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Abstract 

The theropod scapulocoracoid is an integral component of the avian flight 

apparatus, and its evolution is investigated using a combination of systematically based 

comparative anatomical and morphometric analyses. The morphological trends revealed 

via comparisons of theropod taxa are subsequently compared to the results of thin-plate 

spline analysis, allowing for a more objective assessment of shape changes observed in 

the scapulocoracoid. Thin-plate splines also permit graphical reconstruction of 

hypothetical ancestral forms situated at the internal nodes within a cladogram. The 

transformations inferred for the hypothetical ancestors, which represent more accurately 

the true line of descent, are compared to the transitions between the terminal taxa. 

In order to evaluate changes in the size and performance of the shoulder girdle 

musculature during this transition, theropod shoulder girdle musculature is reconstructed, 

based upon phylogenetic and functional inferences. Identification and comparison of 

osteological correlates of theropod shoulder musculature across theropod groups, and 

areas of shape change in the scapulocoracoid as revealed by anatomical comparisons, 

allow muscular changes to be mapped onto structural intermediates leading up to birds. 
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Chapter 1: Introduction 

The morphological transformation of non-avian theropod anatomy to yield the 

avian flight apparatus is one of the most intriguing transitions among vertebrates (Carroll, 

1997). The origin of birds is nested within Mesozoic theropods (Gauthier, 1986), which 

were obligately bipedal, mostly carnivorous saurischian dinosaurs that persisted from the 

Late Triassic to the Late Cretaceous (Fig. 1.1 ). Bipedalism decoupled the dinosaurian 

shoulder girdle from its weight-bearing function, and allowed the forelimbs of theropods 

and other dinosaurs to engage in roles other than locomotion. Discoveries of new taxa 

that are phylogenetically close to the theropod-bird transition indicate that this 

transformation occurred in a stepwise manner, with many traditionally diagnostic avian 

features, such as feathers and a furcula (wishbone), appearing first in non-avian theropods 

(Carroll, 1997; Padian, 1998; Padian and Chiappe, 1998). The theropod shoulder girdle 

consists of paired scapulocoracoids, paired sternal plates, and in the majority of tetanuran 

species, a furcula. The scapulocoracoid is the focus of this study because it is an integral 

part of the shoulder apparatus and many of the muscles that attach to and influence the 

function of the upper arm originate from the scapulocoracoid. Thus, morphological 

changes in the structure of the scapulocoracoid may correlate with changes in forelimb 

function, and may provide insights into transformations that were pivotal to the 

emergence of the avian flight apparatus. 

Many previous studies of the evolution of the theropod shoulder girdle (for 

example, Ostrom, 1976a; Chatterjee, 1997) have concentrated on the transition between 

basal and anatomically modem birds. Archaeopteryx, the oldest known fossil bird, has 
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typically been the focus or starting point of studies examining this transformation 

(Witmer, 2002). However, the morphological boundary between "birds", as represented 

by Archaeopteryx, and theropods is increasingly arbitrary. With recent discoveries of 

new theropod taxa closely related to birds, the morphological gap has contracted, and 

only three synapomorphies clearly diagnose Aves (Chiappe, 2001 ; Witmer, 2002). Thus, 

it has become increasingly more important to understand the transformation that occurred 

within the non-avian theropod lineage, leading up to the condition of Archaeopteryx and 

more advanced birds. 

Amongst Theropoda, eumaniraptoran theropods are considered to be the group 

most closely related to birds (Xu et al., 1999; Fig. 1.1). Eumaniraptorans have thus been 

considered when discussing morphological changes in the shoulder apparatus coincident 

with the evolution of birds and powered flight (Jenkins, 1993; Novas and Puerta, 1997; 

Norell and Makovicky, 1999; Xu et al. , 1999). Many of these morphological changes 

have been correlated with changes in forelimb function, culminating in the development 

of powered flight. However, changes that occur deeper within the theropod lineage have 

generally been overlooked. These morphological changes are important for the 

determination of transitions in skeletal and soft-tissue morphology that predict the later 

transformations associated with the inception of powered flight. Careful examination of 

the morphology of fossil forms, in a phylogenetic context, is crucial in this respect as the 

extant phylogenetic bracket (Bryant and Russell , 1992; Witmer, 1995) that spans 

crocodilians and birds is broad (Fig. 1.2) and incorporates a plethora of extinct forms. 

The overall reorientation of the avian scapulocoracoid relative to the body wall 

has been one of the main difficulties in the understanding and documentation of the 
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transformation of theropod scapulocoracoid, leading up to the highly specialized avian 

flight apparatus (Fig. 1.2). The magnitude of this transformation is clearly apparent when 

the scapulocoracoids of the only extant archosaurian groups, Crocodylia and Aves, are 

compared (Fig. 1.2). Although fossil theropod taxa have filled some of the gaps between 

these highly disparate modem archosaur groups, a more detailed analysis of this situation 

is warranted. 

In order to more fully understand the transformation of the shoulder girdle of 

theropods leading up to birds, the following investigations are undertaken: ( 1) a 

comprehensive and effective documentation of morphological changes apparent in the 

theropod scapulocoracoid as assessed within the context of a robust phylogenetic 

framework; (2) a supplementation of qualitative descriptions of morphological changes 

using thin-plate spline analysis, providing a more objective assessment of regional 

morphological trends and the potential to investigate putative ancestral morphologies, 

again in the context of a rigorous phylogenetic framework~ (3) documentation and 

comparison of the shoulder girdle musculature of extant archosaurs and functional 

analogues of theropods; ( 4) reconstruction of theropod shoulder musculature based on 

extant models and the morphology revealed by classical description and thin-plate spline 

analysis, allowing determination of differences in muscular attachment and function 

relating to morphological changes of the theropod scapulocoracoid. These investigations 

are sequential and interdependent, and permit a synthetic overview of morphological 

transformations in this critical area of theropod anatomy, and an assessment of the 

functional implications of these changes. Evolutionary trends and more subtle changes in 

scapulocoracoid form, focusing on fifteen theropod groups, are elucidated through a 
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combination of systematically based comparative anatomical and morphometric 

analyses, as follows. In Chapter 2, a comparative anatomical description of the theropod 

scapulocoracoid is presented in the context of a robust phylogenetic framework. In 

Chapter 3, the transformation of the scapulocoracoid is more objectively analysed with 

the application of thin-plate splines, which allows theropod terminal taxa to be compared 

within a phylogenetic context. This geometric morphometric analysis also provides the 

basis for the reconstruction and subsequent comparison of hypothetical ancestors, 

allowing a more accurate representation of the evolution of the theropod scapulocoracoid 

(see Gatesy, 2002). In Chapter 4, the theropod shoulder musculature is reconstructed 

based on the phylogenetic inference, which involves the comparison of crocodilian and 

avian musculature, and functional inference, which involves a secondary comparison to 

functional analogues of theropods. Differences in muscular attachment and function 

relating to morphological changes of the theropod scapulocoracoid, which were 

documented in Chapters 2 and 3, are determined. The collective resolution of these 

objectives comprehensively documents scapulocoracoid evolution from the original 

theropod condition to that of basal birds, and suggests functional differences that may 

correlate with these changes. 
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Figure 1.1: Phylogeny ofTheropoda with stratigraphic ranges of the groups (from 
Sereno, 1997: fig . 5). Solid bars represent the known temporal ranges of taxa; 
dashed bars indicate range extensions based upon fragmentary or undescribed 
specimens; cross-hatched bars represent missing ancestral lineages (=ghost lineages); 
dashed lines represent proposed phylogenetic relationships (Sereno, 1997). The taxa 
examined in the present study are marked by an asterisk ( *). 
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Figure 1.2: Simplified cladogram of Archosauria with shoulder girdles superimposed. The lateral aspect of the right 
scapulocoracoid is shown for a modem crocodilian (Crocodylia), Coelophysis (non-avian theropod), Rhea (Paleognathae), 
and Apatornis (Neognathae ). A sternum is reconstructed for Coelophysis. Cladogram is based on summary cladograms in 
Brochu (2001). Diagrams modified from Paul (2002: fig. 4.2). Abbreviations: fur=furcula; sc=scapulocoracoid; st=stemum. 



Chapter 2: Morphological Description of the Theropod Scapulocoracoid 

2.1 Introduction 

The scapulocoracoid is an integral component of the flight apparatus, and has 

been the focus of many investigations into the evolution of powered flight in birds ( see 

Ostrom, 1976a; Jenkins, 1993). However, many previous studies have not implemented 

standardized anatomical or positional terminology when describing the theropod 

scapulocoracoid. This has resulted in inaccurate descriptions that are not easily 

understood, and makes comparisons between descriptions difficult. Therefore, a re-

examination of the morphology of the scapulocoracoid is warranted. A detailed review 

of the scapulocoracoid was undertaken, concentrating on the morphology and osteology 

of the scapulocoracoid of non-avian and avian theropods. 

The purpose of this study is to present a more comprehensive description of the 

theropod scapulocoracoid using standardized terminology. To accomplish this, actual 

specimens of theropods and a basal archosauriform were examined, described, and the 

resulting descriptions then compared to previously published descriptions of the 

scapulocoracoid, noting any discrepancies. 

As a result of this research, major transformations in the morphology of the 

theropod scapulocoracoid may be hypothesized with added confidence because of 

assured accuracy of the anatomical baseline data. Such data also enabled the 

establishment of a suite of cladistic characters of the theropod scapulocoracoid that are 

investigated in a later chapter. 

7 
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2.2 Materials and Methods 

The scapulocoracoid of fifteen theropod groups and one basal archosauriform was 

examined. The order in which these scapulocoracoids are described is based upon the 

position of each represented taxon in the adopted systematic hierarchy (Fig. 2.1 ), 

proceeding from the most inclusive to the least inclusive nodes. All fossil material 

examined in this summary is listed in Table 2.1. 

In the present study, developmental terminology for orientation of the 

scapulocoracoid (Fig. 2.2A) and humerus (Fig. 2.3A) was standardized and oriented 

relative to the main body axes. In comparison to lepidosaurs and crocodilians, theropods 

and birds have a more upright and erect stance, with the limbs drawn under the body. 

Therefore, the positional terminology for the humerus of theropods and birds (Fig. 2.3B, 

Table 2.2) differs from that oflepidosaurs (see Russell and Bauer, in press) and 

crocodilians (Fig. 2.4B). The positional terminology is determined according to an 

idealized posture of the humerus. In theropods, the long axis of the humerus is parallel to 

and rests along the side of the body (Fig. 2.3B). Thus, the dorsoventral developmental 

terminology of the humerus correlates to the anteroposterior positional orientation 

(compare Figs. 2.3A, B; Table 2.2). As a result of the change in position of the coracoid 

relative to the scapula during the transition from theropods to modem birds, bone surface 

homologies for the scapulocoracoid of theropods are not straightforward. For example, 

the laterally facing surface of the coracoid of most theropods (Fig. 2.2B) instead faces 

anteriorly in eumaniraptorans, which includes birds (Fig. 2.2C; Table 2.2). In addition to 

that, the eumaniraptoran coracoid is rotated relative to the scapula, so that the 

developmentally dorsal edge of the coracoid is positioned dorsally, and the ventral edge 



of the coracoid articulates with the anterior edge of the sternal plate. Within the 

theropod lineage, the orientation of the scapular blade also changes relative to the 

vertebral column, but the bone surface homologies of the scapula remain largely 

unchanged. 

The following descriptions of the scapulocoracoids of theropods and a basal 

archosauriform are presented in a standardized format, with my own observations, 

followed by an evaluation of previous descriptions and illustrations. The specimens 

reported on herein were selected based on their state of preservation; in order to gain 

useful data from the specimens, only well-preserved and complete specimens were 

chosen. Specimens of rare taxa, regardless of condition, were used, as this is the only 

material available. The osteological terminology of the scapulocoracoid used in the 

following descriptions is labelled on the scapula and coracoid of Saurornitholestes 

langstoni, a dromaeosaurid (Fig. 2.5). 

2.3 Scapulocoracoid Descriptions 

2.3. l Euparkeria capensis (Fig. 2.6A) 

Euparkeria was originally described by Broom (1913). In 1965, Ewer described 

the scapulocoracoid more extensively, following the discovery of additional specimens 

and improved preparation of the original specimens. 

(a) Observations 

9 

In the present study, a cast of the holotype of Euparkeria was examined (the 

original material is in South Africa; Table 2.1 ). The scapulocoracoid of Euparkeria has a 

pronounced mediolateral curvature. The scapulocoracoid suture is perpendicular to the 
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dorsoventral axis of the scapular blade. The glenoid faces posteriorly and slightly 

laterally, the coracoid contributing more to this than does the scapula. The glenoid facet 

of the coracoid appears to be deeper than the scapular facet, and a well-developed 

infraglenoid buttress occurs ventral to the glenoid facet of the coracoid. The coracoid is 

ovoid, being longer anteroposteriorly than tall dorsoventrally. There is no biceps tubercle 

and the coracoid foramen is large and located close to the scapulocoracoid suture. The 

posterior coracoid process is small and blunt, and is separated from the infraglenoid 

buttress by a shallow groove. The scapular blade is wide, and its distal end is rounded 

and flared. The acromion process is anteriorly low relative to the scapular blade, and the 

ventral part of the acromial area is slightly depressed. 

(b) Discussion 

Broom's (1913) and Ewer's (1965) descriptions of the scapulocoracoid of 

Euparkeria included most of the features observed from the cast. In addition, Ewer 

(1965) mentioned that fine striations occur on the surface of the coracoid and scapula, 

and also described two slight depressions on the lateral face of the coracoid, possibly 

representing areas of muscle attachment. These scars were not observed on the cast 

material, and unfortunately were not illustrated in her figure of the coracoid (Ewer, 1965: 

fig. 9c). Although Ewer's (1965: fig. 9) illustrations of the scapulocoracoid are an 

accurate representation of the Euparkeria specimen, none of the features mentioned in 

her text are labelled. 
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2.3.2 Herrerasaurus ischigualastensis (Fig. 2.6B) 

Brinkman and Sues (1987) and Sereno (1993) described the scapulocoracoid of 

two separate specimens of Herrerasaurus (MCZ 7064:, later referred to Herrerasaurus by 

Novas [1993], and PVSJ 53, respectively). Both of these possess incomplete 

scapulocoracoids. 

(a) Observations 

A cast of PVSJ 53 (Table 2.1) was examined in the present study. The coracoid 

of this specimen is incomplete~ its anteroventral portion is missing, and the glenoid facet 

of the coracoid is broken. The only discernible feature preserved on the coracoid is the 

ovoid coracoid foramen, which occurs just anterior to the glenoid facet of the coracoid. 

The scapulocoracoid suture between the coracoid fragment and the scapula is almost 

indistinct. The glenoid fossa appears to face posteriorly. The scapular blade of 

Herrerasaurus is quite elongate and narrow, and distally is not flared. A prominent 

acromion process is sharply offset from the scapular blade and is slightly depressed. 

There is a slight ridge on the medial side of the blade, located close to the posterior edge. 

(b) Discussion 

The coracoid ofMCZ 7064 is more complete than that of PVSJ 53. Brinkman 

and Sues' (1987) description indicated that the coracoid is broad and plate-like. 

According to their detailed illustration of the scapulocoracoid (Brinkman and Sues, 1987: 

fig. 2 ), a biceps tubercle is not present on the coracoid, and the posterior coracoid process 

is triangular and does not extend posteriorly beyond the glenoid fossa. Brinkman and 

Sues (1987) observed that the glenoid faces posteriorly, and this orientation is also 

apparent in their illustration. This observation differs from Sereno's (1993) statement 



that the glenoid faces posteriorly and slightly laterally. It is difficult to assess the latter 

statement as the glenoid fossa of PVSJ 53 (Sereno, 1993: fig. 1) is broken. 
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The phylogenetic position of Herrerasaurus is uncertain: it may be basal theropod 

(Sereno, 1993, 1999), or a basal saurischian or a basal dinosaur (Holtz and Padian, 1995; 

Holtz, 2000). Despite its uncertain phylogenetic position, some of the features of the 

scapula of Herrerasaurus, such as the strap-like scapular blade and the sharply offset 

acromion process, are not found in other basal theropods, and may be considered 

autapomorphic features of Herrerasaurus (Sereno, 1993). 

2.3.3 Coelophysis bauri (Fig. 2.6C) 

In a large monograph, Colbert (1989) extensively described skeletal material of 

Coelophysis. 

(a) Observations 

In this study a few specimens of Coelophysis (Table 2.1) were observed, although 

most of the scapulocoracoids of these specimens are incomplete and fragmentary. The 

scapulocoracoid is slightly curved mediolaterally, and the scapulocoracoid suture is not 

apparent in most of the observed specimens. In all specimens the glenoid faces 

posteriorly and slightly laterally. However, the glenoids are much shallower in the TMP 

specimens than in the AMNH specimens (see Table 2.1 ). In all specimens the coracoid is 

ovoid and dorsoventrally narrow. The biceps tubercle is a low rounded protuberance 

located near the tip of the short posterior coracoid process. The posterior margin of the 

coracoid has a narrow excavation that separates the blunt posterior coracoid process from 

the infraglenoid buttress (see illustrations of Syntarsus, a coelophysid, for comparison 



[Raath, 1977]). The coracoid foramens are ovoid in the AMNH specimens, whereas 

they are slit-like in the TMP specimens (see Table 2.1 ). In all specimens the acromion 

process is anteriorly expanded relative to the blade and is dorsoventrally broad. The 

dorsal end of the scapular blade is greatly flared and the width of the midshaft of the 

scapular blade narrows markedly relative to the ventral and dorsal expansions of the 

scapular blade. 

(b) Discussion 
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For the most part, Colbert's (1989) descriptions are similar to those presented 

here, although he also observed that the posterior edge of the scapular blade is rounded, 

and the anterior edge is sharp. According to Colbert:, the glenoid faces posteriorly, rather 

than posteriorly and slightly laterally. Also, the biceps tubercle present on the coracoid 

of Coelophysis is not mentioned. Colbert's (1989: figs. 61-63) illustrations are not 

accurate representations of the scapulocoracoid of Coelophysis, but are instead highly 

idealized composites, and are essentially the same for all the AMNH specimens, even 

though many of these specimens are incomplete (Colbert's fig. 62 is an illustration of the 

entire right scapulocoracoid of AMNH 7228, but only the left scapulocoracoid, which is 

badly damaged, is preserved in this specimen). Also, there is no indication of a narrow 

excavation of the posterior margin of the coracoid in any of his illustrations, and the 

acromion process is incorrectly depicted as being dorsoventrally narrow. 

2.3.4 Dilophosaurus wetherilli (Figs. 2.6D, E) 

Welles (1984) described the type specimen of Dilophosaurus (UCMP 37302). 
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(a) Observations 

In the present study, a cast of the type specimen (ROM 46220, Table 2.1) was 

examined. It is not known if this cast is an accurate representation of the type specimen, 

as there are discrepancies between the left and right scapulocoracoids of ROM 46220, 

and there are differences between this cast and another cast of the type specimen (TMP 

display mount). It also appears that the left and right scapulocoracoids of the type 

specimen (see Glut, 1997: pg. 347) are different in morphology. The right 

scapulocoracoid of ROM 46220 is described here, as it is the most similar in morphology 

to the diagrams in Welles (1984: figs. 25, 26). 

The scapulocoracoid of Dilophosaurus is slightly curved mediolaterally and the 

glenoid faces posterolaterally. The scapulocoracoid suture is perpendicular to the 

dorsoventral axis of the scapular blade. Ventral to the glenoid facet of the coracoid, there 

is a well-developed, laterally-protruding infraglenoid buttress. In outline, the coracoid is 

ovoid, with the anteroposterior dimension greater than the dorsoventral dimension. 

According to Welles (1984), the anterior edges of both coracoids are missing in the type 

specimen. The posterior coracoid process is blunt and extends only slightly posteriorly 

relative to the glenoid fossa. A groove on the posterior margin of the coracoid (referred 

to as the horizontal groove by Welles [1984]) separates the posterior coracoid process 

from the infraglenoid buttress. There is a low protuberance on the posterior coracoid 

process that may be referred to as the biceps tubercle because it occupies the same 

relative position as the biceps tubercle of coelophysids and Ceratosaurus ( see Raath, 

1977; Madsen and Welles, 2000). The scapular blade is stout and is characterized by a 



broad, asymmetrical expansion in its dorsal half. The prominent acromion process 

arises abruptly from the scapular blade and the acromial area is slightly depressed. 

(b) Discussion 
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Most of Welles ' (1984) quite thorough descriptions of the scapulocoracoid of 

Dilophosaurus agree with my observations. Welles provides measurements of the depth 

and length of the major structures of the scapulocoracoid. For instance, he observed that 

the coracoid and scapula contribute nearly equally to the glenoid fossa. An important 

observation made by Welles (1984), who had access to disarticulated elements, is that the 

scapulocoracoid suture is characterized by a cone and wedge articulation. 

There are, however, a few problems with his descriptions. First of all, he does not 

mention that the scapulocoracoids appear to differ between the left and right sides of the 

type specimen. These differences may be due to taphonomic distortion; however, he 

reconstructed the skeleton of the type specimen (Welles, 1984: fig. 3) with a scapula that 

is much different from that of his description (fig. 25). The terminology that Welles 

(1984) uses to describe the processes of the coracoid does not follow that used by most 

authors to describe this element. Welles (1984: fig. 26) refers to the posterior coracoid 

process as the diagonal buttress and the infraglenoid buttress as the horizontal buttress. 

Also, Welles (1984) incorrectly stated that the posterior edge of the scapular blade is 

more expanded than the anterior edge. His own illustration of this element (Well es, 

1984: fig. 25) and a cast of this bone (ROM 46220) indicate otherwise. Furthermore, his 

reconstruction of the scapula is somewhat inaccurate in terms of the proportions of this 

element. The anterior margin of the dorsal part of the scapular blade appears to be more 



extensively expanded than the acromion process; however, the cast of this bone (Table 

2.1) indicates the opposite relationship. 

2.3.5 Ceratosaurus dentisulcatus (Fig. 2.6F) 

Madsen and Welles (2000) described the scapulocoracoid of Ceratosaurus 

dentisulcatus thoroughly. It was also figured by Madsen (1976: figs. 23b, d), Bakker et 

al. (1992: fig. 5), and Gilmore (1920: pis. 26, 30; C. nasicornis), 

(a) Observations 
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In the present study, two scapulocoracoids of Ceratosaurus (Table 2.1) were 

examined. The scapulocoracoid suture line is irregular in Ceratosaurus: it sharply 

meanders anterior to the glenoid, and then at the level of the subcircular coracoid 

foramen, it shifts dorsally and then completely disappears. The glenoid faces posteriorly 

and is quite shallow. The scapula makes a much larger contribution to the glenoid fossa 

than the coracoid. The coracoid is large and subcircular in outline. The posterior 

coracoid process is short and triangular, and its lateral surface has a biceps tubercle, 

represented as a large rugosity. A shallow depression on the lateral surface, and a slight 

excavation of the posterior margin of the coracoid separates the posterior coracoid 

process from the glenoid. The scapular blade is not only mediolaterally curved, but also 

is arched anteriorly, so that the anterior edge appears concave in lateral view. This 

anterior arching of the scapular blade is an unusual feature , not observed in any other 

theropod species examined except for Acrocanthosaurus (see Currie and Carpenter, 

2000: fig. 6). The wide blade is somewhat constant in width throughout its length, and 

the distal end of the blade flares only slightly. The anteriorly high acromion process is 



broad and grades gradually into the scapular blade. An anteroposteriorly wide 

depression covers the ventral part of the acromion process. There are elongated sulci 

along both the anteromedial and posteromedial edges of the scapular blade. 

(b) Discussion 
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Madsen and Welles (2000) provide measurements for most of the features of the 

scapulocoracoid (UUVP 317). An additional observation of the scapulocoracoid made by 

Madsen and Welles (2000) was that the posterior edge of scapular blade is thick and 

blunt whereas the anterior edge is thin and sharp. However, some of the terminology 

used by Madsen and Welles (2000) differs from that used in most published descriptions 

of the theropod scapulocoracoid. For instance, they use the terms preglenoid fossa and 

ridge to describe the depression on the acromion process and the low ridge that borders it 

dorsally, respectively. Fortunately, most of the features described in their text are 

labelled on their accurate illustrations of the scapulocoracoid of Ceratosaurus (Madsen 

and Welles, 2000: pl. 20), allowing one to locate and cross-reference their anatomical 

features. One feature, labelled "spi" (Madsen and Welles, 2000: pl. 20a-b ), however, is 

not mentioned in the text, nor is there an explanation of the abbreviation in the figure 

caption. The labelled feature indicates an area along the posterior edge of the dorsal part 

of the scapula, but the actual feature is not apparent in their illustrations or on the 

specimen. 

2.3.6 Megalosaurus bucklandi (Fig. 2.6G) 

There is no formal diagnosis of Megalosaurus (Glut, 1997), which makes it 

difficult to find descriptions of the scapulocoracoid of this taxon. The Megalosaurus 
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material originally described by Buckland ( 1824) does not include a scapulocoracoid, 

although a scapular fragment may have been preserved. The scapulocoracoid of 

Megalosaurus is briefly discussed and illustrated by Huene (1926: fig. 7), Walker (1964: 

fig. 16a) and Bakker et al. (1992: fig. 5). A photograph is provided by Glut (1997). 

(a) Observations 

In the present study, only the large, ovoid coracoid of a megalosaurid (Table 2.1) 

was examined. The short, blunt posterior coracoid process bears a low, broad tuberosity 

on its lateral side, which is similar in appearance to the biceps tuberosity of 

Ceratosaurus. A wide, shallow depression and a slight excavation of the posterior 

margin of the coracoid separate the posterior coracoid process from the infraglenoid 

buttress. A large, wedge-shaped notch, situated just anterior to the glenoid facet of the 

coracoid, characterizes the sutural surface of the coracoid. The subcircular coracoid 

foramen is large and is situated at the same level as the coracoid wedge-shaped notch. 

The large glenoid facet of the coracoid faces posterodorsally. 

(b) Discussion 

Unfortunately, the coracoid has been largely neglected in published descriptions 

of Megalosaurus. Huene (1926) only described the scapula, and Walker (1964) only 

mentioned that the coracoid is characterized by a backwards projecting apex(= posterior 

coracoid process). According to Walker (1964) and Bakker et al. (1992), the scapular 

blade of Megalosaurus is wide and maintains its width along most of its length, except 

for a slight anterior expansion at the mid-length of the scapular blade. The wide scapular 

blade of Megalosaurus is similar to that of Ceratosaurus, but the latter has a slight dorsal 

expansion, lacks the mid-length anterior expansion, and is concave anteriorly. As 
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deduced from the published illustrations of the scapula, it appears that the acromion 

process is anteriorly high, and grades smoothly into the scapular blade. The glenoid facet 

of the scapula faces posteriorly, and overall, the glenoid fossa faces posteriorly. 

According to Walker ( 1964 ), there were no accurate previously published 

illustrations of the scapulocoracoid. The illustration ofHuene (1926: fig. 7) does not 

show an anterior expansion at the mid-length of the blade, and there is no indication of a 

posterior coracoid process. Both of the illustrations ofHuene (1926) and Walker (1964: 

fig. 16a) incorrectly show a straight scapulocoracoid suture, without the wedge and cone 

articular surface of the scapulocoracoid described here (see Bakker et al., 1992: fig. 5). 

2.3.7 Allosaurus fragilis (Figs. 2.6H, I) 

The scapulocoracoid of Allosaurus is described by Gilmore (1920) and Madsen 

(1976). It is also figured in Bakker et al. (1992: fig. 5). 

(a) Observations 

In the present study, many specimens of Allosaurus (Table 2.1) were examined, 

allowing for comparison among individuals of different sizes. The articulation between 

the scapula and coracoid is characterized by cone and wedge surfaces, as is the case for 

Megalosaurus (see section 2.3.6). The scapulocoracoid suture is discernible at all 

onto genetic stages, and is perpendicular to the dorsoventral axis of the scapular blade. In 

posterior view, the coracoid is slightly inflected medially relative to the scapula. The 

deep glenoid fossa faces posteriorly; the glenoid facet of the coracoid faces 

posterodorsally and the scapular facet faces posteriorly. The contributions of the scapula 

and coracoid to the glenoid fossa are subequal. The coracoid is ovoid in outline, and the 
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posterior coracoid process extends posteriorly beyond the level of the glenoid fossa. A 

prominent subglenoid ridge extends anteriorly from this process and terminates at a 

distinct, elongate biceps tubercle. The degree of development of the biceps tubercle 

varies among individuals of Allosaurus, and it appears to not be related to the size of the 

individual (also noted by Madsen [1976]). The subglenoid fossa, which is situated along 

the excavated posterior margin of the coracoid and bounded anteroventrally by the 

subglenoid ridge, is rugose. There is a distinct, circular depression just ventral to the 

glenoid facet of the coracoid. The large,_ ovoid coracoid foramen is situated close to the 

perpendicular scapulocoracoid suture, and on its medial surface the foramen is slit-like. 

The scapular blade is elongate and narrow along its midlength, but then flares at its dorsal 

end. The prominent acromion process is sharply offset from the scapular blade. The 

ventral part of the acromion process is quite depressed and is bordered dorsally by a low, 

wide ridge. There is a large subacromial notch at the point of contact of the acromion 

process and the dorsal edge of the coracoid. An elongate sulcus is developed on the 

dorsal two-thirds of the posteromedial edge of the scapular blade. There is a triangular 

scar near the posterior edge of the scapula, dorsal to the glenoid. 

(b) Discussion 

Both Gilmore's (1920) and Madsen's (1976) descriptions are similar to those 

presented here. However, both of these authors do not mention any of the distinctive 

muscle scars found on the scapulocoracoid, although they do state that muscle scars are 

present on the humerus. Madsen (1976) also incorrectly stated that the anteromedial edge 

of the scapula is grooved. My own observations and Madsen's figure (fig. 23D) indicate 

that a groove only occurs on the posteromedial edge of the scapula. Despite these 



discrepancies, Madsen's (1976: fig. 23, pl. 41) illustrations of the scapulocoracoid are 

accurate and well labelled. In Gilmore (1920) the right scapulocoracoid is accurately 

illustrated (fig. 40; pl. 5, fig. 2); however, the left one (pl. 5, fig. 1) is characterized by 

pathologies, and is therefore not indicative of the true scapulocoracoid form of 

Allosaurus. 

2.3.8 Struthiomimus altus (Fig. 2.61) 

The scapulocoracoids of two omithomimid species, Struthiomimus and 

Ornithomimus (Table 2.1) were examined. The scapulocoracoid of Struthiomimus was 

thoroughly described by Nicholls and Russell (1985). 

(a) Observations 
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In the present study, several scapulocoracoids of Struthiomimus (Table 2.1) were 

examined. The coracoid is slightly inflected medially relative to the scapular blade. In 

some specimens of Struthiomimus, the scapulocoracoid suture is slightly tilted, with the 

anterior extent of the suture situated slightly more ventral than the posterior extent. The 

glenoid fossa mostly faces posteriorly, but also laterally in some specimens of 

Struthiomimus and Gallimimus. This lateral component of the glenoid fossa is mainly 

composed of the glenoid facet of the scapula. There is a subequal contribution from the 

scapula and coracoid to the glenoid fossa. The deep glenoid is bounded by a prominent 

supra- and infraglenoid buttress, the former being the larger of the two, and extending far 

anterior to the glenoid. The dorsoventrally narrow coracoid is curved slightly medially 

near the level of the biceps tubercle. As in Ornithomimus (section 2.3.9), the coracoid of 

Struthiomimus is characterized by an elongate biceps tubercle, a deep, triangular 
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subglenoid fossa, and an elongate posterior coracoid process with a blunt tip. Also, a 

small ovoid depression is situated just ventral of the infraglenoid buttress. The scapular 

blade is elongate and slightly curved posteriorly. The ventral part of the blade is narrow, 

but the width expands gradually along the dorsal half of the blade. In all specimens 

examined, a deep, teardrop-shaped scar, dorsal to the supraglenoid buttress is evident. In 

addition, a deep, elongate sulcus is situated along the dorsal two-thirds of the 

posteromedial edge of the scapular blade. The acromion process is anteriorly low, its 

lateral surface is slightly depressed, and it has relatively equal height along its length. 

(b) Discussion 

Nicholls and Russell's (1985) description is similar to that presented here. 

However, observations made here do not support their statement that the acromion is 

rugose. In most specimens observed, the acromion is smooth and lacks any striations. 

Nicholls and Russell (1985) neglected to describe the posteromedial groove on the 

scapular blade. Their illustration (1985: fig. 2) of the scapulocoracoid is accurate, and 

many of the features mentioned in the text are labelled. Their positional terminology was 

also labelled on the diagram, making their descriptions much easier to follow. 

2.3.9 Ornithomimus edmontonicus (Fig. 2.6K) 

Sternberg (1933) described the scapulocoracoid of the type specimen of 

Ornithomimus edmontonicus (NMC 8632). Parks (1933) also briefly described this 

element of another specimen of Ornithomimus (= Struthiomimus currellii, Parks, 1933). 
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(a) Observations 

In the present study, a few incompletely preserved scapulocoracoids of 

Ornithomimus were examined (Table 2.1 ). The scapulocoracoid of Ornithomimus is 

similar to that of Struthiomimus (see section 2.3 .8). The deep glenoid fossa faces 

posteriorly and slightly laterally, and is strongly buttressed. The coracoid is elliptical in 

outline, with the anteroposterior dimension being much longer than the dorsoventral. An 

elongate biceps tubercle is present, from which the prominent subglenoid ridge extends 

posteriorly to the posterior coracoid process. The posterior coracoid process extends far 

posterior to the glenoid fossa, and the subglenoid fossa is deeply depressed. As in 

Struthiomimus, there is an ovoid depression just ventral to the infraglenoid buttress. The 

ovoid coracoid foramen is located near the scapulocoracoid suture. The scapulae of the 

observed specimens of Ornithomimus are mostly crushed, making it difficult to discern 

specific features . As in Struthiomimus, the ventral half of the scapular blade is narrow, 

but the dorsal region gradually widens, and the distal end is slightly flared. The acromion 

process is anteriorly low, and is slightly depressed. A large, teardrop-shaped scar is 

present near the posterior edge of the scapula, just dorsal to the glenoid fossa. There is an 

elongated sulcus that extends along the posteromedial edge of the dorsal two-thirds of the 

blade. 

(b) Discussion 

Sternberg' s (1933) description of the scapulocoracoid is similar, although he 

stated that the scapula contributes to more than half of the glenoid fossa. However, 

measurements of the glenoid fossa made in the present study reveal that the contribution 

from the scapula and coracoid are essentially equal. Sternberg's (1933: fig. 2) illustration 
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of the scapulocoracoid is not labelled with any of the features mentioned in his text. 

Parks' (1933) description is mainly composed of measurements of the bones. He 

mentioned that the scapulocoracoid is a delicate structure, and hence most of the features 

were not distinguishable on the crushed specimen observed by him. The plate depicting 

the mounted specimen of Ornithomimus (Parks, 1933: pl. 1) does not reveal many details 

of the scapulocoracoid. 

None of the three published descriptions of the omithomimid scapulocoracoid 

mentioned the presence of a small, deep depression, ventral to the infraglenoid buttress 

on the coracoid. However, Osm6lska et al. (1972) described this depression in specimens 

of Gallimimus bullatus. 

2.3.10 Tyrannosaurus rex (Fig. 2.6L) 

The morphology of the scapulocoracoid is similar among different tyrannosaurid 

genera. The scapulocoracoid of Tyrannosaurus rex , which is fully preserved in FMNH 

PR 2081 (Table 2.1), is described here. In early descriptions of Tyrannosaurus, the 

scapulocoracoid was largely ignored. Osborn ( 1906) briefly described the scapula of the 

holotype of T. rex (CMNH 9380). In a later publication, Osborn (1916: fig. 18) 

illustrated the full scapulocoracoid of Tyrannosaurus., but did not describe it. Carpenter 

and Smith (2001 ), and more recently Brochu (2002), undertook more complete 

descriptions of the scapulocoracoid of Tyrannosaurus. 

(a) Observations 

Out of the three specimens of Tyrannosaurus that were examined (Table 2.1 ), the 

scapulocoracoid ofFMNH PR 2081 is the most complete. The scapulocoracoid suture is 
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apparent in the latter specimen and only partially preserved in MOR 555. In FMNH 

PR 2081, the suture is inclined relative to the dorsoventral axis of the scapular blade, with 

the anterior extent of the suture positioned slightly more ventral than the posterior extent. 

This is also seen in a specimen of Gorgosaurus (ROM 1247, Table 2.1). However, it is 

difficult to determine if this feature characterizes tyrannosaurids as a whole, as the suture 

is completely fused in many specimens, or the anterior part of the sutural area is 

incomplete. The coracoid is slightly inflected medially relative to the scapula. The 

posteriorly facing glenoid is relatively shallow, and is surrounded by low buttresses. In 

all tyrannosaurids examined, the scapula contributes more to the glenoid fossa than does 

the coracoid. The coracoid is broadly ovoid with the anteroposterior dimension being 

longer than the dorsoventral dimension. The elongate biceps tubercle is low and small 

relative to the large coracoid; in some tyrannosaurid specimens this tubercle is barely 

visible. In some specimens of Tyrannosaurus and Daspletosaurus (Table 2.1 ), there is a 

shallow, oval depression just posterior to the biceps tubercle and ventral to the glenoid 

facet of the coracoid. The coracoid foramen is subcircular and is situated anterior to the 

biceps tubercle, close to the scapulocoracoid suture. The posterior coracoid process 

extends far posteriorly relative to the glenoid fossa, and the posterior margin of the 

coracoid is highly excavated and concave posteriorly. The subglenoid fossa is shallowly 

depressed, but no subglenoid ridge is apparent. The dorsal margin of the prominent 

acromion process is sharply offset from the scapular blade. The anterior edge of the 

acromion process extends far anterior relative to the scapular blade and the coracoid, and 

the ventral part of the acromion is depressed. Dorsal to the acromion, the scapular blade 

is elongate and slender, but the dorsal one-half of the blade gradually expands 
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anteroposteriorly. The distal end is markedly flared relative to the midlength of the 

blade. The scapular blade appears straight in lateral view in FMNH PR 2081 and some 

other tyrannosaurids, while others are bowed so that the posterior edge is concave. There 

is a depression on the posterior edge of the scapula, just dorsal to the glenoid facet, 

observed in a single specimen of Tyrannosaurus and Daspletosaurus. Although not 

observed in any of the Tyrannosaurus specimens, a thin shelf of bone occurs along the 

posteromedial edge of the dorsal two-thirds or one-third of the scapular blade in a few 

other tyrannosaurid specimens. Unfortunately, the medial side of many other 

tyrannosaurid specimens was obscured due to their inclusion in display mounts. 

