant and fossil 

archosaurs. By comparison, the supervised statistical models proposed in Chapter 3 could 

pinpoint the first sternal connection with relatively high accuracy, but only in extant archosaurs. 

Therefore, the best currently available basis for identifying the cervicodorsal transition in extinct 

archosaurs, and by extension for assessing regional variation in features of the presacral 

vertebrae that are relevant to pulmonary morphology and ventilation (Schachner et al. 2009; 

Brocklehurst et al. 2018), may be the transitional criteria proposed in Chapter 2.  

 In Chapter 4, we established an osteological correlate of uncinate process attachment, 

called uncinate scars, as indirect evidence that can be used to infer the presence of uncinate 

processes when the processes themselves are not preserved. From the distribution of uncinate 

processes in Archosauria, as determined both from preserved examples and based on uncinate 

scars, we proposed that uncinate processes and their ventilatory function (Codd et al. 2005; 

Tickle et al. 2007; Codd et al. 2019) may have first appeared in early dinosaurs, or even in early 

archosaurs, and been widely inherited as a homologous feature.  

In Chapter 5, we further examined the attachment sites of the uncinate processes in extant 

and fossil dinosaurs. We proposed that uncinate processes are anchored to vertebral ribs by 

coarse collagen fibres passing through the periosteum, and that very little movement, if any, 

would be expected to occur between uncinate processes and vertebral ribs. In addition, features 

within the cortical bone of vertebral ribs at the attachment sites of uncinate processes in taxa we 
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sampled suggests that the attachment sites have been modified presumably by natural selection 

on the evolutionary path to extant birds.  

In Chapter 6, we presented an updated comparative study on trunk and pelvic muscles in 

extant archosaurs. We proposed osteological correlates for both trunk and pelvic muscles, and 

identified correlates for three of the trunk muscles in at least 33 fossil dinosaurs. We also found 

that m. appendicocostalis, a trunk muscle that normally attaches to the uncinate processes and the 

shafts of vertebral ribs in birds, exists in the emu Dromaius novaehollandiae (UAMZ 

unnumbered) even though uncinate processes are absent. This would suggest that the absence of 

uncinate processes in the emu, and likely also in anhimid and megapodid birds (Baumel et al. 

1993), is most likely secondary, strengthening the idea proposed in Chapter 4 that uncinate 

processes likely represent a homologous feature shared by most archosaurs. 

In Chapter 7, we documented a workflow for estimating the plausible osteological range 

of motion (oROM) of the ribcage, which in turn provided a basis for estimating tidal volume in 

three kinematic models using ex vivo skeletal remains. The oROM estimates scaled by tidal 

volume in our study were similar to results from in vivo studies (Claessens 2009a; Claessens 

2009b; Brocklehurst et al. 2017; Brocklehurst et al. 2019). Additionally, moving the ribcage 

through the oROM using an assumed angular acceleration resulted in a kinematic profile 

comparable to those recorded in in vivo studies (Brocklehurst et al. 2017; Brocklehurst et al. 

2019). Furthermore, the workflow proposed in Chapter 7 links different conventions for 

establishing joint coordinates, so that the different joint coordinate systems can be interconverted 

semi-automatically. Accordingly, the oROM associated with ventilation can be reasonably 

estimated using skeletal remains, which opens the possibility of generating and comparing 

oROM estimates in fossil archosaurs. 

In Chapter 8, we documented a workflow for constructing kinetic models to estimate 

moment arms of trunk muscles, which in turn were used to infer the ability of various muscles to 

contribute to ventilation in three-dimensional fashion. Overall, trunk muscles would protract and 

retract segments of the ribcage to help drive inspiration and expiration, respectively. Although 

we agreed with Zimmer (1935) and Tickle et al. (2007) that uncinate processes enhance 
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archosaurs’ ability to inspire air, we have observed additional details on how the uncinate 

processes can improve muscles’ inspiratory function. In our Palaeognath model, uncinate 

processes enhance the bird’s ability to protract the vertebral ribs while constraining abduction of 

the vertebral ribs. In our Crocodylian models, however, uncinate processes enhance the 

crocodylian’s ability to both protract and abduct the vertebral and intermediate ribs. Therefore, 

the configuration and morphology of the ribcage (e.g. relative anatomical positions of rib 

segments, orientations of muscle fibres) may have a substantial impact on the extent to which 

uncinate processes can improve inspiratory functions of associated trunk muscles.  

9.2 Plausible future directions  

In this thesis, we focused on establishing baseline information from extant archosaurs 

regarding the anatomy of archosaur trunks and the biomechanical significance of some of their 

anatomical features. Conclusions proposed by this thesis can be expanded upon in five major 

directions, as follows. 

(1) Cervicodorsal transition. The criteria proposed in Chapter 2 are mostly based on 

observations from extant birds, extant crocodylians, and fossil dinosaurs. Other fossil archosaurs, 

especially those positioned near the root of Archosauria, could be sampled in the future, to 

provide a stronger basis for evolutionary inferences regarding how the presacral region of the 

vertebral column may have been altered in the evolutionary history of archosaurs.  