(b) Discussion 

Osborn's ( 1906) description of the scapula includes few details: he states that the 

acromion is more expanded in Tyrannosaurus than it is in Allosaurus, and that the 

scapula of Tyrannosaurus is reduced relative to its overall body size. The first 

observation is supported here, but Osborn' s (1906) second observation is difficult to 

quantify, and therefore, evaluate. Most of Carpenter and Smith' s (2001) description of 

the scapulocoracoid is concordant with the observations presented here. Their diagrams 

of MOR 555 are accurate (figs. 9.2 b-d), but their line drawing ofFMNH PR 2081 (fig. 

9.2a) does not match the outline of the actual specimen. Their observation that the distal 

part of the scapular blade of Tyrannosaurus flares more along the anterior edge than the 

posterior edge appears to hold true for one of the examined specimens of T. rex (AMNH 

5027) and many specimens of Albertosaurus and Gorgosaurus. However, the anterior 

and posterior edges of the dorsal flare of the scapula ofFMNH PR 2081 are equally 

developed (also see Brochu, 2002), and two specimens of Daspletosaurus (Table 2.1) are 
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characterized by a greater amount of flare along their posterior edge. Carpenter and 

Smith (2001) also indicated that the scapular blade of Tyrannosaurus is bowed dorsally 

in lateral view. This feature appears to characterize the scapulae of both AMNH 5027 

and MOR 555, but not the scapula ofFMNH PR 2081, which is straight in lateral view. 

Brochu (2002) described many scars on the scapulocoracoid ofFMNH PR 2081. 

A few of these scars appear to be present only in this specimen, and not in any other 

observed tyrannosaurid specimens. For instance, a rugose tuberosity occurs near the tip 

of the posterior coracoid process of the left coracoid, but was not observed on the right 

coracoid. Brochu (2002) described a few scars on the distal end of the left blade, which 

he attributed to muscle attachments. It is difficult to assess whether these scars actually 

correlate with muscle attachments, or whether they are indications of other soft tissue 

attachment or pathologies. 

2.3.11 Caudipteryx zoui (Fig. 2.6M) 

Ji et al. (1998) briefly described the scapulocoracoid of Caudipteryx, a 

maniraptoran, in the holotype specimen. Zhou et al. (2000) and Padian et al. (2001) 

described the scapulocoracoid features in other, better-preserved specimens of 

Caudipteryx. 

(a) Observations 

In the present study, a cast of the paratype of Caudipteryx (Table 2.1) was 

examined, which, when compared to the holotype, includes a well-preserved pectoral 

girdle (Padian et al. , 2001 ). This specimen of Caudipteryx is lateromedially flattened, 

and thus the angle formed between the articulated scapula and coracoid is unknown. The 
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glenoid region is difficult to discern on the cast, but it appears to have faced 

posteriorly. The anteroventral part of the coracoid of Caudipteryx is missing in this 

specimen, but it appears that the coracoid is anteroposteriorly long and dorsoventrally 

short. The posterior coracoid process extends far posteriorly relative to the glenoid, and 

the subglenoid fossa is a small, shallow depression situated just posterior to the narrow, 

elongate biceps tubercle. The ovoid coracoid foramen is close to the scapulocoracoid 

suture. The scapula is elongate and flares distally relative to its narrow midshaft. The 

anteriorly low acromion process projects ventrally and does not contact the dorsal edge of 

the coracoid. Thus, the scapulocoracoid suture, which is positioned diagonally relative to 

the dorsoventral axis of the scapular blade, is foreshortened in Caudipteryx. 

(b) Discussion 

There is virtually no description of the scapulocoracoid of the holotype of 

Caudipteryx (Ji et al. , 1998), although the authors do compute a ratio between the length 

of the scapula and humerus. Their figures do not compensate for the lack of description 

of the scapulocoracoids. The photograph of the whole specimen (Ji et al. , 1998: fig. 4) is 

too dark to allow one to distinguish the pectoral girdle elements. Figure 5b (Ji et al., 

1998), which is a simple line drawing depicting the specimen shown in their figure 4, 

crudely depicts the coracoid as an ovoid disk with no other detail. The line drawing of 

the scapulocoracoid of the paratype is of similar detail. Padian et al. (2001 ), when 

compared to Ji et al. (1998), described the scapulocoracoid of the paratype in more detail, 

and include a clear, close-up photograph of the pectoral girdle (Padian et al. , 2001: fig. 

2c ). Their description is similar to mine, but includes less detail. They did not mention 

that the acromion process is free from contact from the coracoid. In addition, their 



statement that the glenoid of Caudipteryx faces posterolaterally is not supported. 

However, the glenoid is poorly rendered in the cast, and therefore, may face slightly 

laterally in the original specimen. 

29 

Zhou et al. (2000) described two specimens of Caudipteryx (BPM 0001 and IVPP 

V12430), which both possess scapulocoracoids that are not as well-preserved as that of 

the paratype specimen. They stated that the scapula and coracoid of Caudipteryx form an 

angle of about 90°. However, in an earlier paper (Zhou and Wang, 2000), they asserted 

that the angle between the two elements is obtuse. It is difficult to ascertain the angle of 

articulation because the specimens are somewhat flattened, but it is assumed that the 

angle is obtuse, as it is in the closely related oviraptorosaurids. Their illustration of the 

scapulocoracoid ofBPM 0001 (Zhou et al. , 2000: fig. 4) is not highly accurate compared 

to the actual specimen shown in plate IV (Zhou et al. , 2000). They incorrectly 

reconstructed the coracoid articulating with the posterior edge of the scapula, even 

though it appears that the coracoid has shifted ventrally relative to the scapula in the 

actual specimen. 

2.3.12 Ingenia yanshini, Rinchenia mongoliensis, Oviraptor philoceratops (Fig. 2.6N) 

The scapulocoracoids of oviraptorids have been described by Osborn ( 1924) and 

Barsbold (1983). A translation ofBarsbold (1983) was undertaken by C. Siskron and 

S.P. Welles and obtained courtesy of the Polyglot Paleontologist website 

(http://www.uhmc.sunysb.edu/anatomicalsci/paleo). 
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(a) Observations 

In the present study, the scapulocoracoid of a few fragmentary oviraptorid 

specimens, including that of Ingenia and Rinchenia (Table 2.1) were examined. When 

articulated, the coracoid is inflected medially relative to the scapula, although this angle 

is not as sharp as it is in eumaniraptorans. The scapulocoracoid suture is diagonal 

relative to the dorsoventral axis of the scapular blade, with the anterior extent of the 

suture extending farther ventrally than the posterior extent. The oviraptorid coracoid is 

complete in only one of the examined specimens. The oviraptorid coracoid is ovoid in 

outline, with the anteroposterior dimension being longer than the dorsoventral dimension. 

The posterior margin of the coracoid is shallowly concave and slightly expanded, and the 

posterior coracoid process extends posteriorly relative to the glenoid. The subglenoid 

fossa is shallowly depressed, and a low, almost indistinct subglenoid ridge borders it 

anteriorly. The coracoid foramen is slit-like and situated close to the scapulocoracoid 

suture. The biceps tubercle is a distinct, subcircular protuberance, located at the level of 

the glenoid. In most of the observed oviraptorid specimens, the scapular blade is narrow 

and strap-like, and the distal end only flares slightly. However, published photographs of 

another oviraptorid scapulocoracoid (Paul, 2002: pl. 23b) show that the dorsal one-third 

of the blade is extensively flared; thus, a narrow scapular blade may not characterize all 

oviraptorid species. In posterior view, the ventral one-third of the blade is deflected 

medially. The anteriorly low acromion process grades smoothly into the scapular blade, 

and its anterior edge is laterally everted to a large extent. The tip of the acromion process 

is directed ventrally, but it does not extend beyond the glenoid fossa and it does not 

contact the dorsal part of the coracoid. Thus, the scapulocoracoid suture is foreshortened. 
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There is a slightly depressed area near the posteromedial edge of the ventral one-third 

of the scapula. The glenoid faces posteriorly, and the scapula appears to contribute more 

to the glenoid than does the coracoid. 

(b) Discussion 

Osborn (1924) described the type specimen of Oviraptor philoceratops, of which 

only fragmentary remains of the scapula are preserved. Treatment of this element was 

brief: the scapula is extremely long and slender. Barsbold (1983) more thoroughly 

described the scapulocoracoid of additional oviraptorid specimens, and includes 

comparisons to extant taxa and to other theropods. For instance, he observes that the 

oviraptorid coracoid is thin at its periphery, and may have been capped by cartilage as it 

is in extant taxa. However, he incorrectly states that the narrow and anteriorly flattened 

acromion process of oviraptorids is unique among all non-avian theropods, and is shared 

only with Archaeopteryx. Troodontidae and Dromaeosauridae (sections 2.3 .14-17) also 

have laterally everted acromion processes, although the acromion process is everted to a 

lesser extent in Troodontidae compared to that of Oviraptoridae. Unfortunately, 

Barsbold's (1983: figs. 16, 18) illustrations of the oviraptorid scapulocoracoid are poor 

representations of this element, and only one of the major features discussed in his text is 

indicated on his diagrams. 

2.3.13 Chirostenotes pergracilis (Fig. 2.7 A) 

Currie and Russell (1988) described the coracoid of Chirostenotes pergracilis, a 

caenagnathid. Unfortunately, there is no scapula attributable to this taxon. 
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(a) Observations 

In the present study, the coracoid described by Currie and Russell (1988) (Table 

2.1) was examined. In outline, it is subquadrangular, and somewhat similar to that of 

Saurornitholestes (see section 2.3.16), with the dorsoventral dimension being slightly 

longer than its anteroposterior dimension. A large and distinct subcircular biceps 

tubercle dominates the coracoid, and the coracoid foramen is small and slit-like. The 

posterior margin of the coracoid is concave posteriorly and expanded. The posterior 

coracoid process is located far ventrally and slightly posteriorly relative to the glenoid 

facet, and its tip is slightly hooked, but not to the same extent as in Deinonychus (Ostrom, 

1974). The subglenoid fossa is shallowly depressed:, and the subglenoid ridge is low. 

The glenoid facet of the coracoid faces posterodorsally. The scapulocoracoid suture of 

the coracoid is inclined. 

(b) Discussion 

Currie and Russell ' s (1988) description is very similar to that presented here, 

although they neglected to mention the orientation of the glenoid. They included detailed 

illustrations of the coracoid in four different views (Currie and Russell, 1988: figs . 3a-d). 

The only discrepancy between my observations and their description, which was partially 

based on Barsbold's (1983) poor figures of Oviraptor, is their observation that the 

coracoid of Chirostenotes and Oviraptor do not differ significantly. However, my own 

observations reveal that the coracoid of Chirostenotes is more quadrangular in outline 

with a distinct ventral edge, and is more similar to those of dromaeosaurids than it is to 

that of Oviraptor. 
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2.3.14 Troodonformosus (not figured) 

Three troodontid species, Troodon, Sinovenator, and Sinornithoides (Table 2.1 ), 

were examined in the present study. Varricchio et al. (2002) briefly described the 

scapulocoracoid of a Troodon embryo. A recent description (Xu et al. , 2002), and 

personal observations of a partial scapulocoracoid of Sinovenator changii (Fig. 2.4E), a 

basal troodontid, were also compared to Troodon in the present study. 

(a) Observations 

In the present study a few fragmentary scapulocoracoids of Troodon were 

examined (Table 2.1). Unlike non-eumaniraptoran theropods, the angle formed between 

the scapula and coracoid is sharp, with the angle being slightly greater than 90°. The 

flexure of the coracoid mainly contributes to this sharp angle. The coracoid of 

eumaniraptorans ( excluding Alvarezsauridae) is sharply inflected medially near the level 

of the biceps tubercle (Norell and Makovicky, 1999), causing the lateral surface of the 

coracoid to face anteriorly. Only the posterior part of a fragmentary coracoid of Troodon 

(TMP 94.12.415; Table 2.1) is preserved. However, it is evident that the coracoid is 

rotated relative to the scapula, as in other eumaniraptorans ( excluding Alvarezsauridae) 

so that the developmental ventral edge of the coracoid is positioned ventrally ( see Fig. 

2.2C). The subcircular biceps tubercle is prominent and rugose. The posterior margin of 

the coracoid of Troodon is broad and shallowly concave. The posterior coracoid process 

extends far ventrally and slightly posteriorly relative to the glenoid, and a wide, triangular 

subglenoid fossa extends nearly to its blunted tip. A sharp subglenoid ridge borders the 

subglenoid fossa anteriorly. The scapula is elongate and strap-like. In lateral view, the 

scapular blade is posteriorly concave due to the dorsal half of the scapular blade being 
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slightly deflected posteriorly relative to its ventral half. In posterior view, the ventral 

half of the scapular blade is deflected medially. The distal end of the scapular blade is 

not flared, but instead remains narrow and has a square end. The anteriorly low acromion 

projects ventrally relative to the glenoid; thus, the scapulocoracoid suture is inclined 

relative to the dorsoventral axis of the blade. The anterior edge of the acromion is 

slightly everted laterally. There is a triangular depression near the posteromedial edge of 

the proximal part of the scapula. The glenoid faces laterally. 

(b) Discussion 

Varrichhio et al. 's (2002) short description of an incomplete, embryonic 

scapulocoracoid of Troodon is concise and mostly agrees with my own observations. 

They mentioned that the distal end of the scapular blade of the embryonic specimen is 

slightly expanded; however, this feature does not appear to be present in the adult 

specimens examined in the present study (Table 2.1 ). It is difficult to see this feature on 

their illustration of the embryonic scapulocoracoid (Varrichhio et al., 2002: fig. 2) due to 

incomplete preparation of the specimen. 

Xu et al.' s (2002) description of Sinovenator is quite brief, mentioning only the 

laterally-facing glenoid and the 'L' shaped-scapulocoracoid. As with most papers 

published in "Nature" that describe new theropod species, most of the features must be 

gleaned from the character matrix. My observations of Troodon and Sinovenator agree 

with Xu et al. 's (2002) character states as listed in their data matrix. Only two major 

differences between Troodon and Sinovenator were observed here: the scapular blade of 

Sinovenator is not posteriorly concave (see Xu et al. , 2002: fig. le; Fig. 2.7B) as it is in 

Troodon, and the subglenoid fossa is broader in Troodon. However, both taxa have 



incomplete scapulocoracoids, and more differences may become apparent with new 

discoveries. 

2.3.15 Sinornithoides youngi (Fig. 2.7C) 
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Russell and Dong (1993) and Currie and Dong (2001 ) described the 

scapulocoracoid of Sinornithoides, a troodontid. Although this specimen is an immature 

individual, it is the most completely preserved troodontid specimen known (Currie and 

Dong, 2001 ). 

(a) Observations 

In the present study, a cast of the only specimen of Sinornithoides (Table 2.1) was 

examined. As in other eumaniraptorans, the coracoid is sharply inflected medially 

relative to the scapula. The glenoid fossa is not clearly discernible on the cast. The 

coracoid is subquadrangular in outline, with the dorsoventral dimension being slightly 

broader than its anteroposterior dimension. The ventral (sternal) border of the coracoid 

of Sinornithoides is well-defined. The subcircular biceps tubercle is distinct and well-

developed. The posterior margin of the coracoid is broad and expanded, and the posterior 

coracoid process extends posteriorly and far ventrally relative to the glenoid. The 

subglenoid fossa is slightly depressed, and the subglenoid ridge is low. Only the ventral 

half of the scapular blade is exposed, but the blade appears to be strap-like and elongate. 

The anteriorly low acromion process gradually grades into the scapular blade. 

Unfortunately the clavicle, which articulates with the acromion, obscures the anterior 

edge and tip of this process. However, it is assumed that the features of the acromion are 

similar to those of other troodontids (see section 2.3 .14). 
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(b) Discussion 

My description is similar to those already published. Russell and Dong' s (1993) 

description focused mainly on the clavicles, and only briefly described the 

scapulocoracoids. However, they did state that the acromion is slightly everted, a feature 

that was not discemable in the cast. To supplement their description, Russell and Dong 

(1993: fig. 2a) included a photograph of the right scapulocoracoid. Currie and Dong's 

(2001) description of the scapulocoracoid was more detailed than that of Russell and 

Dong (1993). However, the directional terminology used in their description is not 

precise, and their description of the orientation of the glenoid does not match their 

illustration of the left scapulocoracoid (Currie and Dong, 2001: fig. 7). Currie and Dong 

(2001) stated that the "glenoid is not oriented as much laterally as posteriorly, but faces 

mostly backwards." However, from their illustration (fig. 7) it appears that the glenoid 

fossa faced posteriorly. Unfortunately, Russell and Dong (1993) did not describe the 

positioning of the glenoid of Sinornithoides; thus, the orientation of the glenoid cannot be 

resolved until the original specimen is re-examined. Also, the sharp angle present 

between the articulated scapula and coracoid of Sinornithoides is not apparent on Currie 

and Dong's (2001) diagram. 

If the glenoid of Sinornithoides does indeed face posteriorly, as suggested by 

Currie and Dong (2001 ), this condition would differ from that of other troodontids, 

including the basal troodontid Sinovenator (see section 2.3.14; Xu et al. , 2002), which 

possess a laterally facing glenoid. 
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2.3.16 Saurornitholestes langstoni (Fig. 2.5) 

Two dromaeosaurid species, Saurornitholestes and Velociraptor (Table 2.1 ), were 

examined in the present study. The scapulocoracoid of Saurornitholestes has not been 

formally described in the scientific literature. However, comparisons to the coracoid of 

Sinornithosaurus have been made (Xu et al., 1999). 

(a) Observations 

The coracoid and scapula of Saurornitholestes are not co-ossified, and the 

scapulocoracoid suture is inclined relative to the dorsoventral axis of the scapular blade. 

As in other eumaniraptorans, the coracoid is strongly inflected medially relative to the 

scapula, causing most of the lateral aspect of the coracoid to face anteriorly. The glenoid 

fossa of the scapulocoracoid faces laterally. The glenoid facet of the scapula mainly 

faces laterally, whereas the coracoid facet faces posterodorsally. In Saurornitholestes, 

the scapula contributes more to the glenoid fossa than does the coracoid. 

The coracoid of Saurornitholestes (Fig. 2.5A) is similar in shape to those of 

Deinonychus and Chirostenotes. It is subquadrangular in outline, with the dorsoventral 

dimension being slightly broader than its anteroposterior dimension. The subcircular 

biceps tubercle is prominent, and is situated posterior to the subcircular coracoid 

foramen. There is a large, shallow depression on the ventral half of the coracoid that 

encompasses the coracoid foramen, and a small depression situated anteroventral to the 

glenoid facet of the coracoid. The posterior margin of the coracoid is broad and 

shallowly concave, and the posterior coracoid process extends far ventrally and slightly 

posteriorly relative to the glenoid fossa. Although not completely preserved, the tip of 

this process was probably hooked, as it is in other dromaeosaurids (Ostrom, 1974; Norell 



and Makovicky, 1999). The subglenoid fossa is triangular and deep, and extends along 

the dorsal two-thirds of the posterior edge of the coracoid. A prominent and sharp 

subglenoid ridge borders the fossa anteriorly. A second ridge, also extending from the 

biceps tubercle, is rounded and less prominent than the subglenoid ridge. This second 

ridge extends towards the anteroventral-most point of the ventral (sternal) edge of the 

coracoid, but disappears before it reaches the sternal edge. The sternal edge of the 

coracoid of Saurornitholestes is well-defined, as in other dromaeosaurids. There is a 

large triangular depression on the medial side of the coracoid, opposite the biceps 

tubercle. 
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The scapular blade is elongate and strap-like (Fig. 2.5B). The scapular shaft 

widens slightly distal to the glenoid, but remains narrow for most of its length. The distal 

end, which is squarish in outline, is the same width as the rest of the blade. The ventral 

half of the scapula is ovoid in cross-section, whereas the dorsal half of the blade is 

flattened and has sharp anterior and posterior edges. In lateral view, the scapular blade is 

posteriorly concave, with the dorsal half of the blade being slightly deflected posteriorly 

relative to its ventral half. In posterior view, the ventral half of the blade is deflected 

medially, as it is in troodontids. Unfortunately, the acromion process is incomplete. 

However, judging from its base and its contact with the coracoid, the acromion was 

probably directed ventrally, as it is in other dromaeosaurids. 

(b) Discussion 

Xu et al. (1999) observed that the coracoid of Saurornitholestes is similar to that 

of other dromaeosaurids such as Sinornithosaurus. The glenoid faces laterally in 

Saurornitholestes, as it does in other dromaeosaurids. 



2.3.17 Velociraptor mongoliensis (Fig. 2.7D) 

In light of new material, the scapulocoracoid of Velociraptor was thoroughly 

redescribed by Norell and Makovicky (1999). Barsbold (1983) briefly described a few 

general features of the scapulocoracoid of Velociraptor, but he did not illustrate the 

element. 

(a) Observations 
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In the present study, four specimens of Velociraptor were examined (Table 2.1 ). 

The coracoid is strongly inflected medially relative to the scapular blade as in other 

eumaniraptorans. Overall, the glenoid fossa faces laterally. The glenoid facet of the 

scapula also faces laterally, whereas the coracoid facet faces dorsally and slightly 

laterally. The scapula contributes more to the glenoid than does the coracoid. In all of 

the Velociraptor specimens examined, only the posteroventral part of the coracoid is 

well-preserved. The prominent biceps tubercle is subcircular and rugose. There is a 

small depression anteroventral to the glenoid facet of the coracoid. The posterior margin 

of the coracoid of Velociraptor is broad and shallowly concave. The subglenoid fossa is 

similar to that of Saurornitholestes (section 2.3.16): it does not extend to the tip of the 

posterior coracoid process and is bordered anteriorly by a distinct subglenoid ridge. The 

posterior coracoid process extends far ventrally and slightly posteriorly relative to the 

glenoid, and its terminal end is hooked. The scapular blade is elongate, strap-like, and 

does not flare distally. The cross-section, and the posterior curvature of the scapular 

blade in lateral view are similar to those of Saurornitholestes. The acromion process is 

directed ventrally relative to the glenoid, thus the scapulocoracoid suture is inclined. The 

anterior edge of the low acromion process is laterally everted, creating a depression on 



40 

the lateral face of the acromion. There are two ovoid muscle scars preserved on the 

posteroventral surface of the scapula of Velociraptor, just dorsal to the glenoid. There is 

a prominent depression on the posteromedial part of the scapula, close to the 

scapulocoracoid suture. 

(b) Discussion 

Norell and Makovicky's (1999) description of the shoulder region of Velociraptor 

is refreshingly thorough, owing to the renewed interest in the transition from theropods to 

birds. Most of their description is concordant with the present study, but there are a 

couple of discrepancies deserving of comment. Although the suture is indistinct in all of 

the specimens of Velociraptor they examined, this feature does not characterize the 

whole species, as seen in IGM 94.07.28 (Table 2.1). The lateral aspect of the acromion 

process is concave in all examined specimens, but not all specimens have rugosities on 

this process. Norell and Makovicky (1999) determined, from articulated skeletons, that 

the scapular blade is positioned more dorsally on the ribcage and more horizontally 

relative to the vertebral column than it is in other theropods. This orientation of the 

scapula is corroborated by IGM 94.07.28, which has a semi-articulated thoracic area. 

Norell and Makovicky's (1999: figs. 4, 6) detailed photographs of the Velociraptor 

scapulocoracoid show the scapulocoracoid in medial, lateral, posterior, and anteromedial 

views, and the major features discussed in their text are labelled. 



2.3.18 Mononykus olecranus (Fig. 2.7E) 

Perle et al. ( 1993, 1994) described the scapulocoracoid of Mononykus, an 

alvarezsaurid, in detail. The scapulocoracoids of other alvarezsaurids, such as 

Patagonykus puertai, have been described by Novas (1996). 
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In contrast with the findings of Holtz (2000), a recent phylogenetic analysis has 

determined that Alvarezsauridae are the sister group to Aves (Chiappe, 2001 ~ Fig. 2.1). 

Thus, the scapulocoracoid of Alvarezsauridae is described here, prior to the description of 

Archaeopteryx. 

(a) Observations 

A cast of the nearly complete left scapulocoracoid of the holotype of Mononykus 

was examined in the present study (Table 2.1). Unlike other eumaniraptorans, the 

coracoid of Mononykus is only slightly inflected medially relative to the scapula. The 

scapulocoracoid suture is diagonal. The coracoid is crescentic, with the anteroposterior 

dimension of the coracoid elongated relative to the dorsoventral dimension. The 

crescentic posterior coracoid process is greatly elongated posteriorly relative to the 

glenoid fossa. There is no subglenoid ridge or subglenoid fossa present. The lateral face 

of the coracoid near its posteroventral margin is shallowly concave. There are no 

apparent muscle scars, including the biceps tubercle, present on the scapulocoracoid. The 

scapular blade is narrow, elongate, and appears straight in lateral view. The distal end is 

flared relative to the otherwise narrow scapular blade. The anteriorly low acromion 

projects anteriorly and slightly ventrally, and is slightly depressed. The glenoid faces 

posteriorly, and not laterally as in other eumaniraptorans. 
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(b) Discussion 

Perle et al. 's (1993, 1994) descriptions of the scapulocoracoid are concordant with 

the description presented here. Perle et al. (1993) observed that the coracoid of 

Mononykus, although similar to that of most theropods, is not as dorsoventrally deep as it 

is in dromaeosaurids, Archaeopteryx, and birds. Perle et al. (1994) also mentioned that 

the articular surface of the scapula for the coracoid is subtriangular. Their illustration of 

the scapulocoracoid (Perle et al. 1994: fig. 9) is accurate, but only two features mentioned 

in the text were labelled on the element. Although there is no subglenoid ridge present 

on the coracoid of Mononykus, Novas (1996) observed that this ridge (=craniocaudal 

ridge of Novas [1996]) is present on the coracoid of Patagonykus. 

2.3.19 Archaeopteryx lithographica (Figs. 2.7F, G) 

The scapulocoracoid of Archaeopteryx lithographica, a basal avialan, has been 

extensively employed in considerations of morphological transformations of theropods to 

birds (see Ostrom, 1976a; Jenkins, 1993). The scapulocoracoid of Archaeopteryx has 

been described in detail by de Beer (1954) and Ostrom (1976a, 1976b), and the shoulder 

girdle of more recently discovered specimens has been reconstructed by Wellnhofer 

(1992: fig. 9; 1993: fig. 16). 

(a) Observations 

The scapula and coracoid form a sharp angle in Archaeopteryx, similar to those in 

eumaniraptoran theropods, but at a steeper angle. The glenoid fossa of Archaeopteryx 

faces laterally, but not dorsolaterally as in modem birds (Jenkins, 1993). 
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The only fully exposed coracoid of Archaeopteryx (in positional anterior view) 

is preserved on the underside of the London specimen (BM 37001; Ostrom, 1976b). This 

coracoid was not examined in the present study due to the specimen's inaccessibility and 

the lack of any casts of this element (A. Milner, pers. comm.). Thus, only published 

illustrations and descriptions of the left coracoid were available (see de Beer, 1954; 

Ostrom, 1976a, 1976b ). However, the posterior edge of the coracoid is exposed in a few 

other Archaeopteryx specimens (Table 2.1 ). The coracoid of Archaeopteryx is 

quadrangular, with the dorsoventral dimension of the coracoid being much broader than 

the anteroposterior dimension. The coracoid is sharply inflected medially near the level 

of the biceps tubercle (Tarsitano and Hecht, 1980), as it is in eumaniraptoran theropods. 

The inclined scapulocoracoid suture is foreshortened; therefore, most of the dorsal edge 

of the coracoid of Archaeopteryx is free from contact with the scapula, and this edge is 

directed dorsally (in terms of positional orientation). The ventral or sternal edge of the 

coracoid is thin and distinct, whereas its scapular border is robust (Ostrom, 1976a). The 

prominent biceps tubercle is ventral to the level of the laterally facing glenoid fossa. This 

is unlike the condition in modem birds, where the biceps tubercle ( =acrocoracoid 

process) is dorsally elevated and the tendon of the M. supracoracoideus is deflected, 

forming a pulley system (Ostrom, 1976a). The posterior margin of the coracoid is broad 

and expanded, and the posterior coracoid process is far ventral and slightly posterior to 

the glenoid. The subglenoid fossa is subtriangular and less extensive than that of 

dromaeosaurids. 

The scapula is fully exposed in at least three specimens of Archaeopteryx (Table 

2 .1 ), but is best preserved in BM 37001. It is elongate and strap-like, with the distal end 
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being slightly flared and rounded. The scapular blade is concave posteriorly. The 

acromion process is low relative to the scapular blade, and is laterally everted. The tip of 

the acromion is directed ventrally relative to the glenoid fossa, and there is no contact 

between the acromion and the coracoid. 

(b) Discussion 

The description of the scapula of Archaeopteryx presented here is similar to those 

of other authors. Ostrom (1976a, 1976b) concentrated on describing features of the 

scapulocoracoid that were relevant to the acquisition of flight and the transformation of 

the coracoid to the strut-like form of modem birds. Ostrom's (1976a: figs. 4, 5; 1976b: 

figs. 13a-b, l 4a-b) illustrations are accurate, and he included excellent labelled 

photographs of the fully exposed left coracoid (BM 37001). de Beer's (1954: fig. 3) 

illustration of the right scapulocoracoid of BM 37001 is misleading, depicting an upper 

and lower coracoid notch, both of which are artefacts of the distorted coracoid. 

Ironically, he included a photograph of the better preserved left coracoid (plate V), but 

unlike Ostrom, did not focus on it in his description of Archaeopteryx's coracoid. 

2.3.20 Jeholornis prima (Fig. 2.7H) 

Zhou and Zhang (2002) briefly described the holotype of Jeholornis prima, a new 

basal bird. 

(a) Observations 

In the present study, the holotype of Jeholornis was examined (Table 2.1 ). The 

scapula and coracoid of J eholornis are disarticulated, thus making it difficult to 

determine if the coracoid was sharply inflected medially relative to the scapula. 
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However, it is assumed that this angle was sharp in Jeholornis, as is the case in other 

eumaniraptorans. As in other eumaniraptorans, it is assumed that the coracoid was 

rotated relative to the scapula, so that the developmental ventral edge is oriented 

ventrally, and articulates with the anterior margin of the sternal plate. The coracoid is 

strut-like, having an expanded dorsoventral dimension relative to its anteroposterior 

dimension, and appears to be intermediate in morphology between that of Archaeopteryx 

and more derived birds. As in Archaeopteryx, the scapulocoracoid suture is 

foreshortened, and the dorsal margin of the coracoid is free from contact with the scapula. 

The slit-like coracoid foramen is located near the anterior margin of the coracoid. The 

large biceps tubercle, which is homologous to the acrocoracoid process (Ostrom, 1976a), 

is dorsal to the glenoid. It is plausible that Jeholornis may have possessed a triosseal 

canal formed by the dorsally elevated acrocoracoid, the acromion, and the furcula, or it 

may have had at least a primitive pulley-system of the M. supracoracoideus, similar to 

that proposed for Confuciusornis (Zhou, 1999). The posterior margin of the coracoid is 

extensively expanded relative to other theropods examined in the present study, and 

shallowly concave. Thus, the tip of the posterior coracoid process is far ventral and 

slightly posterior to the glenoid. The subglenoid fossa is a large depression situated only 

on the dorsal half of the posterior margin of the coracoid, and a sharp subglenoid ridge 

borders it anteriorly. Both elongated scapulae are poorly preserved in the type specimen. 

The only scapular features that can be discerned are that the distal end tapers, the 

acromion is anteriorly low, and the glenoid faces laterally. More specimens of Jeholornis 

are needed before additional features of the scapulocoracoid can be discerned. 
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(b) Discussion 

Zhou and Zhang's (2002) description of the shoulder region of Jeholornis is brief. 

Most of the scapulocoracoid features are found in their character matrix (Zhou and 

Zhang, 2002: appendix 1), rather than in the description given in the main body of text. 

The authors did describe a few of the features mentioned here, although they 

concentrated on pointing out features that are found in early birds to the exclusion of 

those of derived non-avian theropods. For instance, they mentioned that the coracoid of 

Jeholornis is strut-like and the scapula is tapered distally, as they are in early avians; 

however, the coracoid lacks a procoracoid process, a feature found in derived birds. 

Their concentration on bird-like features of Jeholornis is apparent in their choice of 

characters: most of them apply to birds and not to theropods. However, they neglected to 

mention that the posterior coracoid process and subglenoid fossa are similar to those of 

non-avian eumaniraptorans. The authors included a photograph of the well-preserved 

right coracoid, and the fragmentary left coracoid and right scapula (Zhou and Zhang, 

2002: fig. 2d). 

2.4 Discussion 

Upon review and subsequent comparison of the published descriptions of the 

· theropod and basal archosauriform scapulocoracoid relative to the actual specimens, it 

was possible to evaluate whether these descriptions are correct and sufficiently detailed to 

permit assessment of the transformations that have taken place in the shoulder girdle of 

theropods leading to birds. This exercise revealed that in some cases the scapulocoracoid 

has not been accurately or thoroughly depicted in the literature. The ambiguities stem in 
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part from the use of different positional terminology in the descriptions of the 

scapulocoracoid. Some of the studies examined used avian positional terminology to 

describe the scapulocoracoid ( for example, Perle et al., 1994 ), whereas other studies used 

"reptilian" developmental terminology (for example, Nicholls and Russell, 1985), and a 

few studies employed idiosyncratic positional terminology to describe some features of 

the scapulocoracoid (for example, Currie and Dong, 2001). In addition, published studies 

containing incorrect reconstructions of the theropod scapulocoracoid also occur (Welles, 

1984; Colbert, 1989). All of the inconsistencies in published descriptions of the theropod 

scapulocoracoid may contribute to the compilation of incorrect phylogenetic characters in 

systematic data matrix construction, and/or the formulation of inaccurate hypotheses of 

transformation between theropods and birds. 

To alleviate some of these inconsistencies, a complete, consistent and accurate 

(within the limitation of the material) description of the morphology of the 

scapulocoracoid of theropods and an archosauriform was compiled, which permitted 

further morphological analysis of a standardized data set. Morphological differences 

between terminal taxa are described, and the morphological trends evident in the 

transformation of the theropod scapulocoracoid are briefly summarized following the 

compansons. 

The scapulocoracoid morphology of several theropod taxa are autapomorphic 

with respect to the above-mentioned changes in morphology that occur on the line of 

descent leading to birds. Autapomorphic taxa include herrerasaurids, Dilophosaurus, 

omithomimids, and alvarezsaurids. These taxa appear to be highly autapomorphic and 

for this reason are excluded from the following comparisons between terminal taxa. 
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Herrerasaurids have a strap-like, elongate scapula that is not typical of basal 

theropods/dinosaurs such as Eoraptor (see Sereno et al. , 1993). The scapula of 

Dilophosaurus is unique among ceratosaurians in possessing a square dorsal expansion 

(Rowe and Gauthier, 1990); however, the coracoid appears to be similar to those of other 

basal theropods. The coracoid of omithomimids is not typical of other maniraptoriforms; 

its anteroposterior dimension is extremely elongated relative to its dorsoventral 

dimension. However, the omithomimid scapula does not have any features that are 

uncharacteristic of maniraptoriforms. Finally, although alvarezsaurids are considered the 

sister group to Aves (Chiappe, 2001), they do not possess any of the derived features of 

the scapulocoracoid characteristic of eumaniraptorans. 

Also excluded from the following comparisons between terminal taxa are those 

represented only by highly incomplete specimens, which could not be included in the 

thin-plate spline analysis (Chapter 3). This includes the coracoids of Herrerasaurus and 

Caudipteryx. 

This section compares the morphologies of the coracoid and scapula between 

terminal taxa. Taxa that have relatively complete coracoids and scapulae were used to 

represent their respective family/higher taxon (see Tables 3.1, 3.2). These qualitative 

comparisons are re-examined in Chapter 3, wherein the trends revealed by the thin-plate 

spline analysis are compared to those considered here. This second comparison is 

conducted to determine whether morphological transformations can be more accurately 

described using a landmark-based analysis. 
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2.4.1 Euparkeria to Coelophysidae 

The ovoid coracoids of both Euparkeria and Coelophysis are dorsoventrally 

narrow, but this dorsoventral compression is more marked in Coelophysis. There is a 

narrow excavation of the posterior margin of the coracoid of Coelophysis, instead of the 

narrow groove found in Euparkeria. The posterior coracoid process is more distinct, and 

a biceps tubercle is clearly developed in Coelophysis. Relative to Euparkeria, the 

coracoid foramen appears to be located closer to the posterior edge of the coracoid in 

Coelophysis. 

Compared to Euparkeria, the width of the scapular blade of Coelophysis is 

narrower and more waisted at its midlength, but its distal end remains flared. Also, 

relative to Euparkeria, the acromion process is expanded more anteriorly in Coelophysis. 

The glenoids face posterolaterally in both Euparkeria and Coelophysis. However, 

the glenoid facet of the coracoid of Coelophysis is shallower than that of Euparkeria, and 

it lacks a well-developed infraglenoid buttress. The mediolateral curvature of the 

scapulocoracoid of Coelophysis is less pronounced compared to that of Euparkeria. 

2.4.2 Euparkeria to Dilophosaurus 

The coracoids of both Euparkeria and Dilophosaurus are longer anteroposteriorly 

than dorsoventrally. However, the anteroventral part of the coracoid of Dilophosaurus is 

slightly compressed compared to that of Euparkeria. The biceps tubercle, which is 

lacking in Euparkeria, forms a protuberance in Dilophosaurus. The posterior coracoid 

processes of both taxa are short, and do not extend far posteriorly relative to the glenoid. 



The morphology of the scapular blade of Dilophosaurus is considered 

autapomorphic, and comparisons of it with other taxa are omitted. 
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The glenoids face posterolaterally in both Euparkeria and Dilophosaurus, and 

both taxa have well-developed infraglenoid buttresses. The glenoid facet of the coracoid 

is shallower in Dilophosaurus than in Euparkeria. There is less mediolateral curvature of 

the scapulocoracoid of Dilophosaurus compared to that of Euparkeria. 

2.4.3 Coelophysidae to Dilophosaurus 

The coracoid of Dilophosaurus appears to be slightly dorsoventrally expanded 

relative to that of Coelophysis. The posterior margin of the coracoid of Dilophosaurus is 

not excavated as it is in Coelophysis, but rather a deep groove is present. The tips of the 

posterior coracoid processes of both taxa are blunt, but in Dilophosaurus this process 

extends slightly posteriorly beyond the glenoid fossa. In both taxa, the biceps tubercle is 

a low protuberance located near the tip of the posterior coracoid process. 

The morphology of the scapular blade of Dilophosaurus is considered 

autapomorphic, and this is supported by the marked differences in scapular morphology 

that are apparent between Coelophysis and Dilophosaurus. 

The glenoids face posterolaterally in both Coelophysis and Dilophosaurus; 

however, Dilophosaurus has a well-developed infraglenoid buttress. 

2.4.4 Coelophysidae to Ceratosaurus 

The coracoid of Ceratosaurus is much broader dorsoventrally than its counterpart 

in Coelophysis. The posterior coracoid process extends farther posteriorly in 

Ceratosaurus than that of Coelophysis. The biceps tuberosity of Ceratosaurus appears to 



be more extensive and rugose than that of Coelophysis, and is situated more ventrally 

on the coracoid than in Coelophysis. 
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There are a few differences between the scapulae of Coelophysis and 

Ceratosaurus. The anteroposterior width of the scapular blade of Ceratosaurus is 

essentially constant along most of its length, unlike that of Coelophysis. The distal end of 

the blade of Ceratosaurus is flared, but to a lesser extent relative to its midlength width 

of the blade than it is in Coelophysis. However, the acromion processes are similar in 

both taxa: the process is dorsoventrally broad, grades gradually into the scapular blade, 

and there is no subacromial notch separating the acromion from its contact with the 

coracoid. 

The glenoid faces posteriorly in Ceratosaurus rather than posterolaterally as in 

Coelophysis. The glenoid is slightly shallower in Ceratosaurus than it is in Coelophysis 

(AMNH specimens, Table 2.1 ). 

2.4.5 Dilophosaurus to Ceratosaurus 

The coracoid of Ceratosaurus is more circular in outline than that of 

Dilophosaurus, and consequently the dorsoventral dimension of the coracoid of 

Ceratosaurus is more expanded. The posterior coracoid processes are foreshortened in 

both taxa, but in Ceratosaurus the process is separated from the glenoid facet of the 

coracoid by a shallower, wider depression than that of Dilophosaurus. The biceps 

tubercle of Ceratosaurus is more rugose and extensive than that of Dilophosaurus. 

The glenoid faces posteriorly in Ceratosaurus, rather than posterolaterally as in 

Dilophosaurus. 
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2.4.6 Ceratosaurus to Megalosaurus ( coracoid only) 

There are many similarities between the coracoids of Ceratosaurus and the 

megalosaurid: the posterior coracoid process is blunt and foreshortened, there is a wide 

shallow groove that separates this process from the glenoid~ and the biceps tubercle is a 

low but extensive tuberosity situated near the posteroventral corner of the coracoid. 

However, in the megalosaurid, the coracoid is more ovoid than that of Ceratosaurus, the 

glenoid facet of the coracoid is much deeper, the coracoid has a large wedge-shaped 

notch for articulation with the scapula, and the coracoid foramen appears to be positioned 

more centrally on the coracoid than that of Ceratosaurus. 

2.4.7 Ceratosaurus to Allosaurus (scapula only) 

There are marked differences in the scapulae of Ceratosaurus and Allosaurus. 

Compared to Ceratosaurus, the acromion process of Allosaurus is compressed 

dorsoventrally and slightly anteriorly. The scapulocoracoid suture of Allosaurus is 

relatively shorter than that of Ceratosaurus, due to the subacromial notch present in the 

former taxon. Unlike the situation in Ceratosaurus, the scapular blade of Allosaurus is 

more elongate and slender, its width being relatively narrower for the ventral two-thirds 

of its length. In lateral view the scapular blade of Allosaurus also appears to be straighter 

than that of Ceratosaurus. In both taxa, the distal end of the scapula is flared, but moreso 

in Allosaurus relative to the midlength width of the blade. 

The glenoids of both Ceratosaurus and Allosaurus face posteriorly. 
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2.4.8 Megalosaurus toAllosaurus (coracoid only) 

There are a few similarities between the coracoids of the megalosaurid and 

Allosaurus: the coracoid is ovoid in outline; a large wedge-shaped notch for the contact 

with the scapula is present; and the coracoid foramen is situated ventral to the articular 

notch. However, the posterior coracoid process is longer in Allosaurus compared to that 

of the megalosaurid, and the posterior edge of the coracoid is expanded and greatly 

excavated posteriorly in Allosaurus. In Allosaurus, the biceps tubercle is an elongate, 

distinct tubercle and is situated more anterodorsally than the extensive biceps tuberosity 

of the megalosaurid, which lies near the posteroventral corner of the coracoid. 

2.4.9 Allosaurus to Tyrannosauridae 

There are many differences in coracoid morphology between Allosaurus and 

Tyrannosaurus. The coracoids of these two taxa are both ovoid, but the coracoid of the 

latter is slightly broader dorsoventrally. In Tyrannosaurus, the posterior coracoid process 

extends more posteriorly relative to that of Allosaurus, the glenoid facet is shallower, the 

biceps tubercle is more dorsal, and there is no wedge-shaped notch present on the 

coracoid. 

In both Allosaurus and Tyrannosaurus, the acromion process is sharply offset 

from the scapular blade; however, the acromion is expanded anteriorly to a greater extent 

in Tyrannosaurus than in Allosaurus. Also, the scapulocoracoid suture is longer in 

Tyrannosaurus relative to Allosaurus, partly due to the anteriorly expanded acromion of 

the former, and the subacromial notch present in the latter. The scapular blades of both 

of these taxa are similar, with the ventral two-thirds of the blade being somewhat narrow 
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anteroposteriorly, and the dorsal one-third of the blade expanding anteroposteriorly. 

The distal flare appears to be greater in Tyrannosaurus than in Allosaurus. In most 

specimens of Allosaurus, a symmetrical flare characterizes the distal end of the scapula, 

whereas in Tyrannosaurus the flare is either symmetrical or asymmetrical ( section 

2.3.10). 

The posterior-facing glenoid of Tyrannosaurus is shallower compared to that of 

Allosaurus. The scapulocoracoid suture of Allosaurus is perpendicular to the 

dorsoventral axis of the scapular blade, whereas in Tyrannosaurus it is slightly inclined, 

with the anterior extent of the suture projecting slightly farther ventrally than the 

posterior extent. 

2.4.10 Tyrannosauridae to Caudipteryx (scapula only) 

In Caudipteryx, the anterior edge of the acromion process is markedly lower than 

that of Tyrannosaurus, and the process is free from contact with the coracoid. In both 

Caudipteryx and Tyrannosaurus, the ventral two-thirds of the scapular blade is 

anteroposteriorly narrow, and the remaining dorsal region is greatly flared relative to the 

midlength width of the blade. The scapular blade appears straight in lateral view in 

Tyrannosaurus (FMNH PR 2081, Table 2.1 ), but the posterior edge of the blade of 

Caudipteryx is slightly concave. 

The glenoids of both Tyrannosaurus and Caudipteryx face posteriorly, but the 

glenoid is deeper in the latter taxon. 
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2. 4 .11 Tyrannosauridae to Oviraptoridae 

There are a few differences between the coracoids of Tyrannosaurus and the 

oviraptorid. Although the coracoids are ovoid in both taxa, the coracoid appears to be 

more subrectangular in the oviraptorid. The posterior coracoid process of Tyrannosaurus 

is more posteriorly elongated than that of the oviraptorid. The biceps tubercle of the 

oviraptorid is more pronounced and not elongated compared to that of Tyrannosaurus, 

and the coracoid foramen is relatively narrower in the oviraptorid. The subglenoid fossa 

is shallowly depressed in both taxa, but the oviraptorid has a low subglenoid ridge. 

The scapulae of Tyrannosaurus and Ingenia are quite different. The acromion 

process of Ingenia is quite low anteriorly compared to that of Tyrannosaurus. The 

acromion process of Ingenia is also laterally everted, and the tip is directed ventrally but 

does not contact the coracoid ventrally, features that are not present in Tyrannosaurus. 

The acromion process of Ingenia gradually grades into the scapular blade, rather than 

being sharply offset from the blade as it is in Tyrannosaurus. The scapular blade of 

Ingenia is narrow and strap-like, and only flares slightly anteroposteriorly at its distal 

end, rather than there being an anteroposteriorly wide flare along the dorsal one-third of 

the blade as there is in Tyrannosaurus. 

Although the glenoid is deeper in Oviraptoridae, the glenoids of both taxa face 

posteriorly. 

2.4.12 Tyrannosauridae to Caenagnathidae ( coracoid only) 

There are dramatic differences between the ovoid coracoid of Tyrannosaurus and 

the subquadrangular coracoid of Chirostenotes. The dorsoventral dimension of the 
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coracoid of Chirostenotes is broader relative to that of Tyrannosaurus, and the 

anteroposterior dimension is narrower. Also, the ventral edge of the coracoid, which 

articulates with the anterior margin of the sternum, is more distinct in Chirostenotes. The 

posterior margin of the coracoid of Chirostenotes is expanded, thus the tip of the 

posterior coracoid process is more ventral relative to the glenoid than in Tyrannosaurus. 

Compared to Tyrannosaurus, the coracoid foramen is narrower and the biceps tubercle is 

more distinct and subcircular in Chirostenotes. In addition, both the biceps tubercle and 

coracoid foramen are situated more ventrally in Chirostenotes than they are in 

Tyrannosaurus. 

The glenoid facet of the coracoid is deeper in Chirostenotes. 

2.4.13 Caudipteryx to Oviraptoridae (scapula only) 

Remarkably, the scapula of Caudipteryx is very similar to that of Jngenia. In both 

taxa the acromion processes are anteriorly low, project ventrally, and are free from 

contact with the coracoid. However, this process is laterally everted in Ingenia. The 

scapular blade of Ingenia remains narrow throughout its length, with only a slight 

expansion at its distal end, whereas in Caudipteryx the dorsal end of the blade is flared. 

The glenoids face posteriorly in both taxa. 

2.4.14 Caudipteryx to Troodontidae (scapula only) 

The scapular blade of Troodon is narrow and strap-like along its entire length, and 

its distal end is not flared, in contrast to that of Caudipteryx. The acromion processes of 

both Caudipteryx and Troodon are anteriorly low and ventrally directed; however, in 

Troodon the acromion process contacts the coracoid ventrally, and projects farther 



ventrally relative to the glenoid fossa than it does in Caudipteryx. Also, the anterior 

edge of the acromion is slightly laterally everted in Troodon, but not in Caudipteryx. 

The glenoid faces laterally in Troodon, compared to its posterior orientation in 

Caudipteryx. The scapula and coracoid of troodontids form a sharp angle when in 

articulation. 

2.4.15 Oviraptoridae to Troodontidae 
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There are many differences between the subquadrangular coracoid of 

Sinornithoides and the ovoid coracoid of the oviraptorid. First, the dorsoventral 

dimension of the coracoid of Sinornithoides is broader than that of the oviraptorid. 

Sinornithoides has a more expanded posterior margin of the coracoid; thus, the posterior 

coracoid process is more ventral relative to the glenoid facet than it is in the oviraptorid. 

Also, the biceps tubercle and subglenoid fossa of Sinornithoides are more robustly 

developed than they are in the oviraptorid. 

The elongated scapulae of both Ingenia and Troodon are strap-like, but the distal 

end is not flared anteroposteriorly in Troodon, in contrast to the condition in oviraptorids. 

The acromion processes are anteriorly low, laterally everted, and ventrally directed in 

both taxa; however, in Troodon, the acromion process contacts the coracoid ventrally, the 

lateral eversion of the acromion is less marked than it is in Ingenia, and the acromion 

extends ventral to the glenoid. The scapulocoracoid suture is relatively longer in 

Troodon compared to that of Ingenia. 



The glenoid faces laterally in Troodon, compared to its posterior orientation in 

oviraptorids. The articulated scapula and coracoid of troodontids form a sharper angle 

than observed in oviraptorids. 

2.4.16 Caenagnathidae to Troodontidae ( coracoid only) 
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The subquadrangular coracoids of Chirostenotes and Sinornithoides are similar in 

outline, with the anteroposterior dimension being slightly smaller than the dorsoventral 

dimension. The coracoid foramen is slit-like in Chirostenotes, whereas it is subcircular 

in Sinornithoides. The subglenoid fossa is more robustly developed in Sinornithoides 

than in Chirostenotes. The biceps tubercle is slightly more prominent in Sinornithoides. 

The glenoid facet appears to be shallower in Sinornithoides, but this area is not 

well-defined in the cast of that specimen. 

2.4.17 Troodontidae to Dromaeosauridae 

The subquadrangular coracoids of Sinornithoides and Saurornitholestes are quite 

similar to each other. The main differences are that the tip of the posterior coracoid 

process is not hooked in Sinornithoides, and the anteroventral edge of the coracoid of 

Saurornitholestes is expanded relative to that of Sinornithoides. 

The scapulae of Troodon and Velociraptor are strap-like and elongate, and 

narrowed distally. The scapular blades are also posteriorly concave in both taxa. The 

acromion processes are laterally everted and project ventrally relative to the glenoid in 

both taxa, but the process is expanded more anteriorly in Velociraptor than it is in 

Troodon. 

The glenoids face laterally in both Troodon and dromaeosaurids. 
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2.4.18 Dromaeosauridae to Archaeopteryx 

Although the coracoid of Archaeopteryx was not directly examined in the present 

study, a comparison of its morphology to that of Saurornitholestes was undertaken, as 

Archaeopteryx is considered a structural intermediate between theropods and 

anatomically modern birds (Ostrom, 1976a). The coracoid of Archaeopteryx is more 

quadrangular than that of Saurornitholestes, with the dorsoventral dimension of the 

coracoid of Archaeopteryx being much greater than the anteroposterior dimension. The 

anteroventral corner of the coracoid of Archaeopteryx is less expanded compared to that 

of Saurornitholestes. The scapulocoracoid suture of Archaeopteryx is greatly reduced 

compared to that of Saurornitholestes, and as a result, the developmentally dorsal edge of 

the coracoid of Archaeopteryx is positioned more dorsally than in Saurornitholestes. In 

both taxa, the biceps tubercle is situated ventral to the glenoid; however, this tubercle is 

more prominent in Archaeopteryx. The posterior edges of the coracoids are expanded in 

both taxa, but the subglenoid fossa appears to extend farther ventrally along the posterior 

edge of the coracoid of Saurornitholestes than in Archaeopteryx. 

There are only a few differences in the scapulae of Archaeopteryx and 

Velociraptor. Both have elongate, strap-like forms; however, the scapula of 

Archaeopteryx is more concave posteriorly, and is anteroposteriorly narrower than that of 

Velociraptor. As in Velociraptor, the acromion process of Archaeopteryx is ventrally 

directed and laterally everted. However, the acromion process is anteriorly lower in 

Archaeopteryx, and the process does not contact the coracoid ventrally. Also, the 

scapulocoracoid suture is foreshortened in Archaeopteryx relative to that of Velociraptor. 



In both dromaeosaurids and basal birds (including Archaeopteryx), the glenoid 

faces laterally. The angle between the coracoid and scapula becomes more acute in 

Archaeopteryx than in dromaeosaurids. 

2.4.19 Dromaeosauridae to Omithothoraces (coracoid only) 
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There are dramatic differences between the coracoids of Saurornitholestes and 

Jeholornis. In both taxa, the dorsoventral dimension of the coracoid is longer than the 

anteroventral dimension. However, the strut-like coracoid of Jeholornis is much broader 

dorsoventrally and narrower anteroposteriorly compared to that of Saurornitholestes. 

Comparing the coracoids of the two taxa, it appears that the anteroposterior compression 

of the coracoid of Jeholornis would have been brought about mainly by the truncation of 

the anteroventral edge of the coracoid, as seen in Archaeopteryx ( section 2.4 .18). Thus, 

Archaeopteryx represents an intermediate stage in coracoid morphology. The extent of 

the ventral edge of the coracoid of Jeholornis is foreshortened compared to that of 

Saurornitholestes. The posterior edge of the coracoid of Jeholornis is expanded to a 

greater extent due to the dorsoventral elongation of the coracoid, and the tip of the 

posterior coracoid process is more ventral compared to that of Saurornitholestes. The 

subglenoid fossae are prominent in both taxa, but the fossa is restricted to the dorsal half 

of the coracoid of Jeholornis. The most striking difference between these two taxa is the 

biceps tubercle: in Jeholornis, the biceps tubercle is larger and more prominent than that 

of Saurornitholestes, and it is situated dorsal to the glenoid. The coracoid foramen of 

Jeholornis is situated closer to the anterior edge of the anteroposteriorly compressed 



coracoid, and it is ventral to the glenoid and biceps tubercle. The scapulocoracoid 

suture of Jeholornis is markedly foreshortened compared to that of Saurornitholestes. 

2.5Summary 
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The characteristics of the scapulocoracoid (section 2.3) provide a basis for the 

recognition of characters of phylogenetic utility, and allow for the re-evaluation of 

characters previously used in published phylogenetic studies (Table 3.5). The 

comparisons between sequential terminal taxa (section 2.4) provide a means of assessing 

morphological transformation of the scapulocoracoid on the surrogate line of descent to 

birds (Gatesy, 2002). While this does not represent the true line of descent, it is the only 

approach available that allows morphological assessment of the transformation when 

morphology directly interpreted from fossil specimens is considered. Therefore, the 

comparisons permit general trends in overall morphology to be assessed in the context of 

a morphotypic series. In such comparisons, it is important to characterize only general 

trends and to avoid incorporating obviously autapomorphic attributes into such a 

comparative series. The following overall trends are, therefore, reflective of the omission 

of demonstrably autapomorphic taxa (in the context of scapulocoracoid form). Such 

omissions avoid the need to describe reversals when trends between two similar forms 

are interspersed with an evidently autapomorphic morphology. Only trends that are 

continuous are outlined here, and they form the basis for comparison with morphological 

trends revealed by the thin-plate spline analysis in Chapter 3. 

The articulated scapula and coracoid of Euparkeria and most theropods form 

wide continuous arcs in the sagittal plane. The coracoid tends to be somewhat medially 
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inflected relative to the scapular blade, and the scapula is slightly curved 

mediolaterally. In eumaniraptorans, the coracoid is sharply inflected medially relative to 

the scapula, with the angle between the two elements approaching 90°. In lateral view, 

this angle of articulation becomes more acute in birds. 

In most theropods, the relative positions of the coracoid and scapula remain the 

same as in the developmental orientation (see Figs. 2.2A, B), with the scapulocoracoid 

suture positioned perpendicular to the dorsoventral axis of the scapular blade. However, 

in eumaniraptorans, the coracoid is rotated relative to the scapula (see Fig. 2.2C), 

enabling the ventral edge of the coracoid to articulate with the anterior edge of the sternal 

plate, and the scapula to be positioned sub-horizontally relative to the vertebral column. 

This rotation of the coracoid relative to the scapula appears to be partially caused by the 

scapulocoracoid suture becoming more inclined, with the anterior extent of the suture 

being situated farther ventrally than the posterior extent. A diagonal scapulocoracoid 

suture is first observed in the maniraptoriforms, but the suture becomes more strongly 

inclined in the eumaniraptorans. The more pronounced inclination of the suture of 

eumaniraptoran theropods appears to be caused by the acromion process projecting 

ventrally relative to the glenoid, which in turn results in the anterior part of the 

scapulocoracoid suture being directed ventrally as well. This inclined suture permits the 

coracoid to be rotated relative to the scapula, so that the developmentally dorsal margin 

of the coracoid is positioned more dorsally than it is in other theropods. Although the 

scapula is not known for Chirostenotes (Currie and Russell, 1988), this taxon may have 

also had a rotated coracoid relative to its scapula ( as in eumaniraptorans ), as the coracoid 

is quite similar to those of eumaniraptoran theropods, having a diagonal scapulocoracoid 



suture. Furthermore, the ventral edge of the coracoid ( which articulates with the 

anterior edge of the sternal plate) is quite distinct, as in eumaniraptorans. 

63 

In Euparkeria and non-eumaniraptoran theropods, the coracoid is subcircular or 

ovoid in outline, with the anteroposterior component of the coracoid being longer than 

the dorsoventral component. In eumaniraptorans and Chirostenotes, the coracoid is 

subquadrangular, with the dorsoventral length being subequal to or greater than the 

anteroposterior width of the coracoid. In Jeholornis and more derived birds, the coracoid 

is strut-like, with the dorsoventral length of the coracoid greatly exceeding its 

anteroposterior width. 

The posterior coracoid process of Euparkeria and most non-avetheropods is 

foreshortened and does not extend far posterior relative to the level of the glenoid. In 

avetheropods, this process is elongated and extends far posterior relative to the glenoid. 

However, there are a few non-avetheropod groups that possess elongated posterior 

coracoid processes, such as the Spinosauridae (Sereno et al. , 1998) and Abelisauridae 

(Bonaparte et al., 1990) (refer to Figs. 2.1, 3.4). It is possible that this feature has 

evolved more than once within Theropoda, within the Spinosauridae and the 

avetheropods (Sereno et al., 1998), and the abelisaurids. This is supported by the absence 

of elongated processes in the basal tetanurans Megalosaurus and Torvosaurus (Sereno et 

al. , 1998), and the unusual development of the posterior coracoid process of Carnotaurus, 

an abelisaurid (Bonaparte et al., 1990). Alternatively, an elongated posterior coracoid 

process may be a derived feature of tetanurans, and has been secondarily lost in 

Megalosaurus and Torvosaurus (Sereno et al., 1998), and independently derived in 

abelisaurids. Unfortunately, the shoulder girdle anatomy of many of the basal tetanuran 



species is not well-known, because of incomplete preservation, and therefore it is 

difficult to resolve the distribution of this character. 
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In avetheropods, the posterior coracoid process is crescentic and extends far 

posterior to the glenoid fossa, and the subglenoid fossa, extending along the posterior 

margin of the coracoid, is well-developed in most taxa. Coinciding with the dorsoventral 

broadening of the coracoid, the posterior margins of the coracoids of Chirostenotes and 

eumaniraptorans ( excluding alvarezsaurids) are also broadened; thus, the tip of the 

posterior coracoid process is displaced more ventrally and slightly posteriorly relative to 

the glenoid. 

Biceps tubercles are absent from Euparkeria, Herrerasaurus, and alvarezsaurids. 

However, in most non-avetheropods, the biceps tubercle is a low, rugose tuberosity, 

situated near the posterior tip of the posterior coracoid process, in line with and ventral to 

the glenoid. In avetheropods, with the exception of alvarezsaurids, this feature is a more 

distinct protuberance compared to that of non-avetheropods. As in non-avetheropods, the 

avetheropod biceps tubercle is ventral to the glenoid and is anteroposteriorly aligned with 

the glenoid facet of the coracoid. However, unlike the situation in non-avetheropods, the 

biceps tubercle is not situated near the tip of the posterior coracoid process or the 

posteroventral comer of the coracoid, but instead is more anterodorsal to the posterior 

coracoid process. A subglenoid ridge extends posteriorly from the biceps tubercle to the 

tip of the posterior coracoid process. In avetheropods, the biceps tubercle is an elongate 

protuberance, whereas in maniraptorans ( excluding Caudipteryx ), it is subcircular and 

more prominent. In Jeholornis and more advanced birds, the biceps tubercle is quite 

robust and is expanded dorsally relative to the glenoid fossa. 
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The transition between the large biceps tuberosity present in non-avetheropods 

( situated close to the posteroventral comer of the coracoid), and the more distinct biceps 

tubercle present in avetheropods can only be resolved with the examination of more basal 

tetanurans. Many of the basal tetanuran taxa that bridge the gap between basal theropods 

and avetheropods are poorly understood (Padian et al., 1999). Although not described by 

Bonaparte (1986), Piatnitzkysaurus appears to have an elongated biceps tubercle (see 

Glut, 1997: pg. 702), similar to that of Allosaurus. Other basal tetanuran taxa either do 

not have a preserved coracoid (for example, Afrovenator and Eustreptospondylus) or are 

only briefly described and lack detailed illustrations ( for example, Suchomimus; Sereno et 

al. , 1998). This lack of data makes it difficult to determine when the anterodorsal shift of 

the biceps tubercle occurred, and which taxa have a posteriorly expanded posterior 

coracoid process. 

In Euparkeria and most basal theropods, excluding Herrerasaurus, the scapular 

blade is broad, and its dorsal part flares extensively relative to the midlength width of the 

blade. This primitive feature also characterizes basal dinosaurs (Gauthier, 1986). In 

Ceratosaurus, Megalosaurus, and Carnotaurus (Bonaparte et al. , 1990), the scapular 

blade is broad, but the anteroposterior width remains relatively constant along its length 

and the distal flare is reduced. In most tetanurans, the scapular blade is elongate and 

anteroposteriorly narrow (Gauthier, 1986), but the dorsal half of the blade is expanded 

and flared. In maniraptorans, excluding Caudipteryx and alvarezsaurids, the scapular 

blade is elongate, strap-like, and the distal end has a similar width to that of the rest of the 

blade. In more advanced birds, such as Jeholornis, the distal end of the scapular blade 

tapers. 
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In Euparkeria, the acromion process is anteriorly low relative to its scapular 

blade. In most non-maniraptoran theropods ( excluding omithomimids ), the acromion 

process is anteriorly expanded and well-developed, whereas in ornithomimids and 

maniraptoran theropods, it is anteriorly low. In maniraptorans, excluding Caudipteryx 

and alvarezsaurids, the acromion process is laterally everted, and in eumaniraptorans, it is 

also directed ventrally relative to the glenoid. In Caudipteryx, Oviraptoridae, and birds, 

the acromion process does not contact the coracoid. However, this feature may have 

evolved twice: 1) within the clade comprised of Caudipteryx and Oviraptoridae, and 2) 

within the avian clade. In birds and the closely-related eumaniraptoran theropods, the 

acromion process projects ventral to the glenoid fossa, whereas in Caudipteryx and 

Oviraptoridae, this is not the case, suggesting that this feature may be independently 

derived from that of birds. 

Within the theropod lineage, the position of the glenoid fossa has changed. In 

basal theropods and Euparkeria, the glenoid fossa faces posteriorly or posterolaterally. 

In most tetanurans, it faces posteriorly; however, the glenoids of some omithomimid 

species face posterolaterally. In eumaniraptorans, including basal birds, the glenoid faces 

laterally. 

In Chapter 3, the qualitative descriptions and comparisons are compared to the 

findings of the thin-plate spline analysis, which allows for a more objective assessment of 

the morphological transformation of the theropod scapulocoracoid. The thin-plate spline 

study expands the potential for assessing morphological transformation of the 

scapulocoracoid on the line to birds. It allows a more objective assessment of shape 

change, and also permits graphic reconstruction of the "ancestral" form situated at the 
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nodes within a cladogram. Accurate description and documentation of the 

morphological features of the scapulocoracoid for the taxa included in this study permits 

repeatable and consistent placement of landmarks, and thus enables a variety of ways in 

which shape transformation can be modelled and subsequently assessed. 



Archosauriformes 
Euparkeria 

Archosauria 
Theropoda 

Herrerasauridae 
Ceratosauria 

Coelophysis 
D il ophosaurus 
Ceratosaurus 

Tetanurae 
Megalosaurus 

A vetheropoda 
Allosaurus 

Coelurosauria 
Maniraptoriformes 

Ornithomimidae 
Tyrannosauridae 

Maniraptora 
Caudipteryx 
Oviraptoridae 
Caenagnathidae 

Eumaniraptora 
Troodontidae 
Dromaeosauridae 
Al varezsauridae 1 

Aves 
Archaeopteryx 

Ornithothoraces 
Jeholornis 

Figure 2.1: Classification of theropods used in this study. Refer to Figure 3.4 
for further information. 

1: placed as the sister group to Aves following the phylogenetic analysis of Chiappe (2001). 
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Figure 2.2: Diagrammatic representation of the right theropod scapulocoracoid. A, developmental orientation and terminology. B, 
positional orientation of a non-eumaniraptoran theropod scapulocoracoid. C, positional orientation of an eumaniraptoran 
scapulocoracoid. This orientation is similar in birds; however, the scapulocoracoid suture is foreshortened and the dorsal edge of the 
coracoid is free from contact with the scapula. Abbreviations: A, anterior; D, dorsal; L, lateral; M, medial; P, posterior; V, ventral. 
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Figure 2.3: Diagrammatic representation of the right theropod humerus. A, developmental 
orientation and terminology. B, positional orientation of the theropod humerus in 
articulation with the scapulocoracoid. Abbreviations: A, anterior; D, dorsal; DI, distal; P, 
posterior; PR, proximal; V, ventral. 
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Figure 2.4: Diagrammatic representation of the right scapulocoracoid and humerus of crocodilians. A, lateral view of the 
scapulocoracoid showing developmental orientation and terminology. B, anterior view of scapulocoracoid and humerus 
showing correlative positional orientation. Abbreviations: A, anterior; D, dorsal; L, lateral; M, medial; P, posterior; V, ventral. 



72 

Scapulocoracoid suture 
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Figure 2.5: Right coracoid (A) and scapula (B) of Saurornitholestes langstoni 
(TMP 88.121.39) in lateral view showing osteological features. Dashed lines represent 
areas that have been reconstructed, based on specimens of Velociraptor mongoliensis 
(Table 2.1 ). 
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Figure 2.6: Previously published illustrations of scapulocoracoids of theropods and 
Euparkeria. All illustrated scapulocoracoids are herein constrained to be of 
approximately of the same length, and are shown in right lateral view, except for the 
scapulocoracoid of Oviraptor (N), which is in anterior view. Ventral is towards the 
bottom of the page. A, Euparkeria capensis (Ewer, 1965: fig. 9b). B, Herrerasaurus 
ischigualastensis (Sereno, 1993: fig. la). C, Coelophysis bauri (Colbert, 1989: fig. 61). D 
and E, isolated scapula and coracoid, respectively, of Dilophosaurus wetherilli (Welles, 
1984: figs . 25a, 26a). F, Ceratosaurus dentisulcatus (Madsen and Welles, 2000: pl. 20a). 
G, Megalosaurus bucklandi (Walker, 1964: fig. 16a). Hand I, isolated scapula and 
coracoid, respectively, of Allosaurusfragilis (Madsen 1976: pls. 41a, c). J, Struthiomimus 
altus (Nicholls and Russell, 1985: fig. 2). K, Ornithomimus edmontonicus (Sternberg, 
1933: fig. 2). L, Tyrannosaurus rex (Brochu 2002: fig. 80d). M, Caudipteryx zoui (Zhou 
et al. , 2000: fig. 4). N, Oviraptor philoceratops (Barsbold 1983: fig. 16). 
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Figure 2.7: Previously published illustrations of scapulocoracoids of theropods. All 
illustrated scapulocoracoids are herein constrained to be of approximately of the same 
length, and are shown in right lateral view, except for the coracoid of Archaeopteryx (G) 
and Jeholornis (H), which are shown in the positional anterior view. Ventral is towards 
the bottom of the page. A, Chirostenotes pergracilis (Currie and Russell, 1988: fig. 3a). 
B, Sinovenator changii (Xu et al., 2002: fig. le). C, Sinornithoides youngi (Currie and 
Dong, 2001: fig. 7). D, Velociraptor mongoliensis (Norell and Makovicky, 1999: fig. 4b ). 
E, Mononykus olecranus (Perle et al. , 1994: fig. 9). F and G, scapulocoracoid and 
coracoid, respectively, of Archaeopteryx lithographica (Ostrom 1976b: figs. 13b, 14b ). 
H, coracoid of Jeholornis prima (Zhou and Zhang, 2002: fig. 2d). 
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Table 2.1: List of theropod ( and Euparkeria) scapulocoracoid specimens examined in the 
present study. 

Taxon Specimen number Elements 
Albertosaurus sarcophagus NMC 2196 R. & L. scapulocoracoids 
Albertosaurus sarcophagus ROM807 L. scapulocoracoid 
Albertosaurus sarcophagus TMP 98.63.89 R. scapula 
Albertosaurus sarcophagus TMP 99.50.8 L. scapula 
Allosaurus fragilis BYU 13318 L. scapulocoracoid 
Allosaurus fragilis BYU 17124 R. scapulocoracoid 
Allosaurus fragilis BYU 4897 R. scapulocoracoid 
Allosaurus fragilis BYU 10600 L. scapulocoracoid 
Allosaurus fragilis BYU 4873 R. scapulocoracoid 
Allosaurus fragilis BYU 4901 R. scapulocoracoid 
Allosaurus fragilis BYU 5107 R. scapulocoracoid 
Allosaurus fragilis DINO 2560 L. scapulocoracoid 
Allosaurus fragilis MOR693 R. scapulocoracoid 
Allosaurus fragilis NMC 38454 R. scapulocoracoid, L. 

scapula 
Allosaurus fragilis ROM5091 R. & L. scapulocoracoids 
Allosaurus fragilis TMP cast of ROM 5091 R. scapulocoracoid 
Allosaurus fragilis UUVP 667 R. scapula 
Allosaurus fragilis UUVP 1103 L. coracoid 
Allosaurus fragilis UUVP 2257 L. scapula 
Allosaurus fragilis UUVP 3163 R. coracoid 
Allosaurus fragilis UUVP 3175 L. coracoid 
Allosaurus fragilis UUVP 4423 R. scapula 
Allosaurus fragilis UUVP 5977 L. coracoid 
Allosaurus fragilis UUVP 6351 R. coracoid 
Allosaurus fragilis UUVP 10226 R. scapula 
Allosaurus fragilis UUVP 10375 L. scapula 
All osaurus fragil is UUVP 11497 R. scapula 
Allosaurus fragilis UUVP 30-53 L. coracoid 
Allosaurus fragilis UUVP 40-232 R. coracoid 
Allosaurus fragilis UUVP 40-234 L. coracoid 
Allosaurus fragilis UUVP 40-278 L. coracoid 
Allosaurus n. sp. DINO 11541 R. scapulocoracoid 
Archaeopteryx bavarica TMP 1999.74.2/4, casts of R. & L. scapulocoracoids 

Solnhofer Aktien-Verein 
Exemplar 



Archaeopteryx lithographica 

Archaeopteryx lithographica 

Archaeopteryx lithographica 

Caudipteryx zoui 
Ceratosaurus dentisulcatus 
Ceratosaurus sp. 
Chirostenotes pergrac il is 
Coelophysis bauri 

Coelophysis bauri 

Daspletosaurus torosus 
Daspletosaurus torosus 
Daspletosaurus torosus 
Dilophosaurus wetherilli 

Euparkeria capensis 

Gallimimus bullatus 
Gallimimus bullatus 
Gallimimus bullatus 

Gorgosaurus libratus 
Gorgosaurus l ibratus 
Gorgosaurus l ibratus 

AMNH 4914B cast of BM R. scapulocoracoid 
37001 (London specimen) 
TMP 1999.74.8 cast of BM R. scapulocoracoid, L. 
37001 (London specimen) scapula 
TMP 1999. 7 4. 9 cast of R. scapulocoracoid 
Burgermeister Muller 
Exemplar 
TMP cast of NGMC 97-9-A 
UUVP 317 (holotype) 
BYU 13024 
TMP 79.20.1 
AMNH 7223 , 7224, 7227:, 
7228 

R. scapulocoracoid 
R. scapulocoracoid 
L. scapulocoracoid 
R. coracoid 
scapulocoracoids 

TMP 84.63.1 (a block scapulocoracoids 
containing many specimens) 
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FMNH PR 308 R. & L. scapulocoracoids 
NMC 8506 (holotype) L. scapulocoracoid 
TMP 86.64.1 L. scapulocoracoid 
ROM 46220 cast of UCMP R. & L. scapulocoracoids 
V37302 (holotype) 
AMNH 5867 cast of S.A.M. 
5867 (holotype) 
IGM 100/14 
PJC 2001.91 

ROM 21704 cast ofIGM 
100/11 
ROM 1247 
TMP 86.144.1 
TMP 91.36.500 

R. scapulocoracoid 

R. & L. scapulocoracoids 
R. scapula 
R. & L. scapulocoracoids 

L. scapulocoracoid 
R. scapula, L. coracoid 
R. scapulocoracoid 

H errerasaurus ischigualastensis FMNH PR 1805 cast of 
PVSJ 53 

R. scapulocoracoid 

Jngenia yanshini 
Jngenia yanshini 
Jeholornis prima 
megalosaurid 
Mononykus olecranus 

omithomimid 
omithomimid incertae sedis 
Ornithomimus edmontonicus 

IGM 100/32 
IGM 100/34 
IVPP V13274 (holotype) 
TMP 98.112.2 ( cast) 
AMNH 30236 cast of IGM 
107 /6 (holotype) 
TMP 97.12.184 
TMP 93 .36.597 
NMC 8632 (holotype) 

L. scapula 
L. scapula 
R. & L. scapulocoracoids 
R. & L. coracoids 
L. scapulocoracoid 

L. scapula 
R. scapula 
R. & L. scapulocoracoids 
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Ornithomimus edmontonicus ROM 851 R. scapulocoracoid 
Ornithomimus edmontonicus TMP 95.110.1 R. scapulocoracoid 
oviraptorid IGM 100/1002 R. scapulocoracoid 
Rinchenia mongoliensis IGM 100/32a R. scapulocoracoid 
Saurornitholestes langstoni TMP 88.121.39 R. scapulocoracoid 
Sinornithoides youngi IVPP cast of IVPP V9612 R. & L. scapulocoracoids 

(holotype) 
Sinovenator changii IVPP V12615 (holotype) R. scapulocoracoid 
Struthiomimus altus AMNH5257 R. & L. scapulocoracoids 
Struthiomimus altus AMNH5355 R. scapulocoracoid 
Struthiomimus altus NMC 8902 L. scapulocoracoid 
Struthiomimus altus ROM840 R. scapula 
Struthiomimus altus TMP cast of AMNH 5339 L. scapulocoracoid 
Struthiomimus altus TMP cast ofBHI 1266 R. scapulocoracoid 
Struthiomimus altus UCMZ(VP)1980.1 R. coracoid, L. 

scapulocoracoid 
Tarbosaurus bataar PJC 2000.91 L. scapulocoracoid, R. 

scapula 
Troodon formosus MOR 553S 7.24.91.196 R. scapula 
Troodon formosus MOR563 R. & L. scapulae 
Troodon formosus TMP 94.12.415 R. scapulocoracoid 
Tyrannosaurus rex AMNH5027 R. scapulacoracoid 
Tyrannosaurus rex FMNH PR 2081 (cast) R. & L. scapulocoracoids 
Tyrannosaurus rex MOR555 R. & L. scapulocoracoids 
Velociraptor mongoliensis IGM 94.07.28 R. scapulocoracoid 
Velociraptor mongoliensis IGM 100/976 R. & L. scapulocoracoids 
Velociraptor mongoliensis IGM 100/982 L. scapula 
Velociraptor mongoliensis IGM 100/986 L. scapulocoracoid 

1: Specimen located at the IGM, no IGM specimen number yet 



Table 2.2: A cross-reference of the developmental and positional orientation 
of the non-eumaniraptoran and eumaniraptoran (including birds) shoulder 
apparatus and humerus. Refer to Figures 2.2 and 2.3. Abbreviation 
NAA=Nomina Anatomica Avium. 