Although the supervised statistical models proposed in Chapter 3 could only regionalise 

presacral vertebrae with high accuracy in extant archosaurs, collecting additional data from fossil 

archosaurs with articulated skeletons (Xu et al. 2015; Currie et al. 2016) would allow the 

supervised statistical models to be trained using a combined data set from both extant and fossil 

archosaurs. This may increase the accuracy of the models in regionalising presacral vertebrae in 

fossil archosaurs. Both the qualitative criteria proposed in Chapter 2 and the statistical models in 

Chapter 3 may be compiled together as an R package, such that presacral vertebrae could be 

regionalised consistently, and model accuracy could be improved continuously with new training 

data. 
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(2) In Chapter 4, we proposed that uncinate processes might be a homologous feature 

across Dinosauria and even Archosauria. However, we only sampled four pseudosuchian 

archosaurs, so the “crocodylian-line” archosaurs are relatively poorly represented in our analysis. 

Examining vertebral ribs in more fossil pseudosuchians and other basal archosaurs could further 

test our hypothesis of homology. 

We found uncinate scars in an indeterminate member of Phytosauria which we placed 

within Archosauria following Nesbitt et al. (2017). However, Phytosauria is sometimes 

recovered outside Archosauria (Ezcurra 2016; Marsh et al. 2020), which suggests a potential pre-

archosaurian advent of uncinate processes. This presents an additional reason to search more 

widely for uncinate scars in basal archosaurs, and even in archosauriforms that fall outside 

Archosauria. 

(3) In Chapter 5, we found histological evidence suggesting that the uncinate processes 

are anchored to vertebral ribs via coarse collagen fibres. In the tyrannosaurids we sampled, we 

also found evidence for an increase in vasculature near the attachment sites of uncinate 

processes, resembling the condition observed in the sampled turkey Meleagris gallopavo 

(UAMZ unnumbered). Sampling histological evidence associated with uncinate scars in 

theropod dinosaurs on the line to birds would make it possible to test whether increased 

vascularisation at uncinate process attachments is a feature that originated in fossil theropods and 

was inherited by extant birds, as the tyrannosaurid evidence suggests. 

(4) In Chapter 7, we proposed a workflow for generating plausible estimates of oROM 

using tidal volume. This opens up the possibility of estimating plausible oROM using tidal 

volume for a wider range of activity levels, as tidal volumes change during locomotion, recovery, 

and resting (Lord et al. 1962; Kadono et al. 1963; Cohn and Shannon 1968; Schmidt-Nielsen et 

al. 1969; Berger et al. 1970; Perry 1988; Funk et al. 1993; Boggs et al. 1997; Carrier and Farmer 

2000b; Farmer and Carrier 2000; Claessens 2009a). The plausible oROM estimates could then be 

linked to anatomical aspects of ribcage morphology and physiological aspects of gas exchange 

through estimated tidal volumes, which would in turn provide a more comprehensive 

understanding of respiration in archosaurs. 
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As well-preserved articulated or associated ribcages have been documented in the fossil 

record (Norell and Makovicky 1999; Maidment et al. 2015; Xu et al. 2015; Currie et al. 2016), 

the workflow proposed in Chapter 7 may be modified to generate plausible estimates of oROM 

and tidal volume for fossil archosaurs using such specimens. It would then be possible to search 

for an evolutionary link between tidal volume and changing ambient oxygen levels through deep 

time (Belcher and McElwain 2008; Farmer 2015).  

(5) In Chapter 8, we created two kinetic models to infer ventilatory functions of trunk 

muscles during tidal ventilation, but neither the full plausible oROM nor the entire set of trunk 

muscles was considered in the analysis of the models. The ventilatory functionalities of the trunk 

muscles in specific situations, such as in a sitting bird (Claessens 2009b), may warrant 

examination of a different plausible oROM. In addition, electromyographic studies have 

suggested that some of the epaxial muscles may be involved in ventilation (Fedde et al. 1964; 

deWet et al. 1967; Baumel et al. 1990), and inferring their potential ventilatory utility using 

moment arms may be warranted. Functional inferences using moment arms are relevant only 

under the assumption that the muscles are activated in the course of the activity being modelled 

(i.e. inspiration and expiration), but the assumption was not tested. Combining the kinetic 

modeling introduced in Chapter 8 with muscle activity data from electromyographic studies to 

create a predictive simulation of trunk musculoskeletal activity and skeletal motions may lead to 

improved interpretations of trunk muscle function.  

Inferences presented in Chapter 8 about muscle function, based on moment arms, hint 

that ribcage morphology would impact the ventilatory function of the trunk muscles. Therefore, 

creating kinetic models of archosaurs that vary widely in ribcage structure (Xu et al. 2015; Currie 

et al. 2016; Drysdale et al. 2018) may provide insights into evolutionary transitions in the 

ventilatory role of the trunk musculature since the dawn of Archosauria.   
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