Theropods 
N on-eumaniraptoran Eumaniraptoran 

Developmental Positional orientation 
orientation NAA (1979,1993) 
Coracoid 

dorsal 
ventral 

posterior 
anterior 
lateral 
medial 

Scapula 
dorsal 
ventral 

posterior 
anterior 
lateral 
medial 

Humerus 
dorsal 
ventral 

posterior 
anterior 

proximal 
distal 

Sternum 
dorsal 
ventral 
anterior 
posterior 

lateral 
medial 

Furcula 
dorsal 
ventral 

posterior 
anterior 
lateral 
medial 

posterodorsal 
anteroventral 
posteroventral 
anterodorsal 

lateral 
medial 

posterodorsal 
anteroventral 
posteroventral 
anterodorsal 

lateral 
medial 

posterior 
anterior 
medial 
lateral 

proximal 
distal 

dorsal 
ventral 
anterior 
posterior 

lateral 
medial 

dorsal 
ventral 

posterior 
anterior 
lateral 
medial 

dorsal cranial 
ventral caudal 
lateral lateral 
medial medial 
anterior ventral 
posterior dorsal 

posterior caudal 
anterior cranial 
ventral ventral 
dorsal dorsal 
lateral lateral 
medial medial 

caudal 
cranial 
ventral 
dorsal 

proximal 
distal 

dorsal 
ventral 
cranial 
caudal 
lateral 
medial 

dorsal 
ventral 
caudal 
cranial 
lateral 
medial 
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Chapter 3: Thin-plate Spline Analysis of the Theropod Scapulocoracoid 

3.1 Introduction 

In this chapter, the morphological transfonnation of the theropod 

scapulocoracoid, which was qualitatively described in Chapter 2, is further assessed using 

thin-plate spline (TPS) analysis. This geometric morphometric approach allows the 

morphological transformation of the theropod scapulocoracoid to be described 

objectively, by visually displaying the amount of change in the shape of the 

scapulocoracoid relative to a reference form. Geometric morphometrics is a useful 

analytical tool that can assist with morphological description, but is not a replacement for 

description (Naylor, 1996). Thus, the qualitative morphological comparisons of the 

scapulocoracoid in Chapter 2 are informed by similarities and differences highlighted by 

thin-plate splines. The morphometric analysis in some instances suggests morphological 

changes in addition to those described in Chapter 2, which are assessed and potentially 

confirmed by re-examination of the specimens themselves in an iterative process of 

reciprocal illumination and refinement. 

Thin-plate spline analysis is a relatively new geometric morphometrics tool 

(Bookstein, 1991) that permits the morphological differences of anatomical features or 

whole body configuration between species to be represented visually by the deformation 

of a grid (Corti et al. , 2001). This approach is similar to D' Arey Thompson's (1917) 

Cartesian grid deformations, but it instead uses mathematical formulations to quantify 

differences in shape between two species (MacLeod and Forey, 2002). Shape changes 

are based on the relative displacement of homologous landmarks on a reference form 



compared to a given specimen. Vectors denote the magnitude and directionality of the 

changes in landmark position between a reference form and a given specimen. The 

deformation of the grid can be divided into affine (uniform) and non-affine (localized) 

shape changes (Zelditch et al., 2000a), although in this study, the total or net shape 

change, which is a combination of both of these components, is examined. 
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The thin-plate spline can be described by using an analogy of bending a metal 

plate that is infinitely thin and has an infinite area (Bookstein et al., 1999; Zelditch et al., 

2000a). The landmark configuration of the reference form is first placed onto a flat metal 

plate. The plate is then bent so that the position of the landmarks on the reference form 

corresponds to the landmark configuration of the comparative tax on. Changes in the 

position of the landmarks are visualized in the third dimension as vertical displacements. 

The vectors adjacent to each landmark represent the distance and direction that the 

landmarks would have to be moved to reach their new positions. In the thin-plate spline 

analysis, the amount of energy required to bend the plate into its new configuration, the 

bending energy, is minimized over the entire plate (Bookstein et al., 1999; Zelditch et al., 

2000a). The warping of the metal plate in the third dimension is then represented two-

dimensionally as a deformed grid (Zelditch et al., 2000a). 

In TPS, the overall difference in shape between two specimens is expressed as 

partial warps. Partial warps are a function of the physical distances among homologous 

landmarks on one specimen relative to the same landmarks on the reference form (Rohlf, 

1998). Partial warp scores are coefficients that are used to describe how much the two 

specimens differ from each other (Zelditch et al., 2000a). These scores can be analysed 

using multivariate analyses in order to determine the degree of dissimilarity between the 



two specimens. By using the squared-change parsimony criterion, the partial warp 

scores can also be used to estimate the landmark configuration of the hypothetical 

taxonomic unit (Rohlf, 2002). 
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TPS has been used in several previous studies (Adams and Funk, 1997; Corti et 

al., 2001) to examine and discover morphological differences among closely related 

species. Some recent studies (Zelditch et al., 2000a; Swiderski et al., 2002) have used the 

coefficients derived by TPS analysis to generate phylogenetic characters, while other 

studies ( Corti and Rohlf, 2001; Rohlf, 2002) have examined the morphological variation 

among species within a phylogenetic context. TPS analysis has also been used to study 

changes that occur during the ontogenetic trajectory of a single species (Zelditch et al., 

2000b; Webster et al., 2001). 

There are many advantages of using TPS analysis to assess the shape-based 

morphological differences in the scapulocoracoid of theropod species. First, the 

transformation grid and vectors produced by TPS allow the shape changes among species 

to be visualized as the deformation of a grid. The differences in morphology are also 

described relative to a common baseline, which results in a more objective account of the 

changes than traditional written descriptions. TPS also scales all specimen data to the 

same unit size, allowing comparisons to be made more easily among species that vary 

greatly in size. However, differences in the absolute size of specimens will still have an 

effect on their shape. Therefore, even though geometric morphometrics eliminates the 

effects of overall size and orientation when examining differences in shape, differences in 

shape may still be partially size related. Such shape differences due to size-related 

factors are most appropriately studied by comparing ontogenetic trajectories that may 
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reveal allometric trends. Herein I have investigated one taxon (Allosaurus) in this 

regard to examine intraspecific effects of relative growth. Similar trajectories for all 

examined taxa would be a useful addendum to the current study, but appropriate material 

is currently unavailable. 

The limited number of specimens available in the present study determined that 

traditional applications of TPS, such as computation of statistical measures, could not be 

implemented. This is a common problem in paleontology where specimens are either 

poorly preserved or extremely rare. However, even though statistical methods cannot be 

employed in this study, TPS analysis is a progressive new step in objectively visualizing 

and describing the morphological changes present in the theropod coracoid and scapula. 

When describing the changes revealed by thin-plate splines, it must be kept in 

mind that the deformation of the TPS grid does not depict movement of individual 

landmarks, but instead changes are related to the whole configuration of landmarks and 

how they are changing relative to each other (Roth and Mercer, 2000). Therefore, the 

deformation of the TPS grid and the magnitude of the vectors summarize differences 

between species with respect to the whole form. 

In TPS analysis, the overall difference in magnitude of shape differences between 

two species is measured using Procrustes distance (Rohlf, 2002). Unfortunately, at this 

time there are no methods to quantify the magnitude and directionality of the individual 

vectors shown in the TPS grids (Rohlf, pers. comm.). However, changes in vector 

magnitude and directionality of change can be qualitatively assessed. 

In this study the transformations between terminal taxa have been examined 

within a phylogenetic context by mapping the thin-plate splines onto a robust phylogeny 
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of Theropoda using the TpsTree program (Rohlf, 2000; 2002). The vectors that are 

produced by the thin-plate analysis visually display the amount and directionality of the 

changes in landmark positions between related theropod taxa. Additionally, the landmark 

configurations of the hypothetical ancestors of these species or hypothetical taxonomic 

units (HTU s ), located at the internal nodes, have been determined by using square-

changed parsimony (Rohlf, 2002). Intermediate morphological forms not represented by 

the known terminal taxa are inferred using this approach to ancestor reconstruction. This 

allows the transformations of the scapulocoracoid between the HTU s to be compared to 

the transformation between the terminal taxa. Accordingly, it can be determined whether 

the terminal taxa or the HTU s more accurately represent the transformational sequence of 

the shoulder girdle leading up to birds, indicating whether previous hypothesized 

transformations between known taxa are feasible and appropriate. 

The changes determined by TPS can then be correlated with changes in 

functional morphology of the shoulder complex (Chapter 4 ). The areas of the 

scapulocoracoid that show the most change may correspond to changes in attachment, 

orientation, and proportionality of muscles. 

In parallel, a TPS-based analysis of relative growth of the coracoid and scapula of 

Allosaurus was undertaken. This analysis examines shape changes in a single 

ontogenetic series and assists in attempts to account for individual differences within a 

species, which can then be compared to changes inferred for patterns of species 

differentiation. 



86 

3.2 Materials and methods 

3.2. l Specimen Data 

Twenty species of non-avian and avian theropods were included in this study 

(Tables 3.1 and 3.2). Only complete and well-preserved specimens were examined in 

order to avoid the thin-plate spline analysis falsely highlighting morphological 

differences due to taphonomic and/or diagenetic alteration (Webster et al., 2001). In 

addition, only adult individuals were examined, eliminating potential error due to 

differences between adult and juvenile morphologies of the same species. As a 

consequence, many theropod taxa could not be included in this study due to the rarity or 

absence of complete and well-preserved scapulocoracoids. Furthermore, several 

important specimens, including the coracoid of Archaeopteryx, were not accessible at the 

time of this study ( often due to a lack of fossil preparation that would reveal critical 

morphology, or because of restricted access to the specimens). Published photographs 

and illustrations of these specimens were not included in this analysis in order to maintain 

consistency in the orientation of the scapulocoracoids (photographs lack the three-

dimensionality of actual specimens that is important in initial orientation). 

3.2.1.1 Orientation of specimens 

The theropod scapulocoracoid curves about the sagittal plane, such that the dorsal 

and ventral extremities lie closer to the sagittal axis than does the glenoid. As a result, 

some information is lost or distorted when such three-dimensional objects are viewed 

orthogonally to the sagittal plane and are represented in two dimensions. In order to 

compensate for this, the scapula and coracoid of the specimens included in this study 
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were treated separately, with each being carefully photographed with a digital camera 

in lateral and anterolateral views respectively. The orientations of these elements relative 

to the camera were standardised to ensure that the shapes were viewed in comparable 

aspects. The lens of the camera was positioned parallel to the strike and dip of a plane 

formed by three discrete points on the scapula (landmarks [LM] 8, 10, 15) and coracoid 

(LM 2, 16, 18) (Fig. 3. lA; see section 3.2.1.2 for a description oflandmarks). A slightly 

different method had to be used to orient the camera to capture images from mounted 

skeletons and isolated specimens. For the former, using small (Mitutoyo 0.01-200mm) or 

large (Mitutoyo CD-24") callipers and a Brunton compass, the camera (Nikon Coolpix 

990), attached to a tripod, was positioned so that the lens was parallel to the plane formed 

by the three respective landmarks (Fig. 3. lB). For the latter, the process was more 

straightforward as the specimen could be manipulated while the camera was positioned 

above it (Fig. 3 .1 C). Instead of a compass, a level was used to position the specimen in a 

horizontal plane. The tips of the callipers were placed on two of the landmarks, and then 

a level was placed on top of the callipers. The position of the specimen was adjusted 

until the two landmarks were level relative to each other. Then the process was repeated 

with the third landmark and one of the two previous landmarks. This process required 

many measurements between the three landmarks until all three were oriented in the 

same horizontal plane. Finally, as either left or right scapulae and coracoids were 

examined (according to their availability for particular taxa), digital images taken of the 

left scapula and coracoid were mirrored in CorelDraw® ( version 9) so that each bone 

appears to be of the right side. 
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3.2.1.2 Landmarks 

Patterns of two-dimensional morphological variation were examined by placing 

landmarks onto discrete structures on the coracoid and scapula. Bookstein ( 1991) 

classified traditional landmarks into three categories, with certainty of homology and 

reproducibility decreasing from Type 1 to Type 3. Semi-landmarks are included in the 

Type 3 category (Bookstein, 1997). Type 1 landmarks are points of intersection between 

two structures. This is the type of landmark that can be established with the greatest 

degree of confidence (Baszio and Weber, 2002) and relies upon the greatest amount of 

biological information for identification. Type 2 landmarks are gleaned from maximum 

curvatures of structures (Bookstein, 1991) and may include tips of discrete morphological 

structures (Webster et al. , 2001 ). Type 3 landmarks are extremal points, and may include 

the endpoints of a diameter of a form or a point that is the farthest from a chord formed 

by two other landmarks (Bookstein, 1991). Semi-landmarks (Bookstein, 1997~ Sheets 

and Swiderski, 2003) are points that are constructed with reference to other landmarks 

along the outline of a structure. Semi-landmarks allow geometric information to be 

gleaned from curved structures or outline data that otherwise have no discrete points 

(Sheets and Swiderski, 2003). Tools, such as the circular fan and the comb tool (see 

Sheets, 2002), can be used to construct semi-landmarks. Semi-landmarks occur along a 

biologically homologous outline, and are created by using a consistent and repeatable 

methodology. Thus, semi-landmarks are inferred to be homologous between species 

when constructed in the same way. 

In order to describe the shape of the coracoid and scapula objectively, landmarks 

were digitized onto the images of these elements using TpsDig (Rohlf, 1999). This 
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program cannot be reopened once the landmarks are digitized; thus, the landmarks 

were first recorded on the images in CorelDraw® (version 9). Only landmarks that are 

identifiable for all taxa, are homologous according to the above-mentioned three 

landmark categories (including the semi-landmark criteria), and are comprehensive, were 

included in subsequent analyses. Definitions of these landmarks are provided in Tables 

3.3 and 3.4, and their locations are illustrated in Figure 3.2. 

In this study, twenty landmarks were digitized for the coracoid. However, 

Euparkeria and Mononykus both lack a biceps tubercle (LM 20); therefore, a separate 

analysis was conducted in the absence of the biceps tubercle data. Type 1 landmarks for 

the coracoid are located at the posterior and anterior extent of the scapulocoracoid suture 

(LM 1, 2), and the centre of the coracoid foramen (LM 19). Landmarks 16, 18, and 20 

are of the Type 2 category and include the maximum point of curvature and the tips of 

structures. The chord formed between landmark 16 and 18 determined landmark 17, 

which is the anteriormost point on the concave posterior margin of the coracoid. Thus, 

landmark 17 is classified as a Type 3 landmark. The remainder of the landmarks (LM 3-

15) are along the ventral and anterior edges of the coracoid, where there are no distinct 

anatomical points of homology. These thirteen landmarks were positioned along this 

edge at 10° increments and are classified as semi-landmarks (Sheets and Swiderski, 

2003), a variant of the Type 3 criterion. To establish these semi-landmarks, a 

consistently identifiable baseline (the 0° line) was established between landmarks 1 and 

2, which occur on the scapulocoracoid suture. A circular fan with 10° increments was 

created and placed at the midpoint of the line (Fig. 3.2B) formed by landmarks 1 and 2 

(similar methodology to that of Sheets, 2002). Using the midpoint of the 0° line (Fig. 
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3.2B) as the centroid from which radii were extended, landmarks were then placed 

every 10° along the anteroventral edge of the coracoid. In some species, up to fifteen 

semi-landmarks could be placed along the coracoid edge. However, the number of semi-

landmarks was constrained by the species with the fewest number of semi-landmarks 

falling along this edge. Only thirteen semi-landmarks at 10° intervals actually intersected 

the perimeter of the coracoid of all maniraptoran species examined. Thus, to maintain 

consistency across the entire sample, these thirteen semi-landmarks were incorporated 

into the analysis for all of the included species. Landmarks 1 and 18 represent the limits 

of the glenoid facet of the coracoid, and landmarks 16-18 span the extent of the posterior 

margin of the coracoid. 

Although Mononykus and Euparkeria do not have a biceps tubercle (Chapter 2, 

section 2.3), they were included in the second analysis in order to preserve the tree 

topology used in the first TPS analysis of the coracoid data set. Landmark 20 was 

digitized onto the coracoid of Mononykus based on a specimen of P atagonykus, which 

has a subglenoid ridge (Chapter 2, section 2.3.18). In most theropods, the subglenoid 

ridge terminates anteriorly at a biceps tubercle. Therefore the landmark was placed by 

approximation at the point where the anteriormost limit of the subglenoid ridge would 

occur on Mononykus. As for Euparkeria, landmark 20 was digitized near the posterior 

tip of the posterior coracoid process. This is the area in which the biceps tubercle occurs 

in basal theropods. 

Fifteen landmarks were digitized onto the theropod scapula. Landmarks 1 and 2 

are of Type 1, representing the posterior and anterior extent of the scapulocoracoid 

suture. These are identical to landmarks 1 and 2 for the coracoid (Fig. 3.2), and thus 
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permit the possibility of combined registration between the scapula and coracoid. 

Type 2 landmarks are landmarks 3, 4, 14, and 15 (Fig. 3.2A). Landmarks 8-10 are of the 

Type 3 category, and occur at the distal end of the scapular blade. Due to the lack of 

discrete points on the scapular blade, the majority of scapular landmarks, similar to the 

situation for the coracoid, are semi-landmarks (Fig. 3.2A). Semi-landmarks were placed 

at¼, ½, and¾ of the length of the blade (landmarks 5-7, 11-13, on the anterior and 

posterior edges, respectively). Landmarks 1 and 15 represent the limits of the glenoid 

facet of the scapula, and landmarks 2-4 demarcate the acromion process. 

In a few cases missing or damaged structures rendered placement of landmarks 

onto the theropod coracoid and scapula difficult. For example, a few of the theropod 

coracoids are incomplete along the anteroventral margin. Comparative specimens or 

published illustrations were used to supplement the selected specimens and to interpret 

these missing data. 

3.2.1.3 Scaling and rotation of specimens 

Before landmark data can be compared in the thin-plate spline analysis, the 

specimen data for each species must be scaled to a standard size, and rotated to a 

common orientation. This was accomplished using CoordGen software (Sheets, 2001 ), 

which scales specimens to the same size according to a baseline set by two landmarks, 

using a method called Shape Coordinates (SC) or Two-point Registration (TPR) 

(Bookstein, 1991). Landmarks 1 and 2 (Fig. 3.2), which occur along the scapulocoracoid 

suture, were chosen to represent the endpoints of the baseline and assigned Cartesian 

coordinates of (0,0) and (1,0). These points were chosen because they are Type 1 
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landmarks, and thus they can be identified and reproduced with the highest level of 

confidence. The transformed coordinates of the remaining landmarks, calculated by 

geometric equations in CoordGen, were referenced to this set baseline. Thus, the same 

baseline orientation and length was generated for all of the specimens examined, and for 

both coracoid and scapula. 

An additional scaling regime, Procrustes Superimposition (PS) or Generalized 

Least Squares alignment (GLS), was also used to scale and align the specimens, as a 

check against TPR scaling. The implementation of both PS and TPR resulted in similar 

TPS transformation grids. 

3.2.2 Morphometric Analyses 

3.2.2.1 Thin-plate spline program (TpsTree) 

The size-adjusted data for each species were transferred to the TpsTree program 

(Rohlf, 2002), which permits a graphical representation of the deformation from one 

morphological form to another within a phylogenetic context. The amount of change 

between sister taxa was computed as partial warps, shown as transformation grids. These 

are plotted so that the magnitude and direction of change of the landmarks in comparative 

taxa can be visualized, thereby allowing localized variation in form to be detected, and 

their magnitude to be described. One can then examine differences in morphology at 

each node, rather than the traditional method of qualitatively examining a cluster of 

characters. 

This program also calculates the landmark configuration of hypothetical 

taxonomic units at the internal nodes. Using squared-change parsimony (of the partial 



93 

warp scores), the landmark configurations of the hypothetical ancestors at the internal 

nodes of the cladogram are estimated based on the number of character changes along 

each branch (Rosenberg, 2002). These landmark configurations of the HTUs are used to 

estimate shape changes that occurred along branches of the cladogram, and to infer the 

relative magnitude of change between successive hypothetical ancestral nodes 

( anagenetic change). These estimates of shape change can then be compared with 

previous hypotheses of morphological transformation of the scapulocoracoid leading up 

to birds. Thus, it can be determined whether the terminal taxa or the ancestors more 

accurately represent the transformational sequence of the shoulder girdle leading up to 

birds. 

3.2.2.2 TpsTree Method 

To produce the TPS transformation girds using the TpsTree program, both sets of 

the scaled specimen data computed in the CoordGen program must be entered into the 

program. Then a phylogeny of the theropods must be entered to enable assessment of the 

morphological differences revealed by the thin-plate spline analysis within a robust 

phylogenetic framework. The steps taken in this present analysis to create a robust 

phylogeny are presented in Figure 3.3. The cladogram used in this study was based on 

Holtz's (2000) comprehensive systematic analysis of Theropoda. This analysis is based 

upon 41 ingroup taxa (including both non-avian and avian theropod taxa) coded for 386 

characters (including cranial and post-cranial features, 10 of which are of the 

scapulocoracoid). Holtz (2000) created an all-zero outgroup, based on the character 

states of Eoraptor, herrerasaurids, and basal sauropodomorphs. Holtz's (2000) original 
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data matrix was entered by me into PAUP 4.0blO (Swofford, 2001) and rerun to ensure 

repeatability. Following Holtz's methodology, a heuristic search method was used to 

find the most parsimonious trees. Tree statistics, including tree length, consistency index 

(CI), retention index (RI), rescaled consistency index (RC), and homoplasy index (ID), 

were calculated for the most parsimonious trees found by PAUP. 

A corrected and updated matrix, "gaia 2000" provided by Holtz (pers. comm.), 

was then used to compute the phylogeny of the theropod groups used in the TpsTree 

analysis. This matrix contained a few character state corrections, mostly for 

Ceratosaurus (Holtz, pers. comm.), and included three additional taxa ( Caudipteryx, 

Protarchaeopteryx, and Confuciusornis) used in Holtz's (2001) subsequent phylogenetic 

analysis. The original 41 ingroup taxa, along with the updated data matrix, were inputted 

into PAUP, and the most parsimonious trees retrieved. Then taxa that were not included 

in the coracoid or scapula data sets (see Tables 3.1 and 3.2) were deleted from PAUP, 

and the analysis was rerun. This was done to ensure that the tree topology remained 

stable when taxa not included in the coracoid/scapula data sets were deleted. The 

positions of some of the taxa differed from the relationships inferred in Holtz (2000: fig. 

5); therefore, MacClade 3.08a (Maddison and Maddison, 1999) was used to determine 

how many additional evolutionary steps were needed to retrieve the pattern of 

relationships determined by Holtz (2000). The updated data matrix was inputted into 

MacClade, and manual branch swapping was implemented. 

Also, some of the taxa included in the coracoid/scapula data sets, such as 

Ceratosaurus, Caudipteryx, and Alvarezsauridae, have been found to have alternate 

placements in the trees found in subsequent phylogenetic analyses ( see Carrano and 
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Sampson, 2002; Holtz, 2001; Chiappe, 2001). Using the updated matrix of Holtz 

(2000), these alternate placements were evaluated in MacClade by moving each taxon, 

one at a time, to its newly proposed position. The resulting tree length was then 

compared to that of the most parsimonious trees found by PAUP (using the updated 

matrix of Holtz [2000]). The topologies that had the fewest number of additional 

evolutionary steps compared to the original tree length were considered to be the 

preferred topologies. This is one of the methodologies used by Holtz (2000) to decide 

between alternate topologies. 

Following this, taxa that were not included in the present TpsTree study were 

deleted from the updated character matrix (provided by Holtz). In the present analysis, 

Euparkeria capensis, an early archosauriform (Parrish, 1997) that lies well outside of 

Ornithodira, and hence Dinosauria (Gauthier, 1986), is used as the outgroup. 

Unfortunately Euparkeria was not included in Holtz's (2000) analysis and many 

characters used by Holtz are not present in this animal (Currie, pers. comm.). 

Furthermore, only the shoulder girdle elements of Euparkeria were observed first-hand, 

and the description of Euparkeria (Broom, 1913; Ewer, 1965) does not provide sufficient 

detail to score the characters for this taxon. Euparkeria is, therefore, equated to Holtz' s 

(2000) hypothetical outgroup that has a character state of zero for all features. 

Inaccurate characters of the scapulocoracoid used by Holtz (2000, 2001) have 

been modified or deleted as many of these characters are now superseded by discoveries 

of additional material of eumaniraptorans and basal avians ( see Xu et al., 2002; Zhou and 

Zhang, 2002). In total, sixteen characters of the scapulocoracoid (Table 3.5) gleaned 

from the literature and from previous descriptions (Chapter 2), were added to Holtz's 
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revised matrix using MacClade, and characters 211 to 220 of Holtz (2000) were 

deleted. Most of the added characters have binary states, with the exception of characters 

219 and 3 88, which have three ordered states. Character polarity was determined by 

comparison to the all-zero outgroup ("Euparkeria "). In MacClade, the character states 

were subsequently rescored for the seventeen taxa (Table 3.6), and a tree was computed. 

This program also allowed the calculation of branch lengths and tree statistics, excluding 

homoplasy index, in the resulting tree. Branch lengths were calculated as the minimum 

number of unambiguous changes along the branch for the entire data set. The 

descriptions of the tree topology and associated branch lengths were then entered into 

TpsTree using the Nexus file format. In order to calculate HTUs for the basal taxa in 

TpsTree, branch lengths of 0.3 were assigned to the branch leading to Euparkeria, and to 

the branch connecting Euparkeria and Herrerasauridae, as zero branch lengths cannot be 

employed in HTU calculations. 

The last step necessary to permit computation of the thin-plate splines using the 

TpsTree program is to fit all of the scaled data to the theropod cladogram. A starting 

form and the comparative form were specified on the cladogram, using the visualization 

icons. The TpsTree program was then used to compute the partial warps, and 

subsequently display a thin-plate spline grid for each comparison. First, a comparison 

between the two terminal taxa endpoints of the transformation was computed. This 

comparison will reveal the total amount of difference between the basalmost taxon 

(Euparkeria) and the basal bird species (either Archaeopteryx or Jeholornis). A 

comparison of the terminal taxa to each other was then computed so that intermediate 

steps leading up to basal birds could also be examined. However, the terminal taxa may 
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be too specialized or divergent from the HTU to accurately represent the intermediate 

stages in the transition from theropods to birds (Gatesy, 2002). Thus, the HTUs were 

then sequentially compared in order to reveal the true line of transformation from 

theropods to birds (Gatesy, 2002). The basalmost HTU and the hypothetical ancestor of 

birds were also compared in order to reveal the overall differences and the total amount 

of change between these two endpoints of the transformation. 

3.2.2.3 Analysis ofrelative growth using thin-plate splines (TpsSpline) 

In addition to using thin-plate splines to highlight taxonomic differences between 

a phylogenetically diverse array of theropod species, a separate morphometric analysis 

(TpsSpline program; Rohlf, 1997) was conducted to examine relative growth within a 

single genus. When the results from such an analysis are compared to the 

transformations previously generated in the TpsTree analysis, they may help to identify 

differences that are attributable to ontogenetic differences rather than phylogeny. These 

analyses also help to demonstrate how thin-plate splines may be used to visualize 

differences among individuals, as examined against a developmental time axis. 

Allosaurus scapulocoracoids representing juvenile, subadult, and adult individuals (Table 

3.7) formed the basis of the study. Unlike the dichotomous branching patterns that form 

the basis of phylogenetic analyses, the ontogenetic transformation of Allosaurus produces 

patterns reflective of ontogenetic linear transformation. 

The placement of landmarks onto the Allosaurus scapulocoracoids (Tables 3. 3, 

3.4) was identical to the method described for the scapulocoracoids of theropods. The 

onto genetic stage of the individual was assessed by comparing the size of the 



scapulocoracoid to that of DINO 11541 and MOR 693 , which Chure (2001) and Hanna 

(2002), respectively, have interpreted to be subadult individuals. 

The TpsSpline program (Rohlf, 1997) was used to assess ontogenetic 

transformations. The methods used in the TpsSpline program are similar to those of 

TpsTree; however, comparisons of the individuals are made without any reference to a 

phylogeny. The smallest (=youngest) individual is designated as the reference form, to 

which all other specimens are compared, following the methodology of Zelditch et al. 

(1995, 1998). A primary comparison is made between the reference form and the 

remainder of the specimens, and then secondary comparisons between adjacent 

developmental stages are made. 

3.3 Results 

3.3.1 Phylogenetic Analyses 
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The heuristic search method produced 20 equally parsimonious trees with the 

same tree statistics, as did the analysis of Holtz (2000) (tree length=1404, CI=0.442, 

RI=0.618, RC=0.273 , HI=0.647) (Fig. 3.3A). Holtz (2000) chose the tree that depicted 

Troodontidae as the sister group of the Dromaeosauridae as the summary cladogram 

(Holtz, 2000: fig. 5). That basic tree topology is also used in the present phylogenetic 

analysis. To test the stability of the tree topology, and the accuracy of the character 

matrix, three additional taxa were added to the matrix (Deltadromeus, Unenlagia, and 

"Megalosaurus" hesperis, see Holtz, 2000). The resulting tree retained the same 

topology, and had similar tree statistics to that of Holtz (2000). Thus, the topology of this 

tree is stable, and the matrix produces exactly the same results as found by Holtz (2000). 
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The updated character matrix of the original 42 taxa was run in PAUP, and 40 

most parsimonious trees were discovered with the following tree statistics: tree length 

1412 steps, a CI of0.439, a RI of 0.614, a RC of 0.270, and a HI of 0.649 (Figs. 3.3B, 

3.4). These trees were 8 steps longer than Holtz's original tree (2000: fig. 5), but the tree 

statistics are similar. The tree topology remained the same as in the summary cladogram 

of Holtz (2000) (Fig. 3.4). Similarly, with the addition of Deltadromeus, Unenlagia, and 

"Megalosaurus" hesperis, the tree topology remained stable, with the added taxa nesting 

within the topology of the original tree and resulting in no relocation of previously 

revealed branches. 

Taxa that were not part of the TPS data sets were deleted from the PAUP data set, 

resulting in thirteen taxa for the coracoid data set, and fourteen taxa for the scapula data 

set (Fig. 3.3B). Both of these matrices were rerun in PAUP, and the resulting trees were 

found to be similar, but not identical, in topology to that of the original tree (Fig. 3.5, 

coracoid data set). The positions of Troodontidae and Ceratosaurus differ from those in 

Holtz' s summary cladogram (Holtz, 2000: fig. 5), and Omithomimidae and 

Tyrannosauridae do not form a separate clade. When the trees are constrained in 

MacClade to match the pattern found by Holtz (2000: fig. 5), the resulting tree lengths 

were not markedly different (see Fig. 3.3B). 

The position of Troodontidae varied in the 20 most parsimonious trees found by 

Holtz (2000), so this difference was expected in the present analysis. Troodontidae 

shares many derived features with various maniraptoriform groups (Holtz, 2000); 

therefore, its position within Maniraptoriformes is variable. As for Ceratosaurus, the 

resulting trees did not reveal Ceratosaurus as the sister group of the Coelophysoidea, 
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which is composed of Coelophysis and Dilophosaurus (Holtz, 2000). Instead, 

Ceratosaurus was placed closer to Tetanurae than to Coelophysoidea, similar to the 

findings of Carrano and Sampson (2002). This new position of Ceratosaurus (following 

Carrano and Sampson, 2002) was tested in MacClade using the original 42 taxa and the 

updated data matrix, which results in a tree with 10 additional steps (tree length= 1422; 

Figs. 3.3C, 3.6). The present analysis follows Holtz's (2000) hypothesis that 

Ceratosaurus and Coelophysoidea form a monophyletic group, the Ceratosauria, because 

previously published studies (Sereno, 1999; Pisani et al., 2002) support the grouping of 

Ceratosaurus with Coelophysoidea, and because the phylogenetic analysis upon which 

the conclusions of Carrano and Sampson (2002) are based is not yet published. 

As with Troodontidae and Ceratosaurus, the topological position of Caudipteryx 

and Alvarezsauridae has been problematic in past phylogenetic analyses. Also, the 

scoring of character states for Jeholornis using the characters of Holtz' s (2000) 

phylogenetic analysis is difficult. The following is a brief discussion of how these taxa 

are treated in the present phylogenetic analysis. 

In his phylogenetic analyses of the Coelurosauria, Holtz (2001) added three new 

taxa to his original matrix (Holtz, 2000), but only Caudipteryx is considered in the 

present analysis. Holtz' s (2001) phylogenetic analyses determined that Caudipteryx is a 

maniraptoran, although its position relative to other maniraptorans is variable. In PAUP, 

Caudipteryx was included in the updated matrix of Holtz (2000) in order to determine the 

phylogenetic position of this taxon. The resulting most parsimonious trees had a length 

of 1440 steps, and showed Caudipteryx as the sister taxon of the clade comprised of 

Eumaniraptora and Therizinosauroidea+Oviraptorosauria. This position of Caudipteryx 
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is similar to that revealed in some of the trees found by Holtz (2001: figs. 4b, 5b-c, 

6b-c). However, all of these trees found by PAUP excluded Troodontidae from 

Maniraptora. Thus, the topology of the tree was constrained in MacClade to match that 

of Holtz (2000: fig. 5), and Caudipteryx was placed in the same position as determined 

by the PAUP analysis. This resulted in a tree with 1445 steps (Fig. 3.3C). However, 

when Caudipteryx was placed in MacClade as the sister taxon to the 

Therizinosauroidea+Oviraptorosauria clade (as in Holtz, 2001: figs. 4a, 5a, 6a), the tree 

length becomes shorter, with only 1443 steps (Figs 3.3C, 3. 7). Because the tree length is 

shorter in the latter relationship, it is employed in the present study. Also, this latter 

topology is supported by many synapomorphies (Holtz, 2001 ). 

Contra the findings of Perle et al. (1993) and Holtz (2000), the Alvarezsauridae is 

now considered to be a non-avian theropod group (Chiappe, 2001; Norell et al., 2001). 

Norell et al.' s (2001) phylogenetic analysis of coelurosaurian theropods determined that 

the Alvarezsauridae is a basal group within Maniraptora. Chiappe' s (2001) conclusions 

from his phylogenetic analysis of Mesozoic basal birds contrast with those ofNorell et al. 

(2001 ), and proposed that the Alvarezsauridae is the sister group of Aves, a relationship 

supported by seven unambiguous synapomorphies (Chiappe, 2001). According to 

Chiappe (2001 ), this new position of the Alvarezsauridae outside of Aves is related to 

new character information, from the outgroups and confuciusornids, that allow 

reinterpretation of the character optimization. The position of the Alvarezsauridae 

proposed by Norell et al. (2001) produced a tree of 1436 steps, whereas that of Chiappe 

(2001) produced a tree of 1421 steps (Figs. 3.3C, 3.8). The present study incorporates the 
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group of Aves (Avialae, using Holtz's [2000] terminology and tree topology). 
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Zhou and Zhang (2002) recently published a brief description of Jeholornis 

prima, a new basal bird species. Their phylogenetic analysis used 201 characters from 18 

taxa that consisted of avian species except for the Dromaeosauridae, their outgroup. 

Their analysis revealed that Jeholornis is more derived than Archaeopteryx and 

Rahonavis, but is more primitive than Sapeornis. Unfortunately, because the authors 

concentrated on avian taxa and features, their characters are not compatible with those of 

Holtz (2000). The brief anatomical description and the lack of congruence regarding the 

characters used in the previous phylogenetic analyses do not allow Zhou and Zhang' s 

(2002) characters for Jeholornis to be scored in the present analysis. Instead, this study 

incorporates Holtz's (2000) scoring of Omithothoraces as a proxy for the condition in 

Jeholornis for most of the characters. The scapulocoracoid characters were rescored 

according to personal observations made on Jeholornis. 

The revised matrix, composed of 17 taxa and 392 characters, was inputted into 

MacClade (Fig. 3.3D). The topology of the trees for the coracoid and scapula data set 

follow that outlined previously. The coracoid data set produced a tree with a length of 

885 steps, a CI of 0.64, a RI of 0.58, and a RC of 0.37 (Fig. 3.9). The resulting tree of the 

scapula data set had a tree length of 917, a CI of 0.61 , a RI of 0.61 , and a RC of 0.37 

(Fig. 3.10). 

The resulting tree topologies and their branch lengths for the coracoid and scapula 

data sets were inputted into TpsTree using the Nexus file format (Fig. 3.3D). It should be 
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analyses, a new tree could be easily entered into the TpsTree program. 

3.3.2 TpsTree Results 
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The qualitative patterns revealed by the thin-plate spline (TPS) grids of the 

archosauriform and theropod coracoids and scapulae analysed in this study are described. 

These trends are then compared to the written comparisons made in Chapter 2, section 

2.4, in order to confirm the validity of using TPS as a descriptor of morphological 

change. As stated in Chapter 3, section 3.2.2.2, four different comparisons have been 

made within the phylogenetic context presented in section 3.3.1: 1) comparison between 

the two terminal taxa endpoints of the transformation; 2) comparisons between adjacent 

terminal taxa; 3) comparisons between sequential HTU s; 4) comparisons between the two 

HTU endpoints of the transformation. When reviewing the following comparisons, it 

should also be kept in mind that TPS summarizes differences between species over the 

whole configuration of landmarks. 

The morphological changes of the coracoid as visualized by the TPS grids are 

described in the following section. These descriptions focus on the changes occurring in 

six main areas of the coracoid (Fig. 3.1 lA): the posterior margin of the coracoid 

(represented by LM 16-18) and the tip of the posterior coracoid process (LM 16); the 

biceps tubercle (represented by LM 20); the glenoid facet of the coracoid (LM 1, 18); the 

anteroposterior dimension of the coracoid; and the dorsoventral dimension of the 

coracoid. 
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The coracoid data set is divided into two parts. The first data set describes 

changes for all of the landmarks with the exception ofLM 20 (the biceps tubercle). The 

second data set contains all of the landmarks, but only the changes in the position of the 

biceps tubercle are considered. 

3.3.2.1 Coracoid data set without LM 20 

1) Comparison between terminal taxa endpoints (Euparkeria to Jeholornis) (Fig. 3.12A) 

The TPS grid comparing the coracoid of Euparkeria and Jeholornis shows an 

enormous amount of change between these two taxa. Overall, there is marked ventral 

expansion and anterior compression of the coracoid of Jeholornis relative to that of 

Euparkeria. The posterior margin of the coracoid of Jeholornis is expanded and becomes 

more concave posteriorly, and the posterior coracoid process is greatly displaced 

ventrally relative to that of Euparkeria. The glenoid facet of the coracoid of Jeholornis is 

displaced dorsally to a great extent, and becomes greatly compressed relative to that of 

Euparkeria. The scapulocoracoid suture is greatly foreshortened ventrally. The coracoid 

foramen is displaced markedly anteriorly in Jeholornis. 

This comparison between the two endpoint taxa demonstrates the major changes 

that have to be accounted for in the overall transition of the coracoid. However, this 

extreme comparison forces changes more extreme than those the TPS algorithms are 

capable of handling, and the three-dimensional transformation (rotation of the coracoid 

relative to the scapula) is not accounted for here. Nevertheless, this comparison can be 

compared to the magnitude of incremental changes between adjacent terminal taxa to test 

for gradual versus "quantum" type transformations at particular steps. It also provides a 



comparator for the equivalent overall HTU transformation, and the stepwise HTU 

transformations to again enable the identification of directional versus autapomorphic 

trends. 

2) Comparisons between adjacent terminal taxa 
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The individual TPS grids showing transformations of the coracoid between the 

terminal taxa are presented in Figure 3 .13, with Figure 3 .14 providing a summary of 

these grids, mapped onto the adopted cladogram (Fig. 3.9). 

a) Euparkeria to Coelophysidae (Fig. 3. 13A) 

Many of the differences observed by qualitative comparisons of the coracoids of 

Euparkeria and Coelophysis (section 2.4.1) are also revealed by the TPS grid comparing 

these two taxa. The TPS grid clearly indicates an overall dorsoventral compression of the 

coracoid of Coelophysis relative to Euparkeria, especially along the ventral margin of the 

coracoid. This TPS difference is supported by the initial qualitative description. The 

TPS grid and vectors indicate a great anteroposterior expansion in the dorsal region of the 

coracoid of Coelophysis, indicating that the scapulocoracoid suture of Coelophysis is 

expanded anteroposteriorly, the anterior edge is expanded anteriorly, and the posterior 

edge is expanded posteriorly relative to the rest of the coracoid. This difference was 

initially not observed during visual examination of the coracoids of the two taxa, but after 

re-examination of the two coracoids, the differences suggested by the TPS grid were 

confirmed. The TPS vectors also indicate that relative to Euparkeria, the coracoid 

foramen of Coelophysis is shifted posteriorly, and the glenoid facet of the coracoid is 



slightly narrowed anteroposteriorly. Again this is consistent with the qualitative 

observations (section 2.4.1 ). 

b) Euparkeria to Dilophosaurus (Fig. 3. 13B) 
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The TPS grid comparing the coracoids of Euparkeria to Dilophosaurus indicates 

that the anteroventral part of the coracoid of Dilophosaurus is compressed. This is 

corroborated by qualitative comparisons of the coracoids of specimens from these two 

taxa (section 2.4.2). The grid also indicates an anteroposterior expansion of the 

scapulocoracoid suture and anterior edge of the coracoid of Dilophosaurus relative to that 

of Euparkeria. This difference was not initially perceived, but was confirmed upon re-

examination of the coracoids of these two species. Re-examination also reveals that this 

expansion of the suture and surrounding areas in Dilophosaurus is due to the anteriorly 

high acromion process that the coracoid contacts with dorsally. The TPS grid also 

indicates that the coracoid foramen of Dilophosaurus is greatly displaced posteriorly. 

This difference is not corroborated by the qualitative comparison and may be reflective of 

the extensive anteroposterior expansion of the scapulocoracoid suture of Dilophosaurus. 

The glenoid facet of the coracoid of Dilophosaurus is anteroposteriorly narrower than 

that of Euparkeria, which was noted in section 2.4.2. 

c) Coelophysidae to Dilophosaurus (Fig. 3.13C) 

The TPS grid comparing the coracoids of Coelophysis and Dilophosaurus reveals 

a large amount of expansion along the ventral margin of the coracoid of Dilophosaurus, 

close to the posterior part of the coracoid. This difference inferred by TPS is 

corroborated by the qualitative comparison (section 2.4.3). In addition, TPS indicates 

that the coracoid of Dilophosaurus is slightly compressed anteroposteriorly near the 



scapulocoracoid suture, and the posterior margin of the coracoid of Dilophosaurus is 

compressed slightly relative to that of Coelophysis. Both of these differences are not 

corroborated by the qualitative comparison or by the re-examination of the specimens. 

TPS also indicated that the posterior coracoid process of Dilophosaurus is slightly 

shortened, contradicting the qualitative comparison in section 2.4.3. However, this 

apparent difference is in relation to the anterior displacement of the glenoid facet of 

Dilophosaurus. Therefore, the posterior coracoid process of Dilophosaurus extends 

farther posteriorly relative to the glenoid facet than it does in Coelophysis. 

d) Coelophysidae to Ceratosaurus (Fig. 3.13D) 
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The TPS grid indicates that the ventral edge of the coracoid of Ceratosaurus is 

greatly expanded, and the anterior edge is compressed relative to that of Coelophysis. 

The former difference is corroborated by the qualitative comparison (section 2.4.4); 

however, the latter is not supported, even with the re-examination of the coracoids. The 

TPS grid also suggests that the posterior edge of the coracoid of Ceratosaurus is 

compressed ventrally. Again, this trend is not corroborated with the re-examination of 

the coracoids. Instead, this trend may be explained by the dorsoventral expansion of the 

coracoid of Ceratosaurus, where the posterior edge is displaced dorsally and the ventral 

edge is expanded ventrally. TPS also indicates that the glenoid facet of Ceratosaurus is 

anteroposteriorly narrower than that of Coelophysis, and this is confirmed in section 

2.4.4. 

e) Dilophosaurus to Ceratosaurus (Fig. 3. 13E) 

The TPS grid comparing the coracoids of Dilophosaurus and Ceratosaurus shows 

only subtle differences between these taxa. The ventral margin of the coracoid of 
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Ceratosaurus is slightly expanded relative to that of Dilophosaurus. This is 

supported by the qualitative comparison (section 2.4.5). The posterior margin of the 

coracoid of Ceratosaurus is displaced dorsally relative to that of Dilophosaurus. After 

re-examination of the coracoids, this displacement indicated by TPS appears to be a 

consequence of the ventral expansion of the coracoid of Ceratosaurus. TPS also 

indicates that the glenoid facet of the coracoid of Ceratosaurus is anteroposteriorly 

shallower than that of Dilophosaurus. This was not mentioned in section 2.4.5, but re-

examination of the coracoids reveals that this difference is correct. 

f) Ceratosaurus to Megalosaurus (Fig. 3 .13F) 

The TPS grid that compares the coracoids of Ceratosaurus and the megalosaurid 

indicates that there are only a few differences between these two taxa. The ventral edge 

of the coracoid remains relatively the same in both taxa, but the posterior margin is 

slightly more expanded in the megalosaurid than in Ceratosaurus. The latter difference 

was not noted in the qualitative comparison (section 2.4.6), but it was confirmed after re-

examination of the coracoids. The TPS grid indicates that the glenoid facet of the 

coracoid is deepened anteroposteriorly in the megalosaurid compared to that of 

Ceratosaurus, and that the coracoid foramen is positioned more anteriorly in the 

megalosaurid. Both of these differences were mentioned in the qualitative comparison. 

Also, the anterior edge of the coracoid near the scapulocoracoid suture of the 

megalosaurid is compressed compared to that of Ceratosaurus. Although this was not 

mentioned in section 2.4.6, re-examination of material of both taxa indicate that this 

difference is due to the presence of a subacromial notch in megalosaurids (Walker, 1964: 

fig. 16a), but not in Ceratosaurus. 
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g) Megalosaurus to Allosaurus (Fig. 3. 13G) 

The TPS grid shows a few differences between the coracoids of the megalosaurid 

and Allosaurus. The scapulocoracoid suture of Allosaurus is slightly foreshortened 

anteroposteriorly relative to that of the megalosaurid. This difference was not noted in 

the qualitative comparison (section 2.4.8), but is confirmed with the re-examination of 

the coracoids. The posterior margin of the coracoid of Allosaurus becomes more concave 

posteriorly, and the tip of the posterior coracoid process is displaced slightly posteriorly. 

These differences are confirmed by the qualitative comparisons; however, the extent of 

the posterior expansion of the posterior coracoid process in Allosaurus appears to be 

greater than that indicated by the TPS grid. 

h) Allosaurus to Ornithomimidae (Fig. 3.13H) 

As indicated in Chapter 2, many autapomorphic features characterize the coracoid 

of Omithomimidae. On the line to birds (Fig. 3 .14 ), the trend is that the dorsoventral 

dimension of the coracoid lengthens relative to the anteroposterior dimension. Further 

support for this hypothesis includes the TPS grid comparing the coracoids of Allosaurus 

to Tyrannosaurus (Fig. 3. 131), where the coracoid remains dorsoventrally broad. This 

trend is not exhibited by the coracoid of Ornithomimus (Fig. 3.13H). 

i) Allosaurus to Tyrannosauridae (Fig. 3. 131) 

The TPS grid comparing the coracoids of Allosaurus and Tyrannosaurus indicates 

there is a slight expansion of the ventral margin of the coracoid of Tyrannosaurus, and a 

slight compression of the anteroventral comer. The latter difference was not initially 

observed in section 2.4.9, but a re-examination of the coracoids confirms that it is so. 

The scapulocoracoid suture of Tyrannosaurus is broadened anteroposteriorly relative to 
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that of Allosaurus, which is also confirmed by re-examination of the coracoids. The 

posterior margin of the coracoid of Tyrannosaurus becomes markedly concave 

posteriorly and the tip of the posterior coracoid process is displaced slightly anteriorly. 

This TPS difference disagrees with the qualitative description, which stated that the 

posterior coracoid process Tyrannosaurus is longer than that of Allosaurus. However, 

instead of indicating that the posterior coracoid process of Tyrannosaurus extends 

posteriorly, TPS shows that the posterior margin of the coracoid is displaced markedly 

anteriorly relative to the process. The extreme anteroposterior narrowing of the glenoid 

facet of the coracoid of Tyrannosaurus may also affect the distortion of the grid in the 

posterior region of the coracoid. Thus, the posterior coracoid process of Tyrannosaurus 

is relatively longer compared to that of Allosaurus. 

j) Ornithomimidae to Tyrannosauridae (Fig. 3. 13J) 

See section 3.3.2.1, part 2h for details. 

k) Ornithomimidae to Caenagnathidae (Fig. 3.13K) 

See section 3.3.2. 1, part 2h for details. 

1) Tyrannosauridae to Caenagnathidae (Fig. 3. 13L) 

TPS indicates that there are many differences between the coracoids of 

Tyrannosaurus and Chirostenotes. Overall, there is a dorsoventral deepening of the 

coracoid of Chirostenotes relative to that of Tyrannosaurus, indicated by the expansion 

of the anteroventral edge of the coracoid of Chirostenotes and a slight expansion of the 

dorsal part of the coracoid. With the dorsoventral expansion of the coracoid of 

Chirostenotes, the posterior margin of the coracoid of Chirostenotes becomes expanded 

as well. These differences are supported by the qualitative comparison (section 2.4.12). 
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The TPS grid also shows an overall anteroposterior compression of the coracoid of 

Chirostenotes relative to that of Tyrannosaurus. This is indicated by the anterior 

displacement of the posterior margin of the coracoid of Chirostenotes (including the 

foreshortening of the scapulocoracoid suture) and a slight compression of the anterior 

edge of the coracoid of Chirostenotes (but this may be to some extent due to the 

incomplete nature of this area of the coracoid of Chirostenotes ). The coracoid foramen is 

slightly displaced ventrally in Chirostenotes. This difference is supported by the 

qualitative comparison. 

m) Caenagnathidae to Troodontidae (Fig. 3. 13M) 

The TPS grid indicates that the coracoids of Chirostenotes and Sinornithoides are 

similar. However, the glenoid facet of the coracoid of Sinornithoides is slightly 

compressed anteroposteriorly compared to that of Chirostenotes, as was observed in the 

qualitative comparison (section 2.4.16). The tip of the posterior coracoid process of 

Sinornithoides extends markedly posteriorly relative to that of Chirostenotes. This 

difference was not noted in section 2.4.16, but re-examination of the coracoids revealed 

that this difference is correct. TPS also revealed that the anterior margin of 

Sinornithoides is slightly expanded compared to that of Chirostenotes. However, this 

area of the coracoid of Chirostenotes is missing and the landmarks were placed 

arbitrarily. Therefore the difference revealed by TPS does not represent a confirmable 

change. 

n) Troodontidae to Dromaeosauridae (Fig. 3.13N) 

The TPS grid illustrates that the coracoids of Sinornithoides and Saurornitholestes 

are similar in shape, and this is supported by the qualitative comparison (section 2.4.17). 
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The only major difference is that the anteroventral corner of the coracoid is slightly 

expanded in Saurornitholestes compared to that of Sinornithoides. This difference was 

also noted in section 2.4.17. 

o) Dromaeosauridae to Alvarezsauridae (Fig. 3. 130) 

The trends observed between the coracoids of Saurornitholestes and Mononykus 

are unlike any of those documented for other eumaniraptoran species. See section 

3.3.2.1, part 2q for more details. 

p) Dromaeosauridae to Omithothoraces (Fig. 3. l 3P) 

As observed in section 2.4.19, there are dramatic differences between the 

coracoids of Saurornitholestes and Jeholornis as indicated by the TPS grid. The ventral 

margin of the coracoid of J eholornis is greatly expanded ventrally, and the anterior edge 

and anteroventral comer of the coracoid are greatly compressed relative to those of 

Saurornitholestes. The scapulocoracoid suture is greatly foreshortened in Jeholornis. 

The posterior margin of the coracoid of Jeholornis is greatly expanded relative to that of 

Saurornitholestes, due to the ventral elongation of the coracoid of Jeholornis. All of 

these differences are supported by the qualitative comparison (section 2.4.19). TPS also 

indicates that the coracoid foramen of Jeholornis is displaced far anteriorly compared to 

that of Saurornitholestes. However, it appears that the coracoid foramen does not move 

anteriorly in Jeholornis relative to that of Saurornitholestes, but that it is situated close to 

the truncated anterior edge of the coracoid of Jeholornis (section 2.4.19). Thus, this 

apparent movement of the coracoid foramen of Jeholornis shown by TPS is due to the 

anteroposterior compression of the coracoid. The dorsal edge of the coracoid is slightly 

displaced anteriorly compared to that of Saurornitholestes. Although not mentioned in 



section 2.4.19, this displacement appears to be related to the rotation of the coracoid 

of Jeholornis, so that the dorsal edge becomes free from contact with the scapula. 

q) Alvarezsauridae to Ornithothoraces (Fig. 3.13Q) 
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As indicated in Chapter 2, many autapomorphic features characterize the coracoid 

of Mononykus. The enormously deformed TPS grid that compares the coracoids of 

Mononykus and Jeholornis (Fig. 3.13Q) strongly supports this supposition. This is 

further supported by the calculated phylogeny: there are a large number of character 

changes along the branch leading to Mononykus (Figs. 3.9, 3.10). 

3) Comparisons between sequential HTUs 

The individual TPS grids of the coracoid showing transformations between the 

HTU grids are presented in Figure 3. 15. A summary of these grids is presented in Figure 

3.16, which are mapped onto the cladogram presented in Figure 3.9. 

a) HTU I to II (Fig. 3.15A) 

The TPS grid indicates that the anterior margin of the coracoid of HTU II is 

slightly expanded while the anteroventral region of the coracoid is slightly compressed 

relative to that ofHTU I. The scapulocoracoid suture ofHTU II is slightly expanded 

posteriorly relative to that of HTU I. 

b) HTU II to III (Fig. 3.15B) 

There is essentially no deformation of the TPS grid comparing the coracoids of 

HTU II and HTU III, indicating that the basic form of the coracoid is conserved at this 

phylogenetic step. 
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c) HTU III to IV (Fig. 3.15C) 

The TPS grid indicates that the ventral margin of the coracoid of HTU IV is 

slightly expanded, while the anterior margin of the coracoid is slightly compressed 

relative to that ofHTU III. The posterior region of the coracoid ofHTU IV is expanded 

and becomes concave posteriorly, and as a result the posterior coracoid process is 

lengthened posteriorly. The glenoid facet of the coracoid of HTU IV is compressed 

anteroposteriorly, and is displaced anteriorly relative to that of HTU III. 

d) HTU IV to V (Fig. 3.15D) 

The TPS grid comparing the coracoids of HTU IV and HTU V shows little 

deformation, indicating that they are similar to each other. There is a slight dorsal shift of 

the glenoid facet of the coracoid ofHTU V, and the posterior margin becomes slightly 

more concave relative to that of HTU IV. The anteroventral comer of the coracoid of 

HTU Vis slightly expanded relative to that ofHTU IV. 

e) HTU V to VI (Fig. 3.15E) 

The only apparent deformation in the TPS grid comparing the coracoids of HTU 

V and HTU VI is a slight dorsal displacement of the glenoid facet of the coracoid of HTU 

VI. Otherwise they are quite similar to each other. 

f) HTU VI to VII (Fig. 3. l 5F) 

There is little deformation of the TPS grid that compares the coracoids ofHTU VI 

and HTU VII. The ventral edge ofHTU VII is slightly expanded ventrally, and the 

glenoid facet is shifted slightly dorsally relative to that of VI. Because of these landmark 

displacements, the posterior margin of the coracoid is slightly expanded in HTU VII. 
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g) HTU VII to VIII (Fig. 3.15G) 

The TPS grid comparing the coracoids of HTU VII and HTU VIII is more highly 

deformed compared to the other HTU grids in section 3.3.2.1, part 3. There is a region of 

marked compression along the anterior edge of the coracoid ofHTU VIII compared to 

that ofHTU VII, and the ventral region of the coracoid ofHTU VIII shows considerable 

extension ventrally. This ventral extension of the coracoid of HTU VIII causes the 

posterior edge of the coracoid to become more expanded. The glenoid facet of HTU VIII 

is displaced dorsally, but it is not narrowed. The coracoid foramen of HTU VIII is 

displaced anteriorly, and is situated closer to the anterior edge of the coracoid. 

4) Comparisons between the HTU endpoints (HTU I to HTU VIII) (Fig. 3.12B) 

The differences indicated by TPS between the coracoids of HTU I and HTU VIII 

(Fig. 3.12B) are similar to those observed between the two terminal taxon endpoints (Fig. 

3.12A); however, the extent of the changes is not as large in the former comparison 

relative to the latter comparison. 

TPS indicates that there is extensive expansion of the ventral edge of the coracoid 

of HTU VIII, and extensive compression along the posterior edge and slight compression 

along the anterior edge. The posterior edge is concave posteriorly and the tip of the 

posterior coracoid process greatly extends ventrally in HTU VIII. The dorsal edge of the 

coracoid ofHTU VIII remains relatively similar to that ofHTU I. The scapulocoracoid 

suture ofHTU VIII is greatly foreshortened, and the glenoid facet becomes shallower. 

The coracoid foramen is displaced anteriorly in HTU VIII relative to that ofHTU I. 
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3.3.2.2 Coracoid data set with LM 20 

Most of the TPS grids for the coracoid data set with LM 20 are somewhat similar 

to those without LM 20 (section 3.3.2.1); thus, only the difference in position of this 

landmark is discussed. 

1) Comparisons between terminal taxa endpoints (Euparkeria to Jeholornis) (Fig. 3.12C) 

Although this comparison is not valid (Euparkeria does not have a biceps 

tubercle, but see section 3.2.1.2 for placement of LM 20), it is useful to examine the 

overall change in the position of the biceps tubercle between the two terminal taxa 

endpoints. The TPS grid indicates that the biceps tubercle of Jeholornis is greatly 

displaced dorsally relative to that of Euparkeria. This change in the position of the 

biceps tubercle is so large that the grid becomes greatly distorted. 

2) Comparisons between adjacent terminal taxa 

a) Euparkeria to Coelophysidae (Fig. 3.17 A) 

This comparison is not legitimate as the biceps tubercle is not present in 

Euparkeria (section 3.3.2.2, part 1). 

b) Euparkeria to Dilophosaurus (Fig. 3.17B) 

This comparison is not legitimate as the biceps tubercle is not present in 

Euparkeria (section 3.3.2.2, part 1). 

c) Coelophysidae to Dilophosaurus (Fig. 3 .17C) 

The TPS grid shows that there are no differences in the position of the biceps 

tubercles of Coelophysis and Dilophosaurus. This agrees with the qualitative comparison 

in section 2.4.3 . 
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d) Coelophysidae to Ceratosaurus (Fig. 3.17D) 

The TPS grid indicates that there are no differences in the position of the biceps 

tubercles of Coelophysis and Ceratosaurus. However, this disagrees with the observation 

in section 2.4.4, in that the biceps tubercle is positioned more ventrally in Ceratosaurus 

compared to that of Coelophysis. 

e) Dilophosaurus to Ceratosaurus (Fig. 3 .17E) 

The TPS grid indicates that there is little change in the position of the biceps 

tubercles of Dilophosaurus and Ceratosaurus. This agrees with the qualitative 

comparison (section 2.4.5). 

f) Ceratosaurus to Megalosaurus (Fig. 3.17F) 

The TPS grid indicates that the biceps tubercle of the megalosaurid is displaced 

posteroventrally compared to that of Ceratosaurus. This observation was not mentioned 

in section 2.4.6. However, a re-examination of the coracoids reveals that this difference 

may be due to the positioning of the biceps tuberosity and the expansion of the posterior 

margin of the coracoid in the megalosaurid. Although the biceps tuberosities are near the 

posteroventral comer of the coracoid of both taxa, in Ceratosaurus the oval biceps 

tuberosity is oriented horizontally (anterior-posterior), whereas it is positioned more 

vertically in the megalosaurid. Therefore, the biceps tuberosity of the megalosaurid is 

positioned slightly more posteriorly, as indicated by the TPS analysis. However, the 

apparent ventral displacement of the biceps tubercle of the megalosaurid that is indicated 

by TPS may be explained by the expansion of the posterior margin of the coracoid of the 

megalosaurid relative to that of Ceratosaurus. 
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g) Megalosaurus to Allosaurus (Fig. 3 .17G) 

The TPS grid comparing the coracoids of the megalosaurid and Allosaurus 

indicates that the biceps tubercle of Allosaurus has shifted greatly anteriorly and slightly 

dorsally relative to that of the megalosaurid. This observation is in agreement with the 

qualitative description (section 2.4.8). However, it was not recognized in the qualitative 

comparison that the biceps tubercle of Allosaurus is aligned with the anterior extent of 

the glenoid facet, and not the posterior extent of the glenoid facet as it is in 

Megalosaurus. This feature was later recognized with the re-examination of the 

coracoids. 

h) Allosaurus to Omithomimidae (Fig. 3.17H) 

As stated in Chapter 2, the coracoid of Omithomimidae is considered 

autapomorphic, and therefore it will not be further considered here. 

i) Allosaurus to Tyrannosauridae (Fig. 3.171) 

According to the TPS grid, the biceps tubercle of Tyrannosaurus appears to have 

shifted anterodorsally in comparison to that of Allosaurus. It was noted in the qualitative 

comparison (section 2.4.9) that the biceps tubercle of Tyrannosaurus is situated more 

dorsally relative to that of Allosaurus, but the anterior shift was not observed. However, 

after re-examination of tyrannosaurid coracoids, it was determined that the biceps 

tubercle is in fact situated anterior to the glenoid facet, a condition not observed in any 

other examined theropod species, including Allosaurus. 

j) Omithomimidae to Tyrannosauridae (Fig. 3 .17 J) 

See section 3.3.2.2, part 2h for details. 



k) Ornithomimidae to Caenagnathidae (Fig. 3.17K) 

See section 3.3.2.2, part 2h for details. 

1) Tyrannosauridae to Caenagnathidae (Fig. 3.17L) 
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The TPS grid indicates that the biceps tubercle of Chirostenotes is displaced 

anteroventrally relative to that of Tyrannosaurus. This agrees with the qualitative 

comparison (section 2.4.12). TPS indicates that the anteroventral displacement may 

coincide with the overall anteroventral expansion of the coracoid of Chirostenotes (Fig. 

3.17L). TPS also indicates that the biceps tubercle of Chirostenotes is aligned with the 

anterior extent of the glenoid facet, as opposed to being situated anterior to the glenoid 

facet, as it is in Tyrannosaurus. This was later recognized with the re-examination of the 

coracoids. 

m) Caenagnathidae to Troodontidae (Fig. 3.17M) 

The TPS grid indicates that the biceps tubercle of Sinornithoides is displaced 

slightly dorsally relative to that of Chirostenotes. This was not mentioned in section 

2.4.16, but is confirmed upon re-examination of the coracoids. 

n) Troodontidae to Dromaeosauridae (Fig. 3.17N) 

TPS indicates that there is little difference in the position of the biceps tubercles 

of Sinornithoides and Saurornitholestes, and this is supported by the qualitative 

comparison (section 2.4.17). 

o) Dromaeosauridae to Alvarezsauridae (Fig. 3.170) 

This comparison is not legitimate as the biceps tubercle is not present in 

Alvarezsauridae (section 3.2.1.2). 
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p) Dromaeosauridae to Ornithothoraces (Fig. 3 .17P) 

The TPS grid indicates that the biceps tubercle of Jeholornis is displaced far 

dorsally and slightly anteriorly relative to that of Saurornitholestes. This is confirmed by 

the qualitative comparison (section 2.4.19). 

q) Alvarezsauridae to Ornithothoraces (Fig. 3 .17Q) 

See section 3.3.2.2, part 2o for details. 

3) Comparisons between sequential HTU s 

a) HTU I to II (Fig. 3.18A) 

The TPS grid indicates that the position of the biceps tubercles of HTU I and 

HTU II does not change. The biceps tubercle of HTU II remains near the posteroventral 

corner of the coracoid, aligned with the posterior extent of the glenoid facet. 

b) HTU II to III (Fig. 3 .18B) 

The TPS grid indicates that there is a slight anterior displacement of the biceps 

tubercle ofHTU III relative to HTU II. 

c) HTU III to IV (Fig. 3 .18C) 

TPS indicates that there is a large anterior (and slightly dorsal) displacement of 

the biceps tubercle ofHTU IV relative to that ofHTU III. However, the biceps tubercle 

in HTU IV remains aligned with the glenoid facet, but it is closer to the anterior limit of 

the glenoid. 

d) HTU IV to V (Fig. 3.18D) 

The TPS grid indicates that the biceps tubercle ofHTU Vis only slightly shifted 

anteriorly relative to that of HTU IV. 
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e) HTU V to VI (Fig. 3.18E) 

There is a small anterodorsal shift of the biceps tubercle of HTU VI relative to 

that ofHTU V. 

f) HTU VI to VII (Fig. 3 .18F) 

TPS indicates that there is a small anterior shift of the biceps tubercle ofHTU VII 

relative to that of HTU VI. 

g) HTU VII to VIII (Fig. 3.18G) 

The TPS grid indicates that the biceps tubercle of HTU VIII is shifted far 

anterodorsally relative to that ofHTU VII. However, the biceps tubercle remains aligned 

with the dorsal limit of the glenoid facet of HTU VIII, but it is not situated dorsal to the 

glenoid. The coracoid foramen ofHTU VIII is shifted slightly anteriorly to the biceps 

tubercle. 

4) Comparisons between the HTU endpoints (HTU I to HTU VIII) (Fig. 3.12D) 

Both Euparkeria (section 3.3.2.2, part 1) and Mononykus do not have biceps 

tubercles, thus the comparison between HTU I and HTU VIII may not be completely 

valid. However, both of these HTU s are calculated by averaging these taxa with taxa that 

possess biceps tubercles, thus the comparison may still provide some useful information. 

The resulting TPS grid indicates that the biceps tubercle of HTU VIII is displaced 

far dorsally, but to a lesser extent than indicated in part 1 ( comparison between 

Euparkeria and Jeholornis; Fig. 3.12C). The biceps tubercle is situated at the same level 

as the coracoid foramen (LM 19) and near the dorsal limit of the glenoid facet. 
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3.3.2.3 Scapula data set 

The morphological changes of the scapula visualized by the TPS grids are 

described in the following section. These descriptions highlight the changes in three 

main areas of the scapula (see Fig. 3.1 lB): the acromion process (represented by LM 2-4, 

with the exception of Caudipteryx, Oviraptoridae, and Archaeopteryx, in which the 

acromion process is free from contact with the coracoid); the scapular blade (represented 

by LM 4-7, 11-14); and the distal end of the scapular blade (represented by LM 8-10). 

Other anatomical features discerned by the landmarks include the posterior and anterior 

extent of the scapulocoracoid suture (represented by LM 1 and 2, respectively) and the 

glenoid facet of the scapula (represented by LM 1, 15). 

1) Comparison between terminal taxa endpoints (Euparkeria to Archaeopteryx) (Fig. 

3.19A) 

The differences in scapular morphology between Euparkeria and Archaeopteryx 

are immense. Overall, there is a large degree of anteroposterior compression of the 

scapular blade of Archaeopteryx, especially its distal end. The acromion process is 

greatly compressed, both anteriorly and dorsally, and the scapulocoracoid suture is 

foreshortened compared to that of Euparkeria. The anteroposteriorly narrowed scapular 

blade of Archaeopteryx is also markedly concave posteriorly. 

2) Comparisons between adjacent terminal taxa 

The individual TPS grids of the scapula showing transformations between the 

terminal taxa are presented in Figure 3.20. These transformations are summarized in 

Figure 3.21 , mapped onto the adopted phylogeny depicted in Figure 3.10. 
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a) Euparkeria to Herrerasauridae (Fig. 3.20A) 

As mentioned in Chapter 2, section 2.4, the scapular blade of Herrerasaurus is 

considered to have autapomorphic features that are not characteristic of early theropods 

or basal archosauriforms. The extremely deformed TPS grids that compare 

Herrerasaurus with related taxa (Figs. 3.20A-C) further support this contention. 

However, it should be noted that the acromion process of H errerasaurus is expanded 

greatly anteriorly relative to that of Euparkeria. 

b) Herrerasauridae to Coelophysidae (Fig. 3.20B) 

As for section 3.3.2.3, part 2a, the scapular morphology of Herrerasaurus is 

considered to be autapomorphic. However, it should be noted that the acromion 

processes are anteriorly expanded in both Herrerasaurus and Coelophysis. 

c) Herrerasauridae to Dilophosaurus (Fig. 3.20C) 

As for section 3.3.2.3, part 2a, the scapular morphology of Herrerasaurus is 

considered to be autapomorphic. However, it should be noted that the acromion 

processes are anteriorly expanded in both Herrerasaurus and Dilophosaurus. 

d) Coelophysidae to Dilophosaurus (Fig. 3.20D) 

As mentioned in section 2.4, the scapula of Dilophosaurus is considered to have 

autapomorphic features that are not characteristic of other early theropods. This is 

supported by the extremely deformed TPS grid that compares Coelophysis to 

Dilophosaurus. 

e) Coelophysidae to Ceratosaurus (Fig. 3.20E) 

According to the TPS grid, the acromion processes are dorsoventrally broad in 

both taxa, and the ventral end of the scapula of Ceratosaurus (including the acromion and 
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glenoid facet) is compressed anteroposteriorly relative to that of Coelophysis. The 

latter difference was not mentioned in the qualitative comparison (section 2.4.4). 

However, upon re-examination of the scapulae, it appears that the ventral end of the 

scapula of Ceratosaurus is proportionately more compressed relative to its scapular 

blade, which is anteroposteriorly wider in Ceratosaurus than it is in Coelophysis. TPS 

also indicates that the distal end of the scapular blade of Ceratosaurus is 

anteroposteriorly compressed, while the remainder of the blade is slightly expanded 

anteroposteriorly relative to that of Coelophysis. This difference was noted in section 

2.4.4. 

t) Dilophosaurus to Ceratosaurus (Fig. 3.20F) 

As for section 3.3.2.3, part 2d, the scapular morphology of Dilophosaurus is 

considered to be autapomorphic; thus no further description is warranted. 

g) Ceratosaurus to Allosaurus (Fig. 3.20G) 

The TPS grid indicates that the acromion process of Allosaurus is lowered 

anteriorly, especially at the scapulocoracoid suture, and compressed greatly dorsally 

relative to that of Ceratosaurus. These differences were also noted in the qualitative 

comparison (section 2.4.7). TPS also indicates that the scapular blade of Allosaurus is 

narrowed anteroposteriorly along its entire length compared to that of Ceratosaurus. 

However, the constriction of the blade is greater along the ventral part of the blade of 

Allosaurus. This observation is congruent with that of section 2.4.7. Lastly, TPS shows 

that the glenoid region of Allosaurus is shifted dorsally relative to that of Ceratosaurus. 

This is not mentioned in section 2.4.7, but with the re-examination of the scapulae, it 

appears that the dorsoventrally wider glenoid facet of the scapula of Ceratosaurus may 
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have contributed to this shift in glenoid position in Allosaurus. However, it should 

also be mentioned that the orientation of the scapular blade of Ceratosaurus, which has a 

complex curvature, may have also partially contributed to this displacement. This is 

further explained in section 3. 4. 

h) Allosaurus to Ornithomimidae (Fig. 3.20H) 

The TPS grid indicates that the acromion process of Struthiomimus is compressed 

greatly anteriorly relative to that of Allosaurus, and slightly expanded ventrally. The 

width of the scapular blades of Allosaurus and Struthiomimus remain relatively constant, 

aside from the ventral and distal ends, which are slightly narrower in Struthiomimus. 

Unlike that of Allosaurus, the scapulocoracoid suture of Struthiomimus is tilted, so that 

the anterior extent of the suture is positioned more ventrally relative to the posterior 

extent. These differences highlighted by TPS are corroborated by the qualitative 

companson. 

i) Allosaurus to Tyrannosauridae (Fig. 3.201) 

All of the qualitative differences observed between the scapulae of Allosaurus and 

Tyrannosaurus (section 2.4.9) are corroborated by the differences highlighted by the TPS 

grid. The area of the grid corresponding to the acromion process indicates that it is 

expanded greatly anteriorly in Tyrannosaurus compared to that of Allosaurus. The 

ventral half of the scapular blade of Tyrannosaurus is narrowed slightly 

anteroposteriorly, whereas the distal end of the blade is slightly expanded relative to that 

of Allosaurus. The scapulocoracoid suture is broadened and becomes more tilted in 

Tyrannosaurus, with the anterior part of the suture extending farther ventrally relative to 



the posterior part. The glenoid facet of the scapula becomes anteroposteriorly 

shallower in Tyrannosaurus compared to that of Allosaurus. 

j) Omithomimidae to Tyrannosauridae (Fig. 3.20J) 
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The TPS grid indicates that the acromion process of Tyrannosaurus is greatly 

expanded anteriorly, and slightly deepened dorsoventrally compared to that of 

Struthiomimus. The grid also indicates that the ventral half of the scapular blade of 

Tyrannosaurus is compressed anteroposteriorly and displaced posteriorly relative to that 

of Struthiomimus. After a re-examination of the scapulae, the posterior displacement 

appears to be in response to the increased anterior height of the acromion process of 

Tyrannosaurus, but not due to actual morphological differences between the two taxa. 

However, it does appear that the ventral half of the scapular blade of Tyrannosaurus is 

proportionately narrower anteroposteriorly relative to that of Struthiomimus. TPS also 

indicates that the distal end of the blade of Tyrannosaurus is expanded relative to that of 

Struthiomimus. In Tyrannosaurus, the glenoid facet of the scapula becomes 

anteroposteriorly shallower, and the scapulocoracoid suture is broadened 

anteroposteriorly and becomes slightly more tilted. These differences highlighted by TPS 

agree with a qualitative comparison between these two taxa. 

k) Omithomimidae to Caudipteryx (Fig. 3.20K) 

The ventral half of the scapular blade of Caudipteryx is essentially of similar 

anteroposterior width compared to that of Struthiomimus. However, the distal end of the 

blade of Caudipteryx is slightly expanded anteroposteriorly, a result of the distal end 

being proportionately wider relative to the midlength width of the scapular blade. The 

TPS grid indicates that the acromion process of both taxa remains anteriorly low. 
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However, a re-examination of the scapulae indicates that the process is extremely low 

in Caudipteryx compared to that of Struthiomimus. In the TPS grid, this difference is 

instead indicated by the ventral part of the blade of Caudipteryx being displaced 

anteriorly relative to that of Struthiomimus. The scapulocoracoid suture of Caudipteryx 

is foreshortened greatly anteriorly compared to that of Struthiomimus, and becomes more 

diagonal. These differences highlighted by TPS agree with a qualitative comparison 

between these two taxa. The TPS grid also indicates that the glenoid facet of the scapula 

is anteroposteriorly shallower in Caudipteryx than it is in Struthiomimus; however, this 

apparent difference is due to the lateral-facing glenoid of Struthiomimus, which extends 

far anteriorly on the lateral face of the scapula. 

1) Omithomimidae to Oviraptoridae (Fig. 3.20L) 

The anterior edge of the scapulocoracoid suture of Ingenia is foreshortened 

relative to that of Struthiomimus, and the suture is more inclined in Ingenia. The dorsal 

half of the scapular blade of Ingenia is narrowed slightly anteroposteriorly compared to 

that of Struthiomimus. Thus, the scapular blade becomes more strap-like in Ingenia, in 

contrast with the dorsally expanded blade of Struthiomimus. These differences 

highlighted by TPS agree with the qualitative comparison between these two taxa As in 

section 3.3.2.3, part 2k, the anterior edge of the ventral part of the scapular blade of 

Ingenia is slightly shifted anteriorly, as the acromion process is anteriorly lower in 

Ingenia compared to that of Struthiomimus. 

m) Tyrannosauridae to Caudipteryx (Fig. 3.20M) 

The TPS grid indicates that the acromion process of Caudipteryx is compressed 

greatly anteriorly, and is displaced slightly ventrally relative to that of Tyrannosaurus. It 
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also indicates that the scapulocoracoid suture is greatly foreshortened anteriorly and 

becomes more inclined in Caudipteryx. These differences were noted in section 2.4.10. 

The TPS grid indicates that the scapular blade of Caudipteryx is concave posteriorly 

compared to that of Tyrannosaurus. This trend is supported by re-examination of the 

scapulae. The TPS trends for the scapular blade may have been influenced in part by the 

dramatic foreshortening of the scapulocoracoid suture and anterior compression of the 

acromion process of Caudipteryx, displacing some of the landmarks of the scapular blade 

anteriorly relative to those of Tyrannosaurus. However, relative to the ventral end of the 

scapula, the ventral half of the scapular blade is proportionately wider in Caudipteryx 

than in Tyrannosaurus. This may have also influenced the position of landmarks on the 

ventral half of the scapular blade. 

n) Tyrannosauridae to Oviraptoridae (Fig. 3.20N) 

The trends that are present in this TPS grid comparing Tyrannosaurus to Jngenia 

are similar to those described in section 3.3.2.3, part 2m. Relative to Tyrannosaurus, the 

acromion process and the scapulocoracoid suture of Jngenia are compressed greatly 

anteriorly and anteroposteriorly, respectively. This agrees with the qualitative 

comparison (section 2.4.11 ). The TPS grid indicates that the scapular blade of Jngenia is 

concave posteriorly compared to that of Tyrannosaurus, which is supported by re-

examination of the scapulae. As in part 2m, the dramatic foreshortening of the 

scapulocoracoid suture and anterior compression of the acromion process of Jngenia may 

have also influenced the TPS trends for the scapular blade, displacing some of the 

landmarks of the scapular blade anteriorly relative to those of Tyrannosaurus. However, 

as in the comparison above, this may also be due to differences in the relative width of 



the scapular blades of Ingenia and Tyrannosaurus. The glenoid facet of the scapula is 

deepened anteroposteriorly in Ingenia relative to that of Tyrannosaurus. This trend is 

concordant with the previous qualitative comparison. 

o) Caudipteryx to Oviraptoridae (Fig. 3.200) 
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The TPS grid comparing the scapulae of Caudipteryx and Ingenia indicates that 

there are minor differences between these two taxa, as observed in section 2.4.13. The 

distal end of the scapular blade of Ingenia is compressed greatly anteroposteriorly 

compared to that of Caudipteryx, as indicated in section 2.4.13. The scapulocoracoid 

suture of Ingenia is slightly expanded anteroposteriorly relative to that of Caudipteryx, 

and is displaced ventrally in Ingenia. The former difference is confirmed with the re-

examination of the scapulae, but the latter difference is not supported. This discrepancy 

may be due to the placement ofLM 2 (Table 3.4) on the scapula of Ingenia, which is 

incomplete along the anterior part of the sutural area. The placement of this landmark 

was based on a photograph of another specimen of Ingenia (IGM 100/33), but it may not 

be completely accurate. The TPS grid indicates that the ventral one-quarter of the blade 

of Ingenia is expanded slightly posteriorly relative to that to Caudipteryx. This 

difference is confirmed by re-examination of the scapulae. 

p) Caudipteryx to Troodontidae (Fig. 3 .20P) 

The acromion process of Troodon is compressed slightly anteriorly relative to that 

of Caudipteryx. After re-inspection of the scapulae of Caudipteryx and Troodon, this 

difference became apparent. Also, the TPS grid indicates that the scapulocoracoid suture 

of Troodon is expanded anteriorly compared to that of Caudipteryx and the acromion 

process of Troodon is extended ventrally. These differences are due to the acromion 



process of Troodon having contact ventrally with the coracoid, and it being directed 

ventrally relative to the glenoid (see section 2.4.14). TPS indicates that most of the 

scapular blade of Troodon is relatively similar in width to that of Caudipteryx, but the 

distal end is compressed greatly relative to that of Caudipteryx. This trend was also 

noted in the qualitative comparison (section 2.4.14). 

q) Oviraptoridae to Troodontidae (Fig. 3.20Q) 
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The TPS grid indicates that the anterior margin of the acromion process of 

Troodon is lowered slightly relative to that of Jngenia, and the ventral part of the blade is 

narrowed slightly anteroposteriorly. After re-examination of the scapulae, both of these 

subtle differences appear to be correct. Also, the glenoid facet of Troodon is shifted 

dorsally relative to that of Jngenia, and the acromion process is expanded ventrally in 

Troodon. These differences correspond to the difference in the position of the acromion 

process relative to the glenoid of Troodon, which was noted in the qualitative comparison 

(section 2.4.15). The scapular blade of Troodon appears to be more concave posteriorly 

relative to that of Jngenia, and the scapulocoracoid suture of Troodon is expanded 

anteroposteriorly relative to Jngenia. The latter difference was noted in section 2.4.15, 

and the former difference, although not mentioned in the qualitative comparison, does 

appear to be correct. The TPS grid, unlike the qualitative description, does not indicate 

that the distal end of the blade of Troodon is compressed anteroposteriorly relative to that 

of Jngenia. This discrepancy is most likely due to the incomplete distal end of the 

scapula of the Jngenia specimen used in the TPS analysis (Table 3.2). 
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r) Troodontidae to Dromaeosauridae (Fig. 3.20R) 

As observed in section 2.4 .17, the TPS grid comparing the scapular blades of 

Troodon and Velociraptor shows minor differences. The TPS grid indicates that the 

acromion process of Velociraptor is expanded slightly anteriorly and slightly ventrally 

relative to that of Troodon. The latter difference was not initially noted in the qualitative 

description, but it was confirmed after a re-examination of the scapulae that the acromion 

is expanded farther ventrally relative to the glenoid in Velociraptor. As noted in section 

2.4.17, the TPS grid indicates that the width of the scapular blade of Velociraptor is 

similar to that of Troodon, but it becomes less posteriorly concave in Velociraptor. 

s) Dromaeosauridae to Alvarezsauridae (Fig. 3.20S) 

In section 2.4, it was observed that the scapula of Mononykus did not possess 

synapomorphies shared with other eumaniraptorans. However, the TPS grid comparing 

Velociraptor with Mononykus does not indicate that the scapular morphology of 

Mononykus is highly aberrant, but some of the trends seen up until this point are reversed 

in the scapula of Mononykus. TPS indicates that the acromion process of Mononykus is 

expanded slightly anteriorly and becomes slightly constricted ventrally. Thus, the 

acromion is not as strongly directed ventrally relative to the glenoid, which is also shifted 

ventrally in Mononykus. The scapular blade remains narrow throughout its length, except 

at its distal end, which is slightly expanded relative to that of Velociraptor. The blade 

becomes less concave posteriorly in Mononykus compared to that of Velociraptor. 

t) Dromaeosauridae to Archaeopteryx (Fig. 3.20T) 

The differences between the scapulae of Velociraptor and Archaeopteryx 

observed in section 2.4.18 are similar to those indicated by TPS. The anterior edge of the 
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acromion process of Archaeopteryx is greatly compressed compared to that of 

Velociraptor. In addition, the scapulocoracoid suture of Archaeopteryx is foreshortened 

to a great extent. As observed in section 2.4.18, the scapular blade is narrowed along its 

entire length, including its distal end, and becomes more concave posteriorly in 

Archaeopteryx compared to Velociraptor. However, there is one difference highlighted 

by TPS that is not supported by the qualitative description. The apparent ventral 

displacement of the acromion process of Archaeopteryx relative to that of Velociraptor is 

caused by the placement oflandmark 3 (Table 3.4). In Velociraptor, the anteriormost 

projection of the acromion occurs near the midpoint of that process, whereas in 

Archaeopteryx, it occurs at the ventralmost extent of the process. 

u) Alvarezsauridae to Archaeopteryx (Fig. 3.20U) 

As in section 3.3.2.3, part 2s, the scapular morphology of Mononykus is 

considered to be autapomorphic and does not show trends that are evident between other 

eumaniraptorans. This is evident with the comparison of the TPS grids that contrast 

Velociraptor and Mononykus with Archaeopteryx (section 3.3.2.3, parts 2t and 2u). 

There are more changes evident in the latter comparison (part 2u), where the scapular 

blade of Archaeopteryx becomes markedly more concave posteriorly and slightly 

narrowed anteroposteriorly relative to that of Mononykus. In addition, the distal end of 

the scapular blade is greatly compressed anteroposteriorly in Archaeopteryx relative to 

Mononykus. TPS also indicates that the acromion process of Archaeopteryx is 

compressed anteriorly and shifted ventrally relative to that of Mononykus. The latter 

difference is partially due to the placement oflandmark 3 (as in section 3.3.2.3, part 2t), 



although the acromion process of Archaeopteryx does extend slightly farther ventrally 

than that of Mononykus. 

3) Comparisons between sequential HTU s 

The individual TPS grids of the scapula showing transformations between 

sequential HTUs are presented in Figure 3.22, and Figure 3.23 is a summary of these 

grids, mapped onto the adopted cladogram presented in Figure 3.10. 

a) HTU I to II (Fig. 3.22A) 
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Overall, the scapula of HTU II is slightly compressed anteroposteriorly relative to 

that of HTU I. The acromion process shows no marked change between HTU I and II. 

b) HTU II to III (Fig. 3.22B) 

The acromion process of HTU III is greatly compressed anteriorly and dorsally 

relative to that of HTU II. The scapular blade is slightly anteroposteriorly narrowed, and 

its distal end is greatly compressed in HTU III. 

c) HTU III to IV (Fig. 3 .22C) 

The acromion process of HTU IV is slightly compressed anteriorly and dorsally 

relative to that of HTU III. The entire length of the scapular blade is slightly narrowed in 

HTU IV, but the dorsal part of the blade remains anteroposteriorly flared. 

d) HTU IV to V (Fig. 3.22D) 

Both the acromion process and scapulocoracoid suture ofHTU V are slightly 

compressed anteriorly compared to those ofHTU IV. Most of the scapular blade ofHTU 

V retains the same width as in HTU IV, but there is slight anterior compression at its 

distal end. 
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e) HTU V to VI (Fig. 3 .22E) 

There is little change in scapular morphology between HTU V and VI other than 

that the acromion becomes slightly compressed anteriorly in HTU VI, and the distal end 

of HTU VI is slightly compressed. 

f) HTU VI to VII (Fig. 3.22F) 

There is little difference between the scapulae of HTU VI and VII. 

g) HTU VII to VIII (Fig. 3.22G) 

The acromion process ofHTU VIII is slightly narrowed anteriorly, and the 

scapulocoracoid suture is foreshortened in HTU VIII relative to that of HTU VII. The 

scapular blade ofHTU VIII remains relatively similar to that ofHTU VII. 

4) Comparisons between the HTU endpoints (HTU I to HTU VIII) (Fig. 3.19B) 

The TPS grid showing the transformation between HTU I and HTU VIII shows 

similar trends to that observed in section 3.3.2.3, part 1, although the amount of change is 

less extensive than in part 1. 

3.3.2.4 TpsSpline results: analysis of relative growth 

The following descriptions relate to the qualitative patterns revealed by the thin-

plate spline (TPS) grids of Allosaurus coracoids and scapulae. The specimens of 

Allosaurus examined in this study are listed from smallest/youngest to the largest/oldest 

specimen (Table 3.7). As stated in section 3.2.2.3, two comparisons are made: 1) 

comparisons between the reference form (BYU 13318) and each specimen, in increasing 

ontogenetic age, and 2) comparisons between adjacent developmental stages. 
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A preliminary visual inspection of the individual Allosaurus coracoids and 

scapulae reveal that there are only minor morphological differences among the 

specimens. Therefore, detailed qualitative comparisons between the specimens are not 

undertaken, and only the TPS results are listed. 

A. Coracoid data set 

1) Comparisons between the reference form (BYU 13318, Fig. 3.24A) and specimens in 

increasing ontogenetic age (Fig. 3.24). 

a) Reference to DINO 11541 (Figs. 3.24B, C) 

The ventral edge of the coracoid of DINO 11541 is slightly compressed and the 

glenoid facet of the coracoid is displaced slightly posteriorly relative to the reference 

form. 

b) Reference to MOR 693 (Figs. 3.24D, E) 

The dorsal part of the coracoid of MOR 693, including the anterior edge and the 

scapulocoracoid suture, is slightly expanded relative to the reference form. The posterior 

margin of the coracoid of MOR 693 becomes more concave posteriorly and the tip of the 

posterior coracoid process is slightly displaced anteroventrally. 

c) Reference to TMP cast (ROM 5091) (Figs. 3.24F, G) 

There are small differences observed between the coracoids of the TMP cast 

(ROM 5091) and the reference form, and these trends are similar to those observed in 

part 1 b. There is a slight expansion along the anterior edge of the coracoid of the TMP 

cast (ROM 5091 ), accompanied by slight compression along the ventral edge. The 

posterior margin of the coracoid also becomes more concave posteriorly and the tip of the 



posterior coracoid process is slightly displaced ventrally relative to the reference 

form. The glenoid facet of the coracoid of the TMP cast (ROM 5091) is slightly 

displaced posteriorly relative to the reference form. 

d) Reference to UUVP 40-232 (Figs. 3.24H, I) 
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The TPS grids indicate that the differences between the coracoids of the reference 

form and UUVP 40-232 are similar to those observed in part le, but are of lesser 

magnitude. An exception is that the coracoid foramen ofUUVP 40-232 is displaced 

slightly dorsally relative to the reference form. 

2) Comparisons between specimens of adjacent developmental stages (Fig. 3.25) 

a) BYU 13318 to DINO 11541 (Figs. 3.25A, B) 

Refer to the description of changes given in part la. 

b) DINO 11541 to MOR 693 (Figs. 3.25C, D) 

The coracoid of MOR 693 shows slight expansion along its anterodorsal margin, 

and slight compression along its anteroventral edge relative to DINO 11541. The 

posterior margin of the coracoid of MOR 693 is slightly more concave posteriorly, and 

the posterior coracoid process is displaced anteroventrally. 

c) MOR 693 to TMP cast (ROM 5091) (Figs. 3.25E, F) 

There are few differences between the coracoids of MOR 693 and the TMP cast 

(ROM 5091) other than slight compression along the anterior margin and slight 

expansion along the anteroventral edge of the coracoid of the TMP cast (ROM 5091 ). 

d) TMP cast (ROM 5091) to UUVP 40-232 (Figs. 3.25G, H) 

There are only small, subtle differences between the coracoids of the TMP cast 

(ROM 5091) and UUVP 40-232. 



B. Scapula data set 

1) Comparisons between the reference form (BYU 13318, Fig. 3.26A) and specimens 

increasing in ontogenetic age (Fig. 3.26) 

a) Reference to DINO 11541 (Figs. 3.26B, C) 
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Overall, the scapular blade of DINO 11541 becomes slightly concave posteriorly 

relative to the reference form. The distal end of the blade of DINO 11541 is slightly 

compressed along its anterior edge. The acromion process of DINO 11541 is slightly 

compressed anteriorly and dorsally relative to the reference form. 

b) Reference to UUVP 11497 (Figs. 3.26D, E) 

The trends observed between the scapulae of the reference form and UUVP 11497 

are similar to those mentioned in part la, but have greater magnitude. The scapular blade 

ofUUVP 11497 becomes slightly more concave posteriorly, and the distal end is 

displaced posteriorly relative to the rest of the blade. The acromion process is 

compressed anteriorly and dorsally, and the glenoid region is displaced posterodorsally. 

c) Reference to BYU 4901 (Figs. 3.26F, G) 

The distal end of the scapular blade ofBYU 4901 is slightly compressed 

anteroposteriorly, but unlike the trends observed in parts la and lb, the rest of the blade 

remains unchanged relative to the reference form. The acromion process is slightly 

compressed dorsally and slightly expanded anteriorly. The glenoid region is slightly 

displaced posterodorsally. 

2) Comparisons between specimens of adjacent developmental stages (Fig. 3.27) 

a) BYU 13318 to DINO 11541 (Figs. 3.27A, B) 

Refer to the description of changes given in part la. 
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b) DINO 11541 to UUVP 11497 (Figs. 3.27C, D) 

Only a few differences are observed between the scapulae of DINO 11541 and 

UUVP 11497. The scapular blade is slightly more concave posteriorly in UUVP 11497, 

and the distal end of the blade is slightly expanded anteroposteriorly compared to that of 

DINO 11541. The TPS grids indicate that the acromion process is compressed dorsally 

and slightly anteriorly in UUVP 11497 relative to that of DINO 11541. However, with 

re-examination of the scapulae, the apparent differences in the acromion process are 

attributed to the mediolateral curvature of the ventral end of the scapula of UUVP 11497. 

c) UUVP 11497 to BYU 4901 (Figs. 3.27E, F) 

More marked differences occur between the scapulae ofUUVP 11497 and BYU 

4901 than are observed in the other comparisons in part 2. The acromion process is 

greatly expanded anteriorly and dorsally in BYU 4901. The ventral half of the scapular 

blade is displaced posteriorly, whereas the distal end is displaced anteriorly. With the re-

examination of the scapulae, these differences shown by TPS may be due to the 

incomplete scapula ofBYU 4901, which has been extensively reconstructed. 

In summary, the amount of change in the coracoids, observed between the 

Allosaurus specimens, appears to be quite minor with only small displacements of the 

landmarks occurring. This is corroborated by visual comparisons of the coracoid 

morphology of the Allosaurus specimens. There is some variation in the scapular 

morphology among the Allosaurus specimens, although these differences are relatively 

minor compared to the differences found among species using TpsTree. This variation 

may be due to the onto genetic changes of the scapular blade, such as the mediolateral 



curvature of the blade. Differences may also be attributed to the incomplete nature of 

BYU 4901, which has undergone extensive reconstruction. 

3.4 Discussion 
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The following section describes general morphological trends of the coracoid and 

scapula that occur in the surrogate and true lines of descent leading up to birds as 

suggested by thin-plate splines. Differences between species observed using TPS were 

documented in section 3.3. These trends were also compared to the qualitative 

comparisons observed in Chapter 2, allowing subtle changes to be recognized, as well as 

anomalous or incorrect trends in the TPS grids to be identified. Several reasons why 

certain trends depicted by TPS analysis may be incorrect or misleading are summarized 

in section 3.4.1. The potentially misleading trends described in section 3.4.1 are not used 

in subsequent discussions of general morphological trends in the coracoid and scapula 

(described in section 3.4.2). 

3.4.1 Comparison of the Results of the Qualitative Comparisons and TPS 

Many of the morphological differences in the scapulocoracoid highlighted by TPS 

agree with the qualitative comparisons presented in Chapter 2. However, in certain cases 

discrepancies exist between these two types of comparisons. Discrepancies may reflect 

subtle changes that were not initially perceived in the qualitative descriptions, or they 

may represent trends that have been incorrectly portrayed by the TPS analysis, and are 

not confirmed upon re-examination of the specimens. Many of the subtle trends 

highlighted by the TPS analysis (section 3.3) were not initially recognized because the 



comparative species differed greatly in size. TPS analysis removes the size 

differences between specimens, allowing subtle changes in shape to be recognized. 
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Some discrepancies between the TPS analysis and direct observation are due to an 

inability of TPS to accurately portray large changes in morphology between comparative 

taxa. For this reason species that are quite disparate in morphology, and that have 

undergone extensive transformation are not good candidates for TPS analysis. The TPS 

analysis correctly indicates that a large amount of change has occurred between the 

comparative species; however, large amounts of change affecting one area of the TPS 

grid will also affect adjacent areas, producing false trends. For example, if the anterior 

height of the acromion differs greatly between two species::, the position of landmarks at 

the ventral end of the scapular blade may also be affected (see Figs. 3.20M, N). 

However, an incorrect interpretation of the TPS trends can be avoided if the actual 

morphology of the species is well documented and understood. 

Comparisons between the endpoints of a transformation may also show large 

positional changes that cannot be processed by TPS (Figs. 3.12C, D) and may not be a 

legitimate use of this type of analysis. However, TPS analysis does show the overall 

change between the two specimens that must be accounted for by incremental changes 

between the terminal taxa. 

A specimen's completeness, accessibility, and three-dimensional curvature may 

also affect the ability of TPS analysis to correctly depict morphological trends, and must 

be considered when applying and interpreting the results of this technique. It is not 

uncommon for fossil specimens to be incomplete. The degree of incompleteness will 

govern whether TPS, or any landmark-based analysis, can be usefully applied to discover 
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differences between fossil species. This is particularly true of the theropod 

scapulocoracoid, which, due to its delicate nature, is often incompletely preserved or has 

been reconstructed, which may result in inaccurate TPS results. Furthermore, most of the 

landmarks present on the theropod scapulocoracoid occur along its outline, which is in 

some cases not completely preserved. However, comparisons to more complete 

specimens have allowed the outline data to be more accurately reconstructed in many 

cases. Landmarks situated on non-peripheral features would avoid this problem. 

Regrettably, there are relatively few discrete and homologous points located on the non-

peripheral regions of the scapulocoracoid, and muscle scars, other than the biceps 

tubercle, are generally not considered appropriate landmarks because they tend to be 

inconsistently preserved between different species, and in some cases, even within a 

single species (see Chapter 4). 

The inaccessibility of specimens, such as those on long-term display in a museum, 

may exclude them from the TPS analysis because of the need to manipulate and closely 

examine the specimen. This can be extremely frustrating when a specimen that is 

regarded as a key transitional species, such as Archaeopteryx, cannot be included in the 

analysis because it has been rendered inaccessible to further research by being put on 

permanent display. In the current study, the absence of the coracoid of Archaeopteryx 

results in a more dramatic change between non-avian and avian theropods (Fig. 3 .13P) 

than is suggested by the qualitative comparisons (Chapter 2), which takes the coracoid of 

Archaeopteryx into consideration. The absence of Archaeopteryx further complicates the 

estimation of the landmark configuration of the HTU of birds (Fig. 3.15G), which was 

instead based on the coracoid of Mononykus and Jeholornis. This has resulted in a less 
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accurate representation by TPS of the transition between eumaniraptoran theropods 

and birds, as the coracoid of Mononykus is an autapomorphic structure, quite unlike that 

of any other eumaniraptoran. 

The three-dimensional curvature of specimens may also affect the results of the 

TPS analysis. If the true form of the specimen cannot be accurately represented or 

captured in a two-dimensional digital photograph, false trends may be produced in the 

resulting TPS grids. This is especially true for the scapula, which is curved 

mediolaterally, and for which this curvature varies among species. For example, one of 

the more problematic specimens in the present analysis was the scapula of Ceratosaurus, 

which is curved mediolaterally and arched anteriorly. This extensive curvature made it 

extremely difficult to orient the scapula according to the three scapular landmarks, and as 

a result, TPS may show some incorrect trends (section 3.3.2.3, Fig. 3.20G). Taphonomic 

processes such as crushing may also distort the curvature, and crushed specimens were 

accordingly not included in the present TPS analysis. Fortunately, unlike the scapula, the 

coracoid is not elongated or highly curved; therefore, it is not as susceptible to the effects 

mentioned above. However, the peripheral margins of the coracoid tend to be thin, and 

these areas are sometimes incomplete. 

A requirement of any landmark-based analysis is the definition and placement of 

homologous landmarks. This becomes difficult when the species in the study are quite 

disparate in morphology. In the present study, the position of landmark 3, which is the 

anteriormost point on the acromion process (Table 3 .4 ), differs among some of the 

theropod species examined. In most species, the anteriormost point is near the midpoint 

of the acromion process, whereas in some species, the anteriormost point is closer to the 
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ventral edge of the acromion process. This, in turn, may create misleading TPS 

trends (section 3.3.2.3, parts 2t, 2u); however, a previous knowledge of the morphology 

of the comparative species can allow these misleading trends to be recognized. 

When examining the TPS grids it is important to keep in mind that the directional 

vectors generated by TPS analysis do not necessarily represent the directionality of the 

evolutionary changes. The changes observed in any one area of the grid are relative to 

the rest of the grid. For example, although TPS shows the ventral end of the coracoid of 

Jeholornis expanding ventrally relative to that of Saurornitholestes (Fig. 3. 13P), in fact 

the coracoid may have expanded dorsoventrally, or the dorsal end of the coracoid 

expanded dorsally and the ventral end may have remained stationary. 

If the limitations of TPS analysis are understood prior to analysing the 

deformations in the TPS grids, TPS analysis can still be used as an effective and objective 

analytical tool for enhancing the description of morphological change. 

3.4.2 Summary of Trends Between Terminal Taxa 

The autapomorphic forms that were recognized in Chapter 2, section 2. 4 are not 

considered in the following summaries of the morphological trends. 

3.4.2.1 Coracoid data set without LM 20 

Among non-coelurosaurs (Euparkeria to Allosaurus), excluding Coelophysis, 

there is relatively no change in the ventral margin of the coracoid (Figs. 3. 13B, E-G), and 

the coracoid remains dorsoventrally narrow relative to its anteroposterior dimension. In 

coelurosaurs, there is tendency for the ventral edge of the coracoid to expand ventrally. 

This expansion is apparent in the comparison between Allosaurus and Tyrannosaurus 
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(Fig. 3. 131), and becomes more marked in Chirostenotes (Fig. 3. 13L). The ventral 

edge remains relatively similar in Sinornithoides and Saurornitholestes (Figs. 3.13M, N), 

but it is markedly expanded ventrally in Jeholornis (Fig. 3. 13P). 

There is a slight increase in the anteroposterior dimension of the coracoid 

(including the scapulocoracoid suture) in the transition between Euparkeria and basal 

theropods (see Fig. 3.13B), which appears to coincide with the anterior expansion of the 

acromion in the basal theropods. For the most part, the anteroposterior dimension of the 

coracoid remains relatively unchanged within non-coelurosaurs and Tyrannosaurus, with 

fluctuations due to the presence of a subacromial notch in some species (see Fig. 3. 131). 

However, in more derived theropods, beginning with Chirostenotes (Fig. 3 .13L ), and 

continuing through the eumaniraptoran theropods, the coracoid (including the 

scapulocoracoid suture) becomes anteroposteriorly narrower. The largest anteroposterior 

compression of the coracoid occurs in Jeholornis (Fig. 3. 13P). The amount of 

anteroposterior compression in Jeholornis is quite dramatic relative to eumaniraptoran 

theropods, suggesting that intermediate forms are missing from the transition. This gap 

may be partially bridged by the coracoid of Archaeopteryx, which has a much narrower 

anteroposterior dimension than those of eumaniraptoran theropods (section 2.4.18~ Fig. 

2.7G), but unfortunately this taxon could not be included in the TPS analysis due to 

inaccessibility of specimens. 

The posterior edge of the theropod coracoid also becomes more excavated, or 

concave, posteriorly. In basal theropods, the posterior coracoid process remains short 

and the posterior margin is not excavated markedly posteriorly compared to that of 

Euparkeria (Figs. 3. 13B, E, F). Notable deformation of the TPS grids is first 
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documented in the comparison between the coracoids of the megalosaurid and 

Allosaurus (Fig. 3. 13G), where the posterior margin of the coracoid of Allosaurus 

becomes concave posteriorly and the process becomes more elongate relative to that of 

the megalosaurid. Coinciding with the ventral expansion of the coracoid, the posterior 

margin of the coracoid of coelurosaurs is more expanded, which results in the posterior 

coracoid process becoming more elongate relative to that of the non-coelurosaurs. The 

posterior margin also becomes more concave posteriorly. These trends are first observed 

in Tyrannosaurus (Fig. 3. 131), and are continued in more derived coelurosaurs. The 

posterior margins of the dorsoventrally broad coracoids of Chirostenotes and 

eumaniraptoran theropods are slightly more expanded when compared to that of 

Tyrannosaurus (Fig. 3. 13L). As previously mentioned, the coracoid of Jeholornis is 

greatly expanded ventrally (Fig. 3. 13P); hence, the posterior margin becomes greatly 

expanded and the posterior coracoid process is displaced far ventrally. 

There is little movement of the coracoid foramen, and there is no clear pattern 

apparent among the terminal taxa. Any large movements of the coracoid foramen appear 

to be affected by the compression or expansion of the coracoid (Figs. 3. 13B, P). 

Although the trend is not entirely clear, it appears that the glenoid facet of the 

coracoid becomes anteroposteriorly narrower along the lineage of theropods. In most 

non-coelurosaurs and Ornithomimus, the glenoid facet remains deep relative to the rest of 

the coracoid (for example, Fig. 3. 13G), but becomes shallower in more derived 

theropods. The extremely narrow glenoid facet of Tyrannosaurus (Fig. 3. 131) appears to 

be an autapomorphic feature because this trend is not encountered in Chirostenotes (Fig. 



3. 13L). The shallow glenoid facet of eumaniraptorans remains relatively similar to 

that of Chirostenotes (Figs. 3. 13M, N, P). 

3.4.2.2 Coracoid data set with LM 20 
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For the most part, there is little change in the position of the biceps tubercle 

within non-avetheropods (Fig. 3 .17 A-F): it remains close to the posteroventral comer of 

the coracoid. The greatest amount of change occurs between Megalosaurus and 

Allosaurus (Fig. 3.17G), where the biceps tubercle is greatly displaced anteriorly and 

slightly dorsally, but remains ventral to the glenoid and aligned anteroposteriorly with the 

level of the glenoid. After this transition, the position of the biceps tubercle in more 

derived theropods changes only slightly, and no clear trends are evident. With the use of 

TPS, it became apparent that the biceps tubercle is situated anterior to the glenoid of 

Tyrannosaurus (Fig. 3 .171), and may represent another autapomorphic feature of 

Tyrannosaurus. The next largest shift in the position of the biceps tubercle occurs 

between Saurornitholestes and Jeholornis (Fig. 3.17P), where the tubercle of Jeholornis 

is displaced markedly dorsally and slightly anteriorly, and is situated dorsal to the 

glenoid. 

3.4.2.3 Scapula data set 

Along the surrogate line of descent leading to birds (Gatesy, 2002), the general 

trend is for the acromion process to become progressively compressed anteriorly. The 

acromion process of basal theropods is greatly expanded anteriorly, but remains 

dorsoventrally broad compared to that of Euparkeria (for example, Fig. 3.20B). In 

Allosaurus, the acromion process is proportionately compressed anteriorly, and it 
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becomes dorsoventrally narrowed relative to that of basal theropods (Fig. 3.20G). In 

maniraptorans and Struthiomimus, the trend for the acromion process to be compressed 

anteriorly is continued, but to a greater extent than observed in Allosaurus (Fig. 3 .20H). 

In eumaniraptorans, the anteriorly low acromion process projects far ventrally relative to 

the glenoid (Fig. 3 .20P). 

During the evolution of the theropods, the scapular blade becomes progressively 

narrower anteroposteriorly. The scapular blade of basal theropods is broad, and 

compares well with that of Euparkeria. In Allosaurus, the scapular blade becomes 

narrower but the dorsal half of the blade remains flared (Fig. 3.20G). This trend is 

continued in Struthiomimus (Fig. 3.20H), Tyrannosaurus (Fig. 3.20!), and Caudipteryx 

(Fig. 3.20K). The scapular blade becomes more parallel-sided or strap-like in Ingenia 

(Fig. 3.200), and this trend is continued in the eumaniraptorans. 

In Euparkeria and the non-avetheropods, the scapulocoracoid suture is 

perpendicular to the dorsoventral axis of the scapular blade (for example, Fig. 3.20E). 

The suture of basal theropods is also longer anteroposteriorly relative to that of 

avetheropods, which generally have anteroposteriorly narrower scapular blades. 

However, in maniraptoriforms (Figs. 3.20H, I), the scapulocoracoid suture becomes more 

diagonal, so that the anterior extent of the suture is situated more ventrally. This trend is 

continued to a greater extent in maniraptorans (for example, Fig. 3.20N). In Caudipteryx 

(Fig. 3.20M), Ingenia (Fig. 3.20N), and Archaeopteryx (Fig. 3.20T), the scapulocoracoid 

suture also becomes greatly foreshortened relative to the width of the blade. 
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3 .4. 3 Summary of Trends Between HTUs 

3.4.3.1 Coracoid data set without LM 20 

The morphological changes of the coracoid among sequential HTU s are quite 

subtle. Along the true line of descent leading to birds (Gatesy, 2002), the coracoid tends 

to become dorsoventrally broader, and anteroposteriorly shorter. In HTU I, II, and III 

(Figs. 3.15A, B), there is no apparent dorsoventral expansion of the coracoid, and only a 

slight anterior expansion of the coracoid occurs in HTU II. However, in HTU IV (Fig. 

3.15C), the ventral edge of the coracoid becomes slightly expanded, and the anterior edge 

becomes slightly compressed. This trend is continued in the subsequent HTUs, although 

the anteroposterior dimension of the coracoid does not show a great deal of compression. 

The summary of the TPS grids in Figure 3 .16 enables a comparison of the coracoid shape 

between grids to be made, and the trend for the coracoid to become more quadrangular, 

with subequal anteroposterior and dorsoventral dimensions, then becomes more obvious 

(Figs. 3.16D, E). In HTU VII (Fig. 3.15F), there is slight expansion of the ventral edge 

of the coracoid, close to the posterior part of the coracoid, and a slight compression of the 

coracoid near its anteroventral edge. This trend is continued in HTU VIII (Fig. 3.15G), 

where the ventral edge becomes greatly expanded, while the anteroposterior dimension of 

the coracoid becomes greatly compressed. 

There are also gradual changes in the posterior coracoid process and posterior 

margin of the coracoid. The posterior coracoid process remains posteriorly short in HTU 

I through III (Figs. 3.15A, B). However, the posterior coracoid process becomes greatly 

expanded posteriorly in HTU IV, and the posterior margin of the coracoid becomes 



greatly concave posteriorly (Fig. 3. l 5C). Coinciding with the dorsoventral 

broadening of the coracoid, the posterior margin is slightly expanded in subsequent 

HTUs (HTU V-VII; Figs. 3.1 5D-F). In HTU VIII (Fig. 3.15G), the posterior margin is 

greatly expanded, due to the dorsoventral elongation of the coracoid. 
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The scapulocoracoid suture becomes progressively shorter along the true line to 

birds. The examination of individual TPS grids does not allow recognition of this trend, 

but comparisons between grids allow this trend to be noticed. The scapulocoracoid 

suture ofHTU II is slightly expanded relative to that ofHTU I (Fig. 3.15A). There is a 

gradual foreshortening of the suture starting with HTU IV (Fig. 3 .15C), which continues 

in subsequent HTUs (Figs. 3.15D-G), with the greatest amount of foreshortening 

occurring in HTU VIII (Fig. 3.15G). The foreshortening of the scapulocoracoid suture 

appears to coincide with the dorsal displacement of the glenoid facet of the coracoid ( see 

below), and possibly coincides with the rotation of the coracoid relative to the scapula. 

There is no apparent movement of the coracoid foramen between sequential 

HTUs. This was also observed between the terminal taxa in section 3.4.2.1. The 

apparent anterior displacement of the coracoid foramen in HTU VIII (Fig. 3.15G) may be 

due to the anteroposterior compression of the coracoid. 

The glenoid facet of the coracoid also becomes anteroposteriorly narrower in 

subsequent HTUs. In the basal HTUs (Figs. 3.15A, B), the glenoid facet remains 

relatively deep. A substantial narrowing of the glenoid facet occurs in HTU IV (Fig. 

3.15C). In subsequent HTUs, the glenoid facet remains narrow, and there is a slight 

dorsal shift of the glenoid facet in HTU V through VII (Figs. 3.15D-F), coinciding with 

the foreshortening of the scapulocoracoid suture. This trend is continued in HTU VIII 



(Fig. 3.15G), although the glenoid facet is displaced dorsally to a greater extent than 

in HTU V through VII. 

3.4.3.2 Coracoid data set with LM 20 
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Along the true line of descent leading to birds (Gatesy, 2002), there is a tendency 

for the biceps tubercle to be displaced anteriorly. There is only a slight displacement of 

the biceps tubercle ofHTU III compared to that ofHTU II (Fig. 3.18B), but it remains 

near the posteroventral corner of the coracoid in both HTUs, and it is aligned with the 

posterior extent of the glenoid facet. The greatest amount of anterior displacement of the 

biceps tubercle occurs between HTU III and IV (Fig. 3 .18C), but it remains aligned with 

the glenoid facet. Subsequent to this large shift in the position of the biceps tubercle, the 

biceps tubercle of the HTUs of more derived theropods is only slightly shifted 

anteriorly/anterodorsally (HTU V-VII; Figs. 3.18D-F). Another major displacement of 

the biceps tubercle, but to a lesser extent than between HTU III and IV, occurs between 

HTU VII and VIII (Fig. 3.18G). The biceps tubercle in HTU VIII (Fig. 3.18 G) is near 

the level of the dorsal extent of the glenoid and the coracoid foramen. However, it should 

be noted again that the biceps tubercle of HTU VIII is partially based on the arbitrarily 

placed biceps tubercle of Mononykus. 

3 .4. 3. 3 Scapula data set 

Only subtle changes in scapular morphology of sequential HTUs were observed 

(see Fig. 3.23). Overall, there is a trend for the acromion process to become anteriorly 

compressed in more derived HTUs. The largest change in the acromion process occurs in 

HTU III (Fig. 3.22B), and subsequent to this, the anterior compression of the acromion is 
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only slight. The acromion process also becomes dorsally compressed in HTU III 

(Fig. 3.22B), but the process does not undergo any further dorsal compression in 

subsequent HTUs. It appears that the acromion process extends far ventrally relative to 

the glenoid fossa in HTU V through VIII (Figs. 3.22D-G), but this is hard to verify, as the 

acromion process does not contact the coracoid in Caudipteryx, Ingenia, or 

Archaeopteryx, which were used to calculate the HTU s. 

Overall, the scapular blade becomes anteroposteriorly narrower in more derived 

HTUs. The anteroposterior compression of the scapular blade is first observed in HTU 

III (Fig. 3.22B); however, the dorsal part of the blade of this HTU remains flared. This 

trend is continued in HTU IV and V (Figs. 3.22C, D). The entire scapular blade, 

including the distal end, becomes anteroposteriorly narrowed and more strap-like in HTU 

VI and VII (Figs. 3.22E, F); however, the distal end is less compressed in HTU VIII 

relative to the rest of its blade (Fig. 3.22G). Coinciding with narrowing of the scapular 

blade of HTU V through VIII, the blade also becomes more posteriorly concave (Figs. 

3.22D-G). 

Coinciding with the anteroposterior compression of the scapular blade is the 

anteroposterior foreshortening of the scapulocoracoid suture, with the greatest amount of 

foreshortening observed in HTU VIII (Fig. 3.22G). Also, the scapulocoracoid suture 

remains relatively perpendicular to the dorsoventral axis of the scapular blade in the basal 

HTUs (HTU I-III; Figs. 3.22A, B). The anterior extent of the scapulocoracoid suture, 

relative to its posterior extent, becomes progressively inclined ventrally in later HTUs 

(HTU IV-VIII; Figs. 3.22C-G). 
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3.4.4 Differences Between the Transformations of Terminal Taxa and HTUs 

The most obvious difference between the transformations of terminal taxa and 

HTUs is that transformations between the HTUs are much less dramatic than those 

observed between the terminal taxa. As a result, trends in morphological change become 

more obvious and clearer patterns emerge when examining transitions between sequential 

HTUs. For example, an anterior/anterodorsal pattern of displacement of the biceps 

tubercle is observed between the HTUs that was not perceived by the examination of the 

tenninal theropod taxa. 

A large change in the position of the biceps tubercle is evident in the TPS grid 

comparing Saurornitholestes to Jeholornis (Fig. 3.17P). However, this change is more 

gradual in the comparison between HTU VII and VIII (Fig. 3 .18G ). The reason less 

dramatic changes are observed between the HTUs than between terminal taxa is because 

the ancestral reconstruction averages changes occurring in the terminal taxa, thus 

decreasing the effects of autapomorphies along the species branches. Taxa displaying 

numerous autapomorphies are usually associated with relatively long branch lengths, and 

because the calculation of the landmark configuration of the HTU s is based on a 

weighted average of the terminal taxa, the effects of these autapomorphic morphologies 

are dampened. Thus, extreme morphological changes are not observed in the transition 

between HTU s, and as a result, changes in the size and performance of the associated 

musculature between HTUs can be more easily explained (see Chapter 4). 

In addition, when the TPS grids for the transformations of the terminal taxa and 

HTU s are examined, a discrepancy in the appearance of some morphological changes of 

the coracoid becomes apparent. Considerable changes in both the length of the posterior 
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coracoid process and the position of the biceps tubercle were observed in the TPS 

grid comparing the coracoids of the megalosaurid and Allosaurus (Figs. 3.13G, 3.17G). 

However, when the HTUs of the coracoid data set were compared, these changes appear 

to occur later in the theropod phylogeny, between the ancestral avetheropod (HTU III) 

and ancestral coelurosaur (HTU IV) (Figs. 3. l 5C, 3 .18C). This apparent difference may 

have resulted, in part, from the much shorter branch length leading from HTU II to 

Megalosaurus, and between HTU II and HTU III, relative to the longer branch leading 

from HTU III to Allosaurus (Fig. 3.9). The relatively long branch length between HTU 

III and Allosaurus resulted in the landmark configuration of HTU III more closely 

resembling that of HTU II and the megalosaurid. The absence of several basal theropod 

taxa from this analysis may have also affected the reconstruction of the landmark 

configuration of the HTU s. The interpretation of this transformation may benefit from 

the addition of well-preserved material from basal tetanuran and avetheropod taxa. 

3.4.5 Analysis of Relative Growth 

Only negligible change was apparent in the coracoids of the Allosaurus specimens 

examined, indicated by small displacements of the landmarks, and minor overall 

deformation of the TPS grids. 

However, variation in scapular morphology among the Allosaurus specimens does 

occur, and may be due to the amount of mediolateral curvature exhibited by some of the 

scapulae examined. In the smallest (=youngest) specimen (BYU 13318), there appears to 

be little curvature, whereas larger (=older) individuals display a greater amount of 

curvature at the ventral ends of their scapulae. The scapular blades of larger individuals 
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also appear to become slightly more posteriorly concave (with the exception ofBYU 

4901 ). Thus, in order to prevent false or misleading results, only the scapulae of 

complete adult individuals should be, and herein are, considered in the TpsTree analysis. 

The morphology of the scapular blade ofBYU 4901 differs from those of DINO 

11451 and UUVP 11497. In BYU 4901, the scapular blade appears straighter in lateral 

view, with no posterior curvature of the blade. However, this specimen is somewhat 

poorly preserved, and its scapular blade has been the subject of extensive reconstruction. 

Therefore, the trends shown by TPS for this specimen may not be correct. 

From the relative growth analyses it can be concluded that the differences 

between Allosaurus individuals are relatively small. Therefore the differences observed 

among species using the TpsTree analysis are inferred to be due to real differences 

between species, and not due to individual differences within a species. 

3.4.6 Advantages of TFS 

The application of TPS analysis to compare scapulocoracoid morphology over a 

large array of species allows for an easier comparison of the shape of this element in 

specimens that vary widely in size. This was particularly important when comparing 

species such as Tyrannosaurus and small maniraptoran theropods. 

TPS also allows for a more objective assessment of shape changes observed in the 

scapulocoracoid, and a clearer definition of certain features employed in phylogenetic 

studies. This is important because most studies are focused on a specific group of 

species, and do not recognize changes in other, closely related groups. For example, 

some phylogenetic studies that concentrate on birds ( for example, Chiappe, 2001: char. 
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67) code eumaniraptorans as having a prominent acromion process, which is 

considered to be the derived state, whereas the primitive state of a reduced acromion 

process characterizes the theropods more basal than the eumaniraptorans. However, it is 

difficult to understand the exact definition of this character as other studies code the 

theropod taxa differently. For example, Holtz (2000: char. 213) codes eumaniraptorans 

as having a prominent acromion process, which is considered the primitive state. Some 

basal theropods, such as Ceratosaurus and Allosaurus, are also coded as having this 

primitive feature. Differences in coding and character polarity lead to confusion when 

trying to interpret the evolution of the acromion process on the line to birds. However, 

with examination of the TPS grids, it becomes visually apparent that the acromion 

process is compressed anteriorly in eumaniraptorans compared to that of more basal 

theropods, such as Allosaurus, effectively removing this ambiguity. 

TPS analysis also allows the morphological differences of the scapulocoracoid to 

be visualized as deformations of a grid. This is extremely useful in depicting differences 

in structures that are difficult to explain. Examination of the TPS grids frequently 

highlighted changes that were not previously recognized in qualitative descriptions 

(Chapter 2), but were confirmed upon re-examination of the specimens. The ability of 

TPS to reveal subtle changes is particularly useful when comparing closely related or 

morphologically similar species. 

TPS analysis can also be useful in corroborating hypotheses that a certain taxon 

possesses autapomorphic features of the coracoid or scapula that are not present in related 

taxa, and that appear to deviate from the main trend. For instance, the coracoid of 

Mononykus was first identified in the qualitative descriptions of Chapter 2 as being 
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autapomorphic. When TPS analysis was applied to the coracoid data set, it became 

obvious that the coracoid of Mononykus is quite different from that of other 

eumaniraptorans (Fig. 3.130). Also, after completing the TPS analysis it appears that the 

acromion process of Tyrannosaurus, which is greatly expanded anteriorly relative to that 

of other avetheropods (Figs. 3.201, J), may be autapomorphic. When the TPS grids of the 

terminal taxa are compared, it becomes evident that the acromion process is progressively 

lowered anteriorly in avetheropods (see Fig. 3.21), such as Allosaurus (Fig. 3.20G) and 

Struthiomimus (Fig. 3.20H). 

The main advantage of the TPS analysis is the ability to reconstruct landmark 

configurations of the HTU s situated at the internal nodes within a cladogram. This 

graphical reconstruction ofHTUs then allows transformations to be inferred for the 

hypothetical ancestors, which more accurately represent the transition from theropods to 

birds. 

3.5 Concluding Comments 

In this chapter, differences in scapulocoracoid morphology of theropods described 

in Chapter 2 were compared to the results of the TPS analysis. This morphometric 

analysis highlights subtle morphological differences not originally observed qualitatively, 

but which can then be confirmed by re-examination of the specimens. 

It is important to note that although TPS analysis allows morphological changes 

to be more objectively described than is possible using traditional approaches, one still 

needs have a good understanding of the morphology of the specimens before TPS 

analysis is applied and the results interpreted. Some of the trends can be misleading 



when large amounts of change occur between specimens. Thus, at this level of 

comparison, and bearing in mind the operational limitations of TPS analysis, it should 

mainly be used to supplement qualitative descriptions, as this study has demonstrated. 
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Future research should involve the inclusion of more specimens of each theropod 

species into the TPS analysis, so that broken/missing areas of the scapulocoracoid can be 

reconstructed more accurately. An average of many specimens for one species may also 

be obtained to ensure that individual differences are averaged out. A more extensive 

survey of theropod scapulocoracoid form would also be valuable. However, at present it 

does not appear that any of these suggestions are possible, due to the limited number of 

complete elements and/or their inaccessibility of many that are potentially available. 

Accurate casts of theropod scapulocoracoids, which could be lent to other institutions, 

would resolve many of these problems. 

Both qualitative comparisons and TPS analyses of theropod coracoids and 

scapulae indicate that within the theropod lineage more morphological changes occur in 

the scapula than in the coracoid. Changes in the scapula include the progressive anterior 

and dorsal compression of the acromion process, anteroposterior compression of the 

scapular blade to become more strap-like, the foreshortening of the scapulocoracoid 

suture, and the ventral inclination of the suture, which indicates the rotation of the 

coracoid relative to the scapula. 

Morphological changes of the coracoid are less dramatic within the theropod 

lineage. A considerable amount of morphological change in the coracoid is not apparent 

until the transition between Archaeopteryx and more derived birds, such as Jeholornis. 

Some of the changes that occur within the theropod lineage include the dorsoventral 
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elongation and anteroposterior compression of the coracoid, lengthening of the 

posterior coracoid process, expansion and excavation of the posterior margin of the 

coracoid, anteroposterior narrowing of the glenoid facet of the coracoid, and 

anterior/anterodorsal displacement of the biceps tubercle. Although many of these trends 

are continued in birds, the changes between the coracoid morphology of derived 

eumaniraptorans (including Archaeopteryx) and more anatomically derived birds are 

much more dramatic. This suggests that dramatic functional changes may also have 

occurred between these two groups. In Chapter 4, correlations between morphological 

trends of the coracoid and scapula and functional changes in the theropod shoulder girdle 

musculature are investigated. 
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Figure 3.1: Diagram showing method used to standardise the orientation of the scapula (A) and coracoid (B) using landmarks 8, 10, 
15 and landmarks 2, 16, 18, respectively. C, for a mounted specimen, the lens of the camera is oriented parallel to the plane formed 
by the three landmarks by using the callipers and a compass. D, for an isolated specimen, the lens of the camera is oriented parallel 
to the plane formed by the three landmarks on the scapula using the callipers and a level. See text for further details. 



9 160 

12 6 

13 5 

3 

(:J 2 
16 20 3 

4 
5 

6 
8 7 

B 

Figure 3.2: Location of the 20 landmarks superimposed on the scapula (A) and coracoid 
(B) of theropods and Euparkeria. See Tables 3.3 and 3.4 for landmark descriptions. The 
points located within a box represent the midpoint of a line formed between two 
landmarks. This midpoint is used to determine semi-landmarks, using the fan (coracoid) 
and comb (scapula) tools. 
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Figure 3.3: Schematic of the phylogenetic analyses undertaken. A, Holtz's (2000) 
original data matrix, represented as an open square, is run in PAUP in order to test the 
consistency and repeatability ofHoltz's (2000) published results. B, Holtz's updated data 
matrix, represented as an open circle, is run in PAUP. Then only the taxa that are part of 
the coracoid or scapula data set (represented by a 'C' or 'S ', respectively, surrounded by 
an open circle) are rerun in PAUP. Since the relationships among some of the taxa are 
different from those proposed in Holtz (2000: fig. 5), the tree lengths are then compared 
to that of trees that are manipulated in MacClade to have the same relationships proposed 
by Holtz. C, Holtz' s updated matrix is inputted into MacClade, and the positions of 
Ceratosaurus, Caudipteryx, and Alvarezsauridae are manipulated to match the positions 
proposed by other phylogenetic analyses. D, Holtz' s updated matrix is inputted into 
MacClade, and then taxa not part of the coracoid or scapula data sets are deleted, and new 
scapulocoracoid characters are added to the matrix (see Tables 3.5 and 3.6). Open circles 
with 'CN' or ' SN' printed within them represent these two data sets. The resulting tree 
topologies are inputted into the TpsTree analysis. Abbreviations: CI=consistency index; 
EUM=Eumaniraptora; HI=homoplasy index; RC=rescaled consistency index; 
RI=retention index; TL=tree length; TOV=Therizinosauroidea+Oviraptorosauria clade. 



AD 
l PAUP 

TL=1404 
CI=0.442 
RI=0.618 
RC=0.273 
HI=0.647 

B 0 1 PAUP 

TL=1412 
CI=0.439 
RI=0.614 
RC=0.270 Hlr.649 

taxa not in coracoid/scapula data 
set deleted and rerun in PAUP 

I 
@ 
1 

TL=860 
TL compared to that j 
of trees manipulated in 
MacClade that have 
same topology as in 
Holtz (2000: fig. 5) 

TL=872 

\ 
0 1 PAUP 

TL=897 j MacClade 

TL=905 

/

C O Trees manipulated in MacClade to 

l match the following proposed 
to ologies 

Ceratosaurus Caudipteryx Alvarezsauridae 
1) Holtz (2000). Sister taxon to TOV, EUM clade. Chiappe (2001). 
2) Carrano and Sister taxon to TOY. Norell et al. (2001 ). Samprn (2002). (both Hrz, 2001) l 
1) TL=1412 * TL=1445 TL=1421 * 
2) TL=1422 TL=1443 * TL=1436 

D 0 t MacClade 
taxa not in coracoid/scapula data 
set deleted, and new scapulocoracoid 
characters added to the matrix 

/ 
@) @) 

TL=885 TL=917 
CI=0.64 CI=0.61 
RI=0.58 RI=0.61 
RC=0.37 RC=0.37 

/ 
tree topology and branch lengths 
entered into TpsTree analysis 

* preferred topology 



163 

Figure 3.4: Cladogram of theropod relationships. This tree is one of forty equally 
parsimonious trees (tree length= 1412, CI= 0.439, RI= 0.614, RC= 0.270, HI= 0.649). 
Taxa marked with an asterisk(*) are included in the TPS analyses. Nodal (D, E, G, I) and 
stem-based (A-C, F, H) names taken from Padian et al. (1999) and Holtz (2000). 
A=Theropoda; B=Ceratosauria; C=Tetanurae; D=Avetheropoda; E=Maniraptoriformes; 
F=Maniraptora; G=Eumaniraptora; H=Avialae; !=Aves. 
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Figure 3. 5: Cladogram of theropod relationships after taxa that were not part of the 
TpsTree coracoid data set were deleted in PAUP. The relative positions of Ceratosaurus, 
Troodontidae, Omithomimidae, and Tyrannosauridae ( all marked by an asterisk) are 
different from those in Holtz's (2000) cladogram (see Fig. 3.4). 
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Figure 3. 6: Phylogenetic analysis of Theropoda. In MacClade, ceratosaurs ( Ceratosaurus, 
marked by an asterisk, and Elaphrosaurus) and abelisauroids are constrained to a position 
closer to Tetanurae (labelled B) than to coelophysoids (labelled A), as proposed by 
Carrano and Sampson (2002). This results in a tree of 10 additional steps (tree 
length=1422, CI=0.44, RI= 0.61 , RC= 0.27). 
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Figure 3.7: Phylogenetic analysis ofTheropoda. In MacClade, Caudipteryx (marked by 
an asterisk) is placed as the sister taxon to the Therizinosauroidea+Oviraptorosauria clade 
(labelled node A), as in Holtz (2001: figs. 4a, 5a, 6a). This results in a tree length of 1443 
steps, a CI of 0.43, a RI of 0.61 , and a RC of 0.26. 
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Figure 3.8: Phylogenetic analysis of Theropoda. In MacClade, Alvarezsauridae (marked 
by an asterisk) is placed as the sister group to Avialae (labelled A), as proposed by 
Chiappe (2001 ). This results in a tree length of 1421 steps (CI= 0.44, RI= 0.61 , RC= 
0.27). 
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Figure 3.9: Phylogenetic analysis of the theropods included in the TpsTree coracoid data 
set. The tree length is 885 steps, CI is 0.64, RI is 0.58:, and RC is 0.37. The numbers in 
boxes are the branch lengths calculated in MacClade. This tree topology is entered into 
the TpsTree analysis for the coracoid data set. Taxa marked by an asterisk are not 
included in the scapula data set. 
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Figure 3.10: Phylogenetic analysis of the theropods included in the TpsTree scapula data 
set. The tree length is 917 steps, CI is 0.61, RI is 0.61, and RC is 0.37. The numbers in 
boxes are the branch lengths calculated in MacClade. This tree topology is entered into 
the TpsTree analysis for the scapula data set. Taxa marked by an asterisk are not included 
in the coracoid data set. 
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Figure 3.11: Example ofTPS grids showing parts of the grid associated with 
particular features of the coracoid (A) and scapula (B) of Tyrannosaurus. 
Ventral is towards the bottom of the page. 
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A C 

B D 

Figure 3 .12: Thin-plate spline grids of the coracoid showing transformations 
between the two endpoints. A and Bare part of the first data set comprised of 19 
landmarks, and C and Dare part of the second data set that includes LM 20 (biceps 
tubercle). Transformations are shown from the starting taxon (0 ) to the comparative 
taxon (• ). Vectors show the relative direction and magnitude of change. A and C, 
Euparkeria:Jeholornis. Band D, HTU I:HTU VIII . Ventral is indicated by a short 
grey arrow(• ). 



Figure 3 .13: Thin-plate spline grids of the coracoid showing transformations 
between sequential terminal taxa. Transformations are shown from the starting 
taxon (0 ) to the comparative taxon (e). Vectors show the relative direction and 
magnitude of change. A, Eup:Coe. B, Eup:Dil. C, Coe:Dil. D, Coe:Cer. E, Dil:Cer. 
F, Cer:Meg. G, Meg:All. H, All:Om. I, All:Tyr. J, Om:Tyr. K, Om:Cae. L, Tyr:Cae. 
M, Cae:Tro. N, Tro:Dro. 0, Dro:Alv. P, Dro:Ort. Q, Alv:Ort. Taxon abbreviations: 
All, Allosaurus; Alv, Alvarezsauridae; Cae, Caenagnathidae; Cer, Ceratosaurus; 
Coe, Coelophysidae; Di/, Dilophosaurus; Dro, Dromaeosauridae; Eup, Euparkeria; 
Meg, Megalosaurus; Om, Ornithomimidae; Ort, Ornithothoraces; Tro, 
Troodontidae; Tyr, Tyrannosauridae. Ventral is towards the bottom of the page, 
unless otherwise indicated by a short grey arrow(• ). 
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Figure 3.14: Summary figure of the thin-plate spline grids of the coracoid showing 
transformations between the starting taxon (0 ) and the comparative taxon (• ). The 
letter labels on each grid enable cross-referencing to the individual grids in Figure 
3.13, and the number labels refer to the comparative taxa. Vectors show the relative 
direction and magnitude of change. The phylogeny is the same as that in Figure 3.9. 
Branch lengths are shown proportional to the numbers of character changes at each 
node, as determined by MacClade. See Figure 3.13 for taxon abbreviations. 
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Figure 3 .15: Thin-plate spline grids of the coracoid showing transformations between 
the starting HTU (0 ) and the comparative HTU (• ). Vectors show the relative 
direction and magnitude of change. A, HTU I:II. B, HTU II:III. C, HTU III:IV. D, 
HTU IV:V. E, HTU V:VI. F, HTU VI:VII. G, HTU VII:VIII. Ventral is towards the 
bottom of the page, unless otherwise indicated by a short grey arrow(• ). 
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Figure 3.16: Summary figure of the thin-plate spline grids of the coracoid showing 
transformations between the starting HTU (0 ) and the comparative HTU (• ), 
marked by Roman numerals. The letter labels on each grid enable cross-referencing 
to the individual grids in Figure 3.15, and the number labels refer to the 
comparative HTUs. Vectors show the relative direction and magnitude of change. 
The phylogeny is the same as that in Figure 3 .9. Branch lengths are shown 
proportional to the numbers of character changes at each node, as determined by 
MacClade. See Figure 3 .13 for taxon abbreviations. Ventral is towards the bottom 
of the page, unless otherwise indicated by a short grey arrow (• ). 
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Figure 3.17: Thin-plate spline grids of the coracoid (with LM 20) showing 
transformations between sequential terminal taxa. Transformations are shown from 
the starting taxon (0 ) to the comparative taxon (e). Vectors show the relative 
direction and magnitude of change. See Figure 3 .13 for taxon abbreviations. A, 
Eup:Coe. B, Eup:Dil. C, Coe:Dil. D, Coe:Cer. E, Dil:Cer. F, Cer:Meg. G, Meg:All. 
H, All:Om. I, Al/:Tyr. J, Om:Tyr. K, Om:Cae. L, Tyr:Cae . M, Cae:Tro. N, Tro:Dro. 
0 , Dro:Alv. P, Dro:Ort. Q, Alv:Ort. Ventral is towards the bottom of the page, 
unless otherwise indicated by a short grey arrow(• ). 
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Figure 3.18: Thin-plate spline grids of the coracoid (with LM 20) showing 
transformations between the starting HTU (0 ) and the comparative HTU (• ). 
Vectors show the relative direction and magnitude of change. A, HTU 1:11. B, HTU 
II:III. C, HTU III:IV. D, HTU IV:V. E, HTU V:VI. F, HTU VI:VII. G, HTU 
VII: VIII. Ventral is towards the bottom of the page, unless otherwise indicated by a 
short grey arrow (• ). 
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Figure 3.19: Thin-plate spline grids of the scapula showing transformations 
between the two endpoints. Transformations are shown from the starting taxon (0) 
to the comparative taxon (e). Vectors show the relative direction and magnitude of 
change. A, Euparkeria:Archaeopteryx. B, HTU I:HTU VIII. Ventral is towards the 
bottom of the page. 
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Figure 3.20: Thin-plate spline grids of the scapula showing transformations 
between sequential terminal taxa. Transformations are shown from the starting 
taxon (0 ) to the comparative taxon (e ). Vectors show the relative direction and 
magnitude of change. A, Eup:Her. B, Her:Coe. C, Her:Dil. D , Coe:Dil. E, Coe:Cer. 
F, Dil:Cer. G, Cer:All. H, All:Om. I, A/l:Tyr. J, Om:Tyr. K, Om:Cau. L, Om:Ovi. 
M, Tyr:Cau. N, Tyr:Ovi. 0, Cau:Ovi. P, Cau:Tro. Q, Ovi:Tro. R, Tro:Dro. S, 
Dro:Alv. T, Dro:Arc. U, Alv:Arc. Taxon abbreviations: All, Allosaurus; Alv, 
Alvarezsauridae; Arc, Archaeopteryx; Cau, Caudipteryx; Cer, Ceratosaurus; Coe, 
Coelophysidae; Di/, Dilophosaurus; Dro, Dromaeosauridae; Eup, Euparkeria; Her, 
Herrerasauridae; Om, Ornithomimidae; Ovi, Oviraptoridae; Tro, Troodontidae; Tyr, 
Tyrannosauridae. Ventral is towards the bottom of the page. 

196 



197 

A D 2 

3 
B 2 H 

15 

C I 



J M 

3 
K N 

7 

6 

+15 
15~t r3 3 

L I 0 2 

7 

6 

5 

14 

15, ~ 43 

p 2 

15 

Q 

15 

R 

10 19 8 

6 

5 

4 

3 

I I lfl!) 3 

198 



199 

s 

T 

5 

15 

3 u 



Figure 3 .21: Summary figure of the thin-plate spline grids of the scapula showing 
transformations between terminal taxa. Transformations are shown from the 
starting taxon (0 ) to the comparative taxon (e). The letter labels on each grid enable 
cross-referencing to the individual grids in Figure 3.20, and the number labels refer 
to the comparative taxa. Vectors show the relative direction and magnitude of 
change. The phylogeny is the same as that in Figure 3.10. Branch lengths are 
shown proportional to the numbers of character changes at each node, as 
determined by MacClade. See Figure 3 .20 for taxon abbreviations. 
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Figure 3.22: Thin-plate spline grids of the scapula showing transformations 
between the starting HTU (0 ) and the comparative HTU (• ). Vectors show the 
relative direction and magnitude of change. A, HTU I:II. B, HTU II:III. C, HTU 
III:IV. D, HTU IV:V. E, HTU V:VI. F, HTU VI:VII. G, HTU VII:VIII. Ventral is 
towards the bottom of the page. 
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Figure 3.23: Summary figure of the thin-plate spline grids of the scapula showing 
transformations between the starting HTU (0 ) and the comparative HTU (e), 
marked by Roman numerals. Transformations are shown from The letter labels on 
each grid enable cross-referencing to the individual grids in Figure 3 .22. Vectors 
show the relative direction and magnitude of change. The phylogeny is the same as 
that in Figure 3.10. Branch lengths are shown proportional to the numbers of 
character changes at each node, as determined by MacClade. See Figure 3.20 for 
taxon abbreviations. 
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Figure 3.24: Vector plots and thin-plate spline grids of the Allosaurus coracoid 
showing transformations between the reference form (BYU 13318) (0 ) and 
specimens(• ) in increasing ontogenetic age. The diagrams on the left are the vector 
plots, which show the relative direction and magnitude of change from the 
reference form. The grids on the right are the TPS grids, which show the relative 
changes in landmark position of the specimen compared to the reference form (not 
shown). A, reference form. Band C, reference:DINO 11541. D and E, 
reference:MOR 693 . F and G, reference:TMP cast (ROM 5091). Hand I, 
reference:UUVP 40-232. Ventral is towards the bottom of the page. 
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Figure 3 .25: Vector plots and thin-plate spline grids of the Allosaurus coracoid 
showing transformations between specimens of adjacent developmental stages. 
Transformations are shown from the starting specimen (0 ) to the comparative 
specimen (• ). The diagrams on the left are the vector plots, which show the relative 
direction and magnitude of change from the starting specimen. The grids on the 
right are the TPS grids, which show the relative changes in landmark position of 
the comparative specimen compared to the starting specimen (not shown). A and B, 
BYU 13318:DINO 11541. C and D, DINO 11541 :MOR 693 . E and F, MOR 
693:TMP cast (ROM 5091). G and H, TMP cast (ROM 5091):UUVP 40-232. 
Ventral is towards the bottom of the page. 
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Figure 3 .26: Vector plots and thin-plate spline grids of the Allosaurus scapula 
showing transformations between the reference form (B YU 13 318) (0 ) and 
specimens (• ) in increasing ontogenetic age. The diagrams on the left are the vector 
plots, which show the relative direction and magnitude of change from the 
reference form. The grids on the right are the TPS grids, which show the relative 
changes in landmark position of the specimen compared to the reference form (not 
shown). A, reference form. B and C, reference:DINO 11541 . D and E, 
reference:UUVP 11497. F and G, reference:BYU 4901. Ventral is towards the 
bottom of the page. 
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Figure 3 .27: Vector plots and thin-plate spline grids of the Allosaurus scapula 
showing transformations between specimens of adjacent developmental stages. 
Transformations are shown from the starting specimen (0 ) to the comparative 
specimen (• ). The diagrams on the left are the vector plots, which show the relative 
direction and magnitude of change from the starting specimen. The grids on the 
right are the TPS grids, which show the relative changes in landmark position of 
the comparative specimen compared to the starting specimen (not shown). A and B, 
BYU 13318:DINO 11541. C and D, DINO 11541:UUVP 11497. E and F, UUVP 
11497:BYU 4901. Ventral is towards the bottom of the page. 
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Higher Taxon Representative Taxon Specimen number Element Oriented 
Euparkeria Euparkeria capensis AMNH 5867 cast of S.A.M. 5867 R. coracoid 
Coelophysidae Coelophysis bauri AMNH7224 R. coracoid 
Dilophosaurus Dilophosaurus wetherilli ROM 46220 cast of UCMP V37302 R. coracoid 
Ceratosaurus Ceratosaurus dentisulcatus UUVP 317 R. coracoid 
Megalosaurus megalosaurid TMP 98.112.2 (cast) L. coracoid 
Allosaurus Allosaurus fragilis TMP cast of ROM 5091 R. coracoid 
Ornithomimidae Ornithomimus edmontonicus NMC 8632 R. coracoid 
Tyrannosauridae Tyrannosaurus rex FMNH PR 2081 (cast) L. coracoid 
Caenagnathidae Chirostenotes pergracilis TMP 79.20.1 R. coracoid 
Dromaeosauridae Saurornitholestes langstoni TMP 88.121.39 R. coracoid 
Troodontidae Sinornithoides youngi IVPP V9612 L. coracoid 
Alvarezsauridae Mononykus olecranus AMNH 30236 cast ofIGM 107/6 L. coracoid 
Ornithothoraces Jeholornis prima IVPP V13274 R. coracoid 

Table 3.1: Theropod (and Euparkeria) coracoid specimens sampled for the TpsTree analysis. Only the 
higher taxon names are included on the cladogram (Figure 3.9). 



Higher Taxon Representative Taxon Specimen number Element Oriented 
Euparkeria Euparkeria capensis AMNH 5867 cast of S.A.M. 5867 R. scapula 
Herrerasauridae Herrerasaurus ischigualastensis FMNH PR 1805 cast of PVSJ 53 R. scapula 
Coelophysidae Coelophysis bauri TMP 84.63.1 R. scapula 
Dilophosaurus Dilophosaurus wetherilli ROM 46220 cast of UCMP V37302 R. scapula 
Ceratosaurus Ceratosaurus dentisulcatus UUVP 317 R. scapula 
Allosaurus Allosaurus fragilis UUVP 11497 R. scapula 
Tyrannosauridae Tyrannosaurus rex FMNH PR 2081 (cast) L. scapula 
Ornithomimidae Struthiomimus altus TMP cast ofBHI 1266 R. scapula 
Caudipteryx Caudipteryx zoui TMP cast ofNGMC 97-9-A R. scapula 
Oviraptoridae Ingenia yanshini IGM 100/32 L. scapula 
Troodontidae Troodon formosus MOR 553S 7.24.91.196 R. scapula 
Dromaeosauridae Velociraptor mongoliensis IGM 94.07.28 R. scapula 
Alvarezsauridae Mononykus olecranus AMNH 30236 cast of IGM 107/6 L. scapula 
Archaeopteryx Archaeopteryx l ithographica AMNH 4914B cast of BM 37001 R. scapula 

Table 3.2: Theropod (and Euparkeria) scapula specimens sampled for the TpsTree analysis. Only the higher 
taxon names are included on the theropod cladogram (Figure 3.10). 
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Table 3.3: Description of the 20 landmarks superimposed on the coracoid. See Figure 
3.2B for the location of the landmarks. Landmarks are classifed according to Bookstein 
(1991, 1997). 

Landmark 
1 
2 

3-15 
16 
17 
18 
19 
20 

Description 
Posteriormost limit of glenoid lip on scapulocoracoid suture 
Anteriormost point on scapulocoracoid suture 
Points at 10° increments along anteroventral edge of coracoid 
Posteriormost projection of posterior coracoid process 
Anteriormost point on the posterior margin of the coracoid 
Ventralmost limit of the glenoid facet 
Centre of coracoid foramen 
Apex of biceps tubercle 

Landmark Type 
Type 1 
Type 1 

Semi-landmarks 
Type2 
Type 3 
Type2 
Type 1 
Type2 



Landmark Description Landmark Type 
1 Posteriormost limit of glenoid lip on scapulocoracoid suture Type 1 
2 Anteriormost point on scapulocoracoid suture Type 1 
3 Anteriormost projection of acromion process Type2 
4 Point of inflection on the curve between scapular blade and acromion Type2 
5 1/4 of the length of the scapular blade, on anterior edge of blade Semi-landmark 
6 1/2 of the length of the scapular blade, on anterior edge of blade Semi-landmark 
7 3/4 of the length of the scapular blade, on anterior edge of blade Semi-landmark 
8 Anteriormost projection on distal end of scapular blade Type 3 
9 Dorsalmost projection on distal end of scapular blade Type 3 
10 Posteriormost projection on distal end of scapular blade Type 3 
11 3/4 of the length of the scapular blade, on posterior edge of blade Semi-landmark 
12 1/2 of the length of the scapular blade, on posterior edge of blade Semi-landmark 
13 1/4 of the length of the scapular blade, on posterior edge of blade Semi-landmark 
14 Point of inflection on the curve between scapular blade and glenoid Type2 
15 Dorsalmost limit of glenoid facet Type2 

Table 3.4: Description of the 15 landmarks superimposed on the scapula. See Figure 3.2A for the 
location of the landmarks. Landmarks are classifed according to Bookstein ( 1991, 1997). 
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Table 3.5 : Scapulocoracoid characters added to Holtz's (2000) corrected character matrix. 
Character state designation based on outgroup comparison. Scoring: O=primitive state; 1 
or 2=derived character states. Characters 211-220 replace those of Holtz (2000), and 
characters 387-392 are additional characters added to the matrix. 

Char Character Description 
211 Coracoid, biceps tubercle(= acrocoracoidal process): 0, absent; 1, present. (Holtz, 

2000: char. 219) 
212 Coracoid, supracoracoid nerve foramen: 0, centrally located; 1, displaced ( often as 

an incision) toward the anterior margin of the coracoid. (modified from Chiappe et 
al. , 1998: char. 35) 

213 Coracoid, posterior coracoid process, length: 0, length from glenoid lip to tip of 
posterior coracoid process less than or equal to the diameter of the coracoid glenoid 
facet; 1, more than twice the diameter of the coracoid glenoid facet. (modified from 
Sereno, 1999: char. 55) 

214 Coracoid, posterior coracoid process, shape: 0, subtriangular; 1, crescentic. 
(modified from Sereno, 1999: char. 28) 

215 Coracoid, biceps tubercle (=acrocoracoid process) is located: 0, ventral to glenoid 
facet of coracoid; 1, dorsal to the glenoid facet of coracoid. (Chiappe, 1996: char. 
24; Sereno, 1999: char. 69) 

216 Coracoid, dimensions: 0, subcircular, anteroposteriorly long and dorsoventrally 
short; 1, subrectangular, anteroposteriorly short and dorsoventrally long. (modified 
from Novas, 1996: char. M8; also see Holtz, 2000: char. 217) 

217 Scapula, relationship of blade to acromial process: 0, grades smoothly; 1, abrupt 
change, nearly perpendicular to blade. (Harris, 1998: char. 85; Holtz, 2000: char. 
214) 

218 Scapula, width of distal end divided by length of blade: 0, 0.5 or more; 1, 0.33 or 
less. (modified from Holtz, 2000: char. 211) 

219 Scapula, acromion: 0, indistinct (anteriorly low); 1, prominent (anteriorly 
expanded); 2, reduced (anteriorly low). [ordered] (modified from Holtz, 2000: char. 
213) 

220 Scapula, ventral projection (tip) of acromion extends: 0, anterior to the glenoid 
fossa; 1, ventral to the glenoid fossa (with the central axis of the scapular blade held 
horizontal). (modified from Forster et al. , 1998: char. 44; Sereno, 1999: char. 106) 

387 Scapula, acromion: 0, margin continuous with scapular blade; 1, anterior edge 
laterally everted. (Xu et al. , 2002: char. 107) 

388 Scapula, distal end: 0, broad (greater in width than midlength of scapular blade) and 
rounded; 1, reduced (subequal in width to midlength of scapular blade) and squarish; 
2, reduced and tapered to sharp point. [ordered] (modified from Holtz, 2000: char. 
212; Chiappe, 2001: char. 65 ; Paul, 2002) 
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389 Scapula and coracoid: 0, form a continuous arc in posterior and anterior views; 1, 

coracoid inflected medially, scapulocoracoid 'L' shaped in lateral view. (Norell et 
al. , 2001 : char. 139) 

390 Scapulocoracoid, glenoid fossa faces : 0, posteriorly or posterolaterally; 1, laterally. 
(Norell et al. , 2001: char. 140) 

391 Scapulocoracoid, scapula articulates with coracoid: 0, through a broad, sutured 
articulation; 1, through more localized, less extensive facets. (Chiappe et al., 1998: 
char. 30) 

392 Scapulocoracoid, acromion: 0, contacts the coracoid; 1, free from contact with the 
coracoid. 



Taxon/Character number 211 212 213 214 215 216 217 218 219 220 387 388 389 390 391 
All-zero outgroup (Euparkeria) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Allosaurus 1 0 0 1 0 0 1 1 1 0 0 0 0 0 0 
Alvarezsauridae 0 0 1 1 0 0 0 1 2 0 0 0 0 0 0 
Archaeopteryx 1 0 1 1 0 1 0 1 2 1 1 1 1 1 0 
Caenagnathidae 1 0 1 1 0 1 ? ? ? ? ? ? ? 0 0 
Ceratosaurus 1 0 0 0 0 0 0 1 1 0 0 0 0 0 0 
Coelophysidae 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 
D ilophosaurus 1 0 0 0 0 0 1 0 1 0 0 0 0 0 0 
Dromaeosauridae 1 0 1 1 0 1 0 1 2 1 1 1 1 1 0 
Megalosaurus 1 0 0 0 0 0 0 1 1 0 0 1 0 0 0 
Ornithomimidae 1 0 0 1 0 0 0 1 2 0 0 0 0 0 0 
Ornithothoraces (Jeholornis) 1 1 1 1 1 1 0 1 2 ? ? 2 ? 1 1 
Oviraptoridae 1 0 1 1 0 0 0 1 2 0 1 1 0 0 0 
Troodontidae 1 0 1 1 0 1 0 1 2 1 1 1 1 1 0 
Tyrannosauridae 1 0 1 1 0 0 1 1 1 0 0 0 0 0 0 
Herrerasauridae 0 0 0 0 0 0 1 1 1 0 0 1 0 0 0 
Caudipteryx 1 0 1 1 0 0 0 1 2 0 0 0 ? 0 0 

Table 3.6: Data matrix for the scapulocoracoid characters added to Holtz's (2000) corrected data matrix. 
Scoring: 0=primitive state; 1 or 2=derived character states; ?=data missing due to lack of preservation 
of that feature. Character state designation is based on outgroup comparison. Characters 211-220 
replace those of Holtz (2000), and characters 387-392 are additional characters added to the matrix. 

392 
0 
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222 

Table 3.7: Allosaurus scapulocoracoid specimens sampled for the TpsSpline ontogenetic 
analysis. Specimens are listed in increasing ontogenetic age. Ontogenetic age of 
specimens determined by comparison with DINO 11541 and MOR 693, both subadult 
individuals (Chure, 2001; Hanna, 2002). 

Taxon Specimen number Elements Oriented Ontogenetic Stage 
Allosaurus fragilis BYU 13318 L. coracoid and scapula juvenile 
Allosaurus n.sp. 1 DINO 11541 R. coracoid and scapula subadult 
Allosaurus fragil is MOR693 R. coracoid subadult 
Allosaurus fragilis TMP cast of ROM 5091 R. coracoid subadult to adult 
Allosaurus fragilis UUVP 11497 R. scapula subadult to adult 
Allosaurus fragilis UUVP 40-232 R. coracoid adult 
Allosaurus fragilis BYU 4901 R. scapula adult 

1: This specimen may be a new species of Allosaurus; however, the species diagnosis is not yet published 
(see Chure, 2001). 
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Chapter 4: Muscle Reconstruction of the Theropod Shoulder Girdle 

4.1 Introduction 

Reconstruction of the musculature of the theropod shoulder apparatus will aid in 

elucidating the functional morphology of the theropod shoulder girdle and forelimb, 

which is poorly understood at present. In addition, the morphological transformations 

within the theropod scapulocoracoid, as revealed by thin-plate spline analyses and 

qualitative comparisons, may be correlated to changes in muscular attachment and function 

of the shoulder girdle muscles. The muscle reconstruction may therefore determine if 

there is a significant functional shift in the shoulder musculature of derived theropods 

leading up to development of powered flight in birds. 

There are relatively few published reconstructions of the musculature of the 

theropod shoulder apparatus. Theropod shoulder girdle musculature has been 

reconstructed for Deinonychus (Ostrom, 1974), Syntarsus (Raath, 1977), Struthiomimus 

(Nicholls and Russell, 1985), Edmarka (Bakker et al. , 1992), and Tyrannosaurus 

(Carpenter and Smith, 2001). Some of these have been heavily based upon a single 

extant model, such as crocodilians (Bakker et al., 1992) or birds (Carpenter and Smith, 

2001 ), resulting in incompletely informed renditions. It is also apparent that many 

previous reconstructions that have used crocodilians or birds as models for the theropod 

shoulder musculature (for example, Raath, 1977~ Carpenter and Smith, 2001) are based 

on published accounts of the myology of these extant archosaurs rather than on actual 

dissections. Thus, these studies do not consider correlations between the shoulder girdle 

muscles and their osteological correlates in extant archosaurs. Furthermore, the 
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relationships between the shoulder girdle muscles (muscle topology) of these extant 

archosaurs are not taken into account in these reconstructions of theropod shoulder girdle 

musculature. Thus, there is a danger of simply superimposing the musculature of 

crocodilians or birds onto the theropod shoulder girdle, and ignoring these important 

factors . 

However, the reconstructions of Ostrom (1974) and Nicholls and Russell (1985) 

are exceptions. Each assessed the theropod shoulder girdle musculature based on both 

phylogenetic inference and functional inference, using crocodilians and birds as 

phylogenetic comparisons, and lepidosauromorphs as functional analogues. 

Unfortunately, Ostrom's (1974) reconstruction was based on an incorrect positioning of 

the glenoid and the coracoid of Deinonychus. In addition, both of these studies only 

focused on the major shoulder girdle muscles. Hence a more comprehensive 

reconstruction of the theropod shoulder is warranted in order to understand changes in 

muscular form and function from theropods to birds. 

This study uses an integrative approach to understand the form and function of the 

theropod shoulder apparatus through comparative studies of musculature of extant taxa. 

Two comparative methods, phylogenetic inference and extrapolatory analysis (Bryant 

and Russell, 1992), have been applied in order to predict the unpreserved attributes of the 

theropod shoulder girdle. The musculature of the theropod shoulder apparatus is 

reconstructed based on osteological evidence and comparisons to extant archosaurs and 

lepidosauromorphs. 

Literature describing the shoulder girdle musculature of extant archosaurs is 

limited. The myology of the crocodilian shoulder girdle has been largely ignored in the 
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literature, with the exception of studies by Cong et al. (1998) and Meers (1999). 

However, there are inconsistencies in some of their descriptions and identifications of the 

shoulder girdle musculature. No recent, comprehensive study of the shoulder girdle 

musculature of Struthio or any other large paleognathous bird has been published. 

Osteological correlates of the avian shoulder girdle musculature have only been 

thoroughly documented in two bird species, Apteryx and Gallirallus (McGowan 1982, 

1986). Thus, a thorough examination of the shoulder girdle musculature of these 

archosaurian groups is necessary before the shoulder girdle musculature of theropods can 

be accurately and methodically reconstructed. 

In this study, the osteology of the shoulder girdle and humerus of crocodilians, 

neognathous birds, paleognathous birds ( using Struthio as a proxy for paleognaths ), and 

non-avian theropods are first discussed. The musculature of the shoulder girdle and 

upper forelimb of extant archosaurs are then described. The homology of shoulder girdle 

muscles among the extant archosaurs was established prior to completion of a 

comprehensive description of the musculature and the osteological correlates of these 

structures. Lastly, using the two comparative methodologies, the shoulder girdle 

musculature of a dromaeosaurid, a eumaniraptoran theropod, is reconstructed. 

Each muscle of the theropod shoulder girdle has been categorized as either being 

unequivocally or equivocally present in theropods, based on phylogenetic inference. 

Also, a comparison of muscle attachment sites for basal theropods and derived coelurosaurs 

was conducted to determine whether functional changes occurred that coincided with 

changes in scapulocoracoid morphology. 
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4.2 Material and Methods 

In this section, developmental terminology for orientation of the scapulocoracoid 

and humerus, standardized with reference to the main body axis, is used ( see Chapter 2, 

section 2.2). The developmental and positional orientation terminology of 

lepidosauromorphs follows that of Russell and Bauer ( in press). The developmental and 

positional terminology of the scapulocoracoid and humerus is the same in crocodilians 

(Fig. 2.4). The terminology used for theropods and birds was discussed in Chapter 2 

(Figs. 2.2, 2.3). The use of developmental terminology for birds differs from the 

positional terminology used in Nomina Anatomica Avium (Baumel et al. , 1979, 1993), 

but its adoption here enables application of standardized orientational terminology across 

all taxa examined in this study. Correlative terms for each developmental directional 

term of non-avian and avian theropods are presented in Table 2.2 to enable comparison 

with other works of narrower phylogenetic scope. 

Dissections of the shoulder musculature of crocodilians and birds were a 

necessary prelude to the attempts to reconstruct the musculature of the theropod shoulder. 

This background provides the basis for the functional interpretation of the theropod 

forelimb. In this study, a broad range of extant archosaurian taxa was examined. In total, 

the shoulder region and upper arm of four specimens of crocodilians and six genera of 

birds (Fig. 4.1) were dissected, as follows (numbers in parentheses refer to number of 

specimens): Caiman sp. (3), Alligator mississippiensis (young juvenile) (1), Buteo 

swainsoni (1), Cygnus buccinator (1), Cygnus columbianus (1), Meleagris gallopavo (2), 

Pelecanus erythrorhynchos (1), Pelecanus occidentalis (1), Pica pica (5), Struthio 

came/us (2 subadults, 1 chick, 1 partial adult specimen). The following skeletal material 
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from the University of Calgary Museum of Zoology (UCMZ) collections was 

examined in conjunction with dissections: Alligator mississippiensis (l ), Caiman sp. (2), 

Crocodylus sp. (1 ), Buteo swainsoni (2), Cygnus buccinator (2), Cygnus olors (2), Pica 

pica ( 4 ), and Struthio camel us (l ). All individuals died of natural causes, and were 

obtained from Alberta Fish and Wildlife, Calgary Zoo, Reptile World, Andres farm, or 

Bovry Exports. 

By convention, avian myological nomenclature follows that presented in the 

Nomina Anatomica Avium (Vanden Berge and Zweers, 1993), and the nomenclature of 

crocodilians follows that of Jollie (1962) and Cong et al. (1998). Homologies of the 

shoulder musculature of crocodilians and birds are based, as far as possible, on muscle 

homologies reported in the literature (Howell, 1937; Romer, 1944; Sullivan, 1962; 

George and Berger, 1966; Nicholls and Russell, 1985~ Vanden Berge and Zweers, 1993; 

Cong et al., 1998). In some instances, however, homologies are somewhat equivocal 

and/or difficult to establish. These examples are noted and more fully discussed in 

relevant parts of the text. The muscle homologies for crocodilians and birds are listed in 

Table 4.1. 

In this study, each individual shoulder muscle was isolated and photographed as 

each specimen was dissected. The gross action of a particular muscle was then assessed 

by pulling on the insertion tendon. The muscle was then transected and trimmed so that 

only the origin and insertion ends remained. Muscle attachment areas on the shoulder 

girdle and humerus were then mapped onto the comparative skeletal material (if 

available) with a wax pencil, and subsequently illustrated. 
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In conjunction with dissections, identification of muscle scars and other 

osteological correlates were used to assess whether the presence of muscles can be 

inferred from osteological material alone. Muscle scars or osteological correlates of 

muscle attachment manifest themselves on bones in three ways: 1) as pits or rugose scars 

due to tendinous (Hutchinson, 2001 b) or aponeurotic attachments (Bryant and Seymour, 

1990); 2) as crests; or 3) as smooth bone surfaces due to fleshy (direct) attachments 

(Hutchinson, 2001 b ). Although fleshy attachments usually do not leave scars, 

Hieronymus (2002) revealed that a bony ridge might outline the extent of some fleshy 

muscle attachments. Osteological correlates may correlate directly or indirectly with the 

site of muscle attachment (Hutchinson, 2001 b ). A direct osteological correlate is found 

precisely at the location of a muscle attachment. An indirect osteological correlate is 

located adjacent to or between muscle attachments. An example of the indirect 

osteological correlate would be the intermuscular lines that may separate a fleshy 

attachment from other muscles (Hutchinson, 2001 a). 

Comparative methods such as phylogenetic inference and extrapolatory analysis 

(Bryant and Russell, 1992) were used to predict the musculature of the theropod shoulder 

girdle. Phylogenetic inference can be used to predict features not preserved in theropods, 

based on the presence of features in the two extant taxa that bracket them, the 

crocodilians and birds. Thus, crocodilians, which are the sister group of non-avian 

theropods, and birds, which are descendents of theropods, were both considered when 

reconstructing the shoulder musculature of theropods. If these two extant groups share 

the same character state or feature, an unequivocal decision is possible for the extinct 

taxon (Bryant and Russell, 1992). However, if the two extant groups have different 
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character states, then the situation may be resolvable by reference to one or more 

distantly related (but structurally similar for the region in question) extant taxa, such as 

chameleons. If not, the character state remains equivocal. The character state of the 

closest sister group cannot be overruled by more distantly related groups. 

Extrapolatory analysis involves inference from comparative anatomy based on 

preserved features of theropods to elucidate functional anatomy. The use of 

extrapolatory analysis in conjunction with phylogenetic inference is important because 

the former can predict autapomorphic features of theropods not found in phylogenetically 

related taxa (Bryant and Russell, 1992). Functional inference (form-function 

correlations) and osteological correlates are included in the extrapolatory analysis. Form-

function correlations attempt to extrapolate function from a given structure (Bryant and 

Russell, 1992). An extant taxon with a similar structure to that of the fossil taxon is used 

as an analogue to predict the unpreserved attributes of that fossil tax on. The shoulder 

girdle of chameleons (lepidosauromorphs) has a similar morphology to that of theropods, 

and was extensively studied by Skinner (1959) and Peterson (1973). The chameleon 

shoulder girdle was used by Nicholls and Russell (1985) to demonstrate analogous form-

function possibilities in the shoulder girdle of theropods, and is used in this study to 

provide a secondary level of comparison when the extant phylogenetic bracketing of a 

muscle produces equivocal results. 

In addition to functional inferences, osteological features preserved on the 

shoulder girdle elements were used to corroborate the bracketed inference of shoulder 

girdle musculature. Possible muscle scars were identified on the shoulder girdle 

elements, either as rugosities, depressions, or ridges, and then compared to those found 
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on the corresponding areas in birds and crocodilians. Identification of a muscle scar 

is dependent on both the level of maturity of the individual (Raath, 1990) and the quality 

of preservation of the elements. For instance, younger individuals and smaller, more 

gracile individuals are less likely to have visible muscle scars (Raath, 1990; Hutchinson, 

2001a). 

4.3 Results 

4.3.1 Osteology of the Shoulder Region 

4. 3 .1 .1 Crocodylia 

The crocodilian shoulder girdle consists of paired scapulae and coracoids, a 

sternum, and an interclavicle. The scapulocoracoids are elongate, unfused, and curved to 

fit the body outline (Fig. 4.2). The acromion process (or scapular prominence) of the 

scapula is dorsoventrally broad, anteriorly high, and concave laterally (Fig. 4.2A). There 

is a small rugose scar just dorsal to the glenoid facet of the scapula demarcating the 

attachment of the tendon of origin of the M . triceps brachii caput scapulare (Fig. 4.2A). 

The distal end of the scapula slightly broadens anteroposteriorly and provides attachment 

area for the suprascapular cartilage (Fig. 4.2A). Contra Nicholls and Russell (1985), a 

small tubercle, correlating with the tendon of origin of the M. biceps, occurs on the 

anterior edge of the coracoid, ventral to the coracoid foramen (Fig. 4 .2A). The ventral 

half of the coracoid is greatly expanded anteroposteriorly, and there is a small, thin 

posterior coracoid process (Nicholls and Russell, 1985). The glenoid is hemisellar 

(Jenkins, 1993) and faces posterolaterally. 
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The anterior part of the sternum of crocodilians is a flat, diamond shaped, 

cartilaginous plate, and the anterolateral edges are grooved for articulation with the 

ventral edges of the coracoids. The posterior end of the sternum. is drawn out into the 

long narrow xiphisternum. A long, rod-shaped interclavicle is fused along the midline of 

the sternum in crocodiles, and extends anteriorly to the sternum.. Instead of possessing 

bony clavicles, anterior scapulostemal ligaments extend from each scapular prominence 

to the interclavicle and anterior edges of the sternum (Nicholls and Russell, 1985). 

The most prominent non-articular feature of the crocodilian humerus is the 

deltopectoral crest (Fig. 4.3B). It is triangular in anterior view and is developed close to 

the proximal head of the humerus. In anterior view, the proximal and distal ends of the 

humerus are torsionally offset relative to each other. There are two tuberosities on the 

proximal end of the humerus: posterior and anterior (Fig. 4.3A). An oval, rugose scar, 

correlating with the insertion of the M. latissimus dorsi, is present on the proximodorsal 

surface of the humerus (Figs. 4.3B, C). 

4.3.1.2 Neognathous birds 

Neognathous birds have distally-tapering strap-like scapulae, strut-like coracoids 

(Figs. 4. 4, 4. 5), large keeled sterna, and furculae. Compared to the condition found in 

crocodilians, the neognath coracoid is rotated anterornedially relative to the scapula. The 

scapula and coracoid are not fused, and articulate with each other at an angle less than 

90°. However, early in ontogeny it is evident that the coracoid and scapula articulate 

with each other at an obtuse angle (Olson, 1973). The acrornion process of the scapula is 

narrow and directed ventrally (Fig. 4.4A). The elongate coracoids brace against the 
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anterior margin of the sternum. There is a small, thin posterior coracoid process 

(=Processus lateralis ofBaumel and Witmer [1993]) present on the posteroventral edge of 

the coracoid (Fig. 4.5B). The dorsally situated acrocoracoid process of the coracoid 

(Figs. 4.4B, 4.5A, B) is hypothesized to be homologous to the biceps tubercle of 

theropods (Ostrom, 1976a). There are usually three scars present on the acrocoracoid 

process that correlate with the origins of the M. coracobrachialis cranialis, M. biceps 

brachii, and the Ligamentum acrocoracohumerale. The triosseal canal, which is usually 

formed by the acrocoracoid process, procoracoid process (Fig. 4.5A), acromion, and 

furcula (Baumel and Witmer, 1993), is important in the functioning of the M. 

supracoracoideus. As in crocodilians, the glenoid is hemisellar (Fig. 4.4A), but faces 

dorsolaterally (Jenkins, 1993). 

The sternum is transversely wide and strongly keeled on the midline. The anterior 

edge of the sternum is characterized by deep coracosternal grooves for the articulation of 

the ventral edges of the coracoids. Posterior to these grooves are the paired craniolateral 

processes, followed by the costal processes that articulate with the sternal ribs. The 

posterior area of the sternum has processes, such as the lateral trabeculae, that vary in 

shape and size among different groups of birds (Baumel, 1979). 

The morphology of the furcula varies immensely among bird groups (Weitzel, 

1865; Hui, 2002). In most birds, the furcula is generally a narrow, V-shaped structure, 

although it is more U-shaped in soaring birds (Hui, 2002). The furcula may be 

completely or incompletely fused medially (Weitzel, 1865). The unfused condition is 

apparent in some volant parrots, which have small splint-like clavicles joined ventrally by 

a ligament (Glenny and Friedmann, 1954). Near the midline of the furcula in some birds, 
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a ventrally directed triangular process, the hypocleideum, may also occur. The 

epicleideal ends of the furcula articulate with the acromion and the acrocoracoid process. 

A large deltopectoral crest characterizes the neognath humerus (Fig. 4.6). It is 

rounded in anterior view, and expands along the proximal one-third of the humeral shaft. 

Unlike the crocodilian humerus, the proximal and distal humeral ends exhibit almost no 

torsion relative to each other (see Chiappe et al., 1998). The proximal end of the 

humerus, near the articular head, is characterized by two distinct tubercles: the posterior 

and anterior tubercles (Tuberculum ventrale and dorsale, respectively, ofBaumel and 

Witmer [1993]) (Fig. 4.6B). There are many osteological correlates of soft tissues on the 

humerus (Figs. 4.6A, B). These are discussed in conjunction with the muscle 

descriptions (section 4.3.2). 

4.3.1.3 Paleognathous birds 

The shoulder girdle of Struthio came/us consists of paired scapulocoracoids (Fig. 

4.8) and a large, keel-less sternum. As in neognathous birds, the coracoid has been 

rotated anteromedially relative to the scapula (Nicholls and Russell, 1985). However, 

unlike the condition in neognaths, the scapula and coracoid are fused in adult individuals, 

and articulate with each other at a wide, obtuse angle. During ontogeny, the cartilaginous 

extension of the anteroventral corner of the scapula and anterodorsal corner of the 

coracoid begins to ossify ventrally (Fig. 4.8A). Broom (1906) referred to this bony 

ventral extension as the prescapular process. However, in subadult individuals of 

Struthio (younger than 12 months old) where the scapulocoracoid suture is still visible, it 

is apparent that both the scapula and coracoid contribute to this process; therefore it is 
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more correctly referred to as the scapulocoracoid process (Fig. 4.8A). A large 

foramen is formed as a result of the extension of the scapulocoracoid process. This 

foramen is not homologous to the coracoid foramen oftheropods (Cracraft, 1974), and 

therefore is referred to as the scapulocoracoid foramen (Fig. 4.8A). The posterior 

coracoid process is thick and blunt (Fig. 4.8A). There are two tuberosities that occur on 

the lateral face of the scapulocoracoid. The acrocoracoid tuberosity (McGowan, 1982), 

or the biceps tubercle ofNicholls and Russell (1985), occurs close to the posterior edge 

of the coracoid, just ventral to the glenoid fossa (Fig. 4.8A). This tuberosity 

accommodates the origins of three muscles: the M. deltoideus minor, M. biceps brachii, 

and M. coracobrachialis cranialis (Fig. 4.8A), and therefore it is more correctly referred 

to as the acrocoracoid tuberosity. The acromial tuberosity (Fig. 4.8A) is more 

pronounced than the acrocoracoid tuberosity and is located anterior to the glenoid. The 

glenoid fossa (Fig. 4.8A) is developed on the posterior edge of the scapulocoracoid, but 

in life it faces laterally and is covered by thick articular cartilage. 

The sternum lacks a keel, and the paired sternal plates may remain unfused until 

late in ontogeny. There is a pair of triangular craniolateral processes that border the 

anteriorly situated, large coracostemal grooves. 

Unlike that of neognaths, the ostrich humerus is quite featureless, resembling a 

long narrow cylinder that is slightly bowed (Fig. 4.9). It lacks a deltopectoral crest, the 

most prominent feature of the humerus of neognathous birds. It also lacks distinctive 

posterior and anterior tubercles on the proximal end of the humerus. Instead, the 

posterior and anterior edges of the proximal end of the humerus are referred to as the 

posterior, and anterior tuberosity, respectively (Fig. 4.9A). The articular surfaces of the 
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proximal and distal ends of the bony humerus are weakly differentiated, being mainly 

evident as articular cartilage. A narrow crest correlating with the insertion of the M. 

latissimus dorsi cranialis extends along the central one-third of the humeral shaft on its 

dorsal side (Fig. 4.9B). There is a low tuberosity on the ventral side of the proximal part 

of the humerus (Fig. 4.9A) for the insertion tendon of the M. supracoracoideus. 

4.3.1.4 Non-avian theropods 

The shoulder girdle of non-avian theropods consists of paired scapulocoracoids 

and paired sternal plates. A furcula is also present in many tetanurans (Lipkin and 

Sereno, 2002). This study mainly focuses on the dromaeosaurids, including specimens of 

Saurornitholestes langstoni (TMP 88.39.121 , TMP 92.36.333 ; Table 2.1), Velociraptor 

mongoliensis (Table 2.1), and Deinonychus antirrhopus (Ostrom, 1969, 1974), but other 

maniraptorans are considered as well, such as troodontids and oviraptorids. The nearly 

complete scapulocoracoid of Saurornitholestes (Fig. 2.5) was described in Chapter 2, 

section 2.3.16. 

There are only a few non-coelurosaurian theropod specimens with preserved 

sternal elements, such as Carnotaurus (Bonaparte et al., 1990), which has unfused, paired 

plates, and Sinraptor, which has fused, unpaired sternal plates (Currie and Zhao, 1993). 

However, these sternal elements are irregularly shaped and lack any recognisable 

features . Sternal elements are more commonly found in maniraptorans, including 

dromaeosaurids and oviraptorids (Norell and Makovicky, 1997; Clark et al., 1999), and 

may consist of either paired or fused sternal plates. The dromaeosaurid sternum consists 

of paired, relatively flat, subrectangular plates that articulate along a straight midline 
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suture. The coracostemal groove is an elongate, rugose sulcus that is situated on the 

anterior margin of each sternal plate, and articulates with the ventral edge of the coracoid. 

Unlike the situation in modem neognathous birds, the sternum lacks both a carina and 

paired craniolateral processes. There are at least three rib facets along the costal margin 

for the articulation of sternal ribs. Posterior to the costal margin, there are a pair of stout 

processes, considered homologous to the lateral trabeculae found on the posterior part of 

the avian sternum (Clark et al., 1999). These short, posterior processes do not articulate 

with the sternal ribs, and in dromaeosaurids, do not project laterally past the anterolateral 

comer of the sternum, unlike the posterior processes of oviraptorids ( see Clark et al. , 

1999: fig. 10). 

There has been some consideration regarding the position of the theropod 

scapulocoracoid in life relative to the rib cage (Carpenter et al. , 1994; Norell and 

Makovicky, 1999; Paul, 2002; Carpenter, 2002). As in other tetrapods, the shoulder 

girdle is suspended from the vertebral column via muscles, and consequently no direct 

osseous connection exists between the shoulder girdle and the vertebral column. 

However, the coracostemal articulation dictates how the scapulocoracoid is oriented on 

the body wall. In most theropods, the ventral edges of the lateral-facing coracoids appear 

to have articulated with the anterolateral edges of the sternum, as they do in crocodilians, 

resulting in a more vertical position of the scapulocoracoid (Paul, 2002). However, the 

ventral edge of the coracoid of maniraptorans ( excluding alvarezsaurids) contacts the 

coracostemal grooves situated on the anterior edge of the sternum (N orell and 

Makovicky, 1997; Clark et al. , 1999). In eumaniraptorans, this coracostemal articulation, 

along with the rotation and medial inflection of the coracoid relative to the scapula 
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( discussed in Chapter 2), resulted in a more horizontally positioned scapulocoracoid 

that lies high on the rib cage (Norell and Makovicky, 1999). A partially articulated 

skeleton of Velociraptor (IGM 94.07.28, Table 2.1) also indicates that the dromaeosaurid 

scapulocoracoid is positioned more anteriorly on the body wall than previously 

reconstructed ( contra Paul, 2000: appendix A). If a perpendicular line were dropped 

from the vertebral column, the ventral tip of the acromion process would be situated near 

the transition of the last cervical and first dorsal vertebra. Also, it appears that the first 

dorsal rib intersects the proximal one-third of the scapula, similar to the positioning of the 

scapulocoracoid in birds, and similar to the findings of Carpenter et al. (1994). 

A furcula is present in spinosaurids (Lipkin and Sereno, 2002), allosaurids (Chure 

and Madsen, 1996), tyrannosaurids (Makovicky and Currie, 1998), oviraptorids (Clark et 

al. , 1999), dromaeosaurids (Norell et al., 1997), and troodontids (a furcula [pers. obs.] or 

paired clavicles [Russell and Dong, 1993] may be present), and appears to be a tetanuran 

synapomorphy (Lipkin and Sereno, 2002). The dromaeosaurid furcula is v-shaped, and 

has a wide interclavicular angle compared to the furcula of modern neognaths. The 

furcula articulates with the acromion process, as demonstrated in the articulated shoulder 

girdle of the oviraptorid Rinchenia (IGM 100/32a, Table 2.1 ). In Jngenia (IGM 100/32, 

Table 2.1 ), a tubercle with rugosities on the posterolateral edge of the furcula may 

indicate that the articulation between the furcula and the acromion was ligamentous, as it 

is in modern birds. 

The dromaeosaurid humerus is long and slender (Fig. 4.10). The deltopectoral 

crest is relatively small (Fig. 4.1 OB), and the apex of the crest is more proximal on the 

humeral shaft compared to those of other maniraptorans, such as oviraptorids and 
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troodontids (except Sinornithoides [Currie and Dong, 2001]). In anterior view, the 

humerus of Saurornitholestes exhibits little torsion between the proximal and distal ends, 

unlike those of Velociraptor and Deinonychus (Ostrom, 1969: fig. 56a). This feature has 

a sporadic distribution within Theropoda (see Chiappe et al., 1998; Holtz, 2000). The 

proximal end of the humerus is characterized by the posterior tuberosity and anterior 

tubercle (internal tuberosity of Ostrom [1969] , and lateral tubercle of Ostrom [1974] , 

respectively) (Fig. 4. IOA). In most theropods, the posterior tuberosity is conical in 

shape; whereas dromaeosaurids and troodontids have elongated, dorsoventrally 

compressed tuberosities (Novas, 1996). There are several osteological correlates of soft 

tissues that can be identified on the humeri of dromaeosaurids and other maniraptorans. 

A large depression on the dorsal surface of the deltopectoral crest presumably correlates 

with the insertion of the M. deltoideus scapularis (Fig. 4.1 OB). A distinct narrow groove 

occurs near the distal end of the deltopectoral crest and apparently correlates with the 

insertion of the M. latissimus dorsi (Fig. 4 .1 0B). Several other muscle scars that occur on 

the humerus are described in section 4.4.2, along with a reconstruction of the shoulder 

girdle musculature. 

4.3.2 Myology of the Shoulder Region 

The following is a description of the shoulder girdle muscles of crocodilians, 

neognathous birds, and paleognathous birds. The muscles are categorized according to 

Romer' s ( 1944) classification, which was based on onto genetic studies of the shoulder 

girdle musculature of reptiles. 



4.3.2.1 Axial musculature 

a) M. rhomboideus 
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Crocodilians are the only living diapsids that possess this muscle (Howell, 1937). 

The M. rhomboideus is overlain by the M. trapezius and is composed of three narrow, 

parallel-fibred bellies that have an aponeurotic origin from the connective tissue of the 

dorsal thoracic muscles (Fig. 4.14). They insert fleshily onto the medial side of the dorsal 

edge of the suprascapula (Fig. 4.2B). The function of the M. rhomboideus is to adduct 

the scapula towards the midline. 

The M. rhomboideus superficialis of neognaths (Figs. 4.12, 4.15), as the name 

suggests, is a superficial muscle that partially overlaps the dorsal part of the M. 

rhomboideus profundus, but is in turn overlain by the M. latissimus dorsi. The M. 

rhomboideus superficialis has a wide, thin, aponeurotic origin from the neural spines of 

the posteriormost cervicals and anteriormost thoracic vertebrae. It has a fleshy insertion 

on the anteromedial edge of the ventral part of the scapular blade (Fig. 4.4B), and may 

extend onto the epicleideum, as it does in Buteo and Cygnus. The M. rhomboideus 

superficialis protracts the scapula. 

The M. rhomboideus superficialis of Struthio is a thin, parallel-fibred muscle 

(Figs. 4.13, 23, 26) that partially overlies the cranial slip of the M. serratus profundus. Its 

origin lies just anterior to that of the M. latissimus dorsi pars cranialis, emanating from 

the neural spines of the antepenultimate and penultimate cervical vertebrae ( C 18 and 

C19). This thin muscle inserts on the anterolateral edge of the ventral end of the scapula 

and the anterolateral edge of the dorsal part of the scapulocoracoid process (Fig. 4.8A). 



Its extent of insertion onto the scapulocoracoid is variable between specimens, and 

from side to side within individuals. The M. rhomboideus superficialis protracts the 

scapula. 

b) M. rhomboideus profundus 

The M. rhomboideus profundus is absent from crocodilians. 
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In neognaths, the M. rhomboideus profundus is a sheet-like muscle (Fig. 4.15), 

thicker than the M. rhomboideus superficialis. It has an aponeurotic origin from the 

neural spines of the posteriormost cervical and anteriormost thoracic vertebrae, inserts 

onto the anteromedial part of the scapula (Fig. 4.4B), and is overlapped anteriorly by the 

M. rhomboideus superficialis. It may have a broad insertion that covers the dorsal two-

thirds of the blade, as in Meleagris, Pelecanus, and Cygnus, or one-half of the length of 

the blade, as in Pica. The M. rhomboideus profundus protracts the scapula. 

Although the M. rhomboideus profundus is absent from Apteryx (McGowan, 

1982), it is present in Struthio (Furbringer, 1888; Beddard, 1898) (Fig. 4.16). This 

muscle is closely associated to the two anterior slips of the M. serratus pro fund us. A 

similar condition is evident in the cassowary (Beddard, 1898). The M. rhomboideus 

profundus of Struthio has an aponeurotic origin from the last cervical vertebra (C20). It 

inserts fleshily on the anteromedial edge of the scapular blade and the suprascapula (Fig. 

4. 8B ), and protracts the scapula. 

c) M. serratus superficialis 

In crocodilians, the M. serratus superficialis ventralis is a sheet-like, parallel-

fibred muscle (Figs. 4 .11, 4 .14 ). It has a fleshy origin from the first four dorsal ribs and 

from the fascia of the underlying thoracic musculature. It inserts fleshily on the 
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posteromedial edge of the scapular blade and suprascapula (Fig. 4.2B). The ventral 

part of this muscle separates the bellies of the M. scapulohumeralis caudalis and the M. 

subscapularis. The M. serratus superficialis ventralis retracts the scapular blade 

posteroventrally. 

In neognaths, the M. serratus superficialis is divided into two parts: pars cranialis 

and pars caudalis. The M. serratus superficialis cranialis and caudalis are sometimes 

joined together by a thin aponeurosis, and both arise from the lateral surface of the ribs. 

The M. serratus superficialis pars cranialis is a thin, narrow muscle (Figs. 4.18-19), 

partially overlain by the M. subscapularis caput laterale. It has an aponeurotic origin 

from the lateral surface of the last cervical rib, or the first thoracic rib and their uncinate 

processes. It inserts between the two heads of the M. subscapularis onto the 

posteromedial edge of the scapular blade, just dorsal to the glenoid (Fig. 4.4A). In 

Cygnus and Meleagris, this muscle inserts via a strong flat tendon that correlates with a 

triangular tubercle on the posterior edge of the scapular blade. The M. serratus 

superficialis pars cranialis retracts the scapula. 

The M. serratus superficialis pars caudalis (Figs. 4. 15, 18, 19) is a relatively short 

muscle originating from the thoracic ribs posterior to the origin of pars cranialis. It has 

an aponeurotic insertion on the posterior edge and medial side of the dorsal end of the 

scapular blade (Fig. 4.4B), and retracts the scapula posteroventrally. 

Separate heads of the M. serratus superficialis were distinguishable in only the 

adult ostrich specimen; in the other specimens, a tough aponeurosis prohibited separation 

of these two heads. The M. serratus superficialis pars cranialis is a narrow, strap-like 

muscle that originates aponeurotically from the last cervical rib (C20) (Fig. 4.16). It 
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inserts tendinously onto the posterior edge of scapular blade, separating the M. 

scapulohumeralis caudalis from the dorsal part of the M. subscapularis, which is similar 

to the condition seen in crocodilians. A narrow groove on the posterior edge of the 

scapula correlates with the insertion of the M. serratus superficialis cranialis (Fig. 4.8B). 

The M. serratus superficialis pars caudalis is much wider, and originates from the last 

cervical rib and the first thoracic rib (Fig. 4.16). It inserts aponeurotically along the 

posterior edge of the scapula (Fig. 4.8B), in close association with pars cranialis. Both 

heads of the M. serratus superficialis retract the scapula. 

d) M. serratus profundus 

In crocodilians, the M. serratus profundus ventralis underlies the M. serratus 

ventralis superficialis and originates from the first few dorsal ribs (Fig. 4.17). It has a 

large fleshy insertion onto the dorsomedial part of the scapular blade (Fig. 4.2B) ventral 

to the insertion of the M. rhomboideus. Its insertion is partially marked by rugosities on 

the thin anterior edge of the scapular blade. The M. serratus pro fund us ventralis adducts 

the scapular blade. 

In neognaths, the M. serratus profundus may consist of one or two slips (Fig. 

4.19), which originate from an aponeurosis attaching to the posteriormost cervical 

vertebrae, anteriormost thoracic vertebrae, the lateral surface of the posteriormost 

cervical ribs and/or the anteriormost thoracic ribs. The slips insert onto the medial 

surface of the dorsal two-thirds of the scapular blade (Fig. 4.4B), posterior to the 

insertions of the rhomboideus muscles. The M. serratus pro fund us adducts and protracts 

the scapula. 
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The M. serratus profundus of Struthio is composed of two slips: cranial and 

caudal. The cranial slip takes aponeurotic origin from the penultimate cervical rib (C19) 

(Fig. 4.1 6), and is partially overlain dorsally by the M. rhomboideus superficialis. The 

caudal slip is slightly wider, and originates fleshily from the last cervical rib (C20). Both 

slips insert fleshily onto the anteromedial edge of the dorsal part of the scapular blade 

(Fig. 4.8B), and protract the scapula. 

e) M. stemocoracoideus 

It is hypothesized that the M. costocoracoideus of crocodilians is homologous to 

the M. sternocoracoideus of birds and lepidosaurs, having similar muscle attachment 

sites, similar functions, and similar innervation patterns (Howell, 1936). It is a thick, 

sheet-like muscle that has a fleshy origin from the first two sternal and gastral rib 

segments (Fig. 4.24). This muscle is composed of two parts, only apparent near their 

insertion: pars superficialis and pars profundus. The M. costocoracoideus pars 

superficialis has a wide fleshy insertion on the entire posterior edge of the coracoid 

ventral to the glenoid, and extending onto the posterior coracoid process (Fig. 4.2A). 

Contra the findings of Meers (1999), the M. costocoracoideus pars profundus has a fleshy 

insertion onto the medial scapulosternal ligament (Nicholls and Russell, 1985) that 

overlies the medial surface of the coracoid (Fig. 4.2B) and the sternum. This muscle 

complex retracts the coracoid along the coracosternal groove. 

In neognaths, the M. sternocoracoideus (Fig. 4.20) is a short, relatively broad 

muscle that usually has a fleshy origin from the craniolateral process of the sternum, and 

in some birds from the sternal ribs (George and Berger, 1966). Its fleshy insertion is on 

the ventromedial part of the coracoid, including the posterior coracoid process, and it 



correlates with a large, rugose depression ( termed impressio m. stemocoracoidei by 

Baumel [1979]) (Fig. 4.5B). As in crocodilians, the M. stemocoracoideus retracts the 

coracoid at the coracostemal joint. 
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As in neognathous birds, the M. stemocoracoideus is a short muscle that 

originates from the craniolateral process of the sternum in ostriches (Fig. 4 .16). It has a 

fleshy insertion onto the medial aspect of the posterior coracoid process (Fig. 4.8B). 

There are no osteological correlates associated with the muscle insertion. 

f) M. levator scapulae 

The M. levator scapulae complex occurs in crocodilians, but not in birds (Howell 

1937). Cong et al. (1998) reported finding two heads of this muscle in Alligator sinensis: 

the M. levator scapulae superficialis and profundus. In the Caiman specimens examined, 

these heads could not be separated at their origin (Figs. 4.11 , 4.14), although there was 

partial separation near their insertions on the scapulocoracoid. Both parts originate from 

the cervical ribs and from the fascia of the cervical muscles. The M. levator scapulae 

superficialis is a fleshy muscle that appears to become thicker ventrally, and is partially 

overlain by the M. trapezius. It has a wide insertion along the anteromedial edge of the 

scapular blade (Fig. 4.2B). This insertion is sometimes characterized by thin, rugose 

bone on the anteromedial edge of the scapular blade. The M. levator scapulae profundus 

is narrower and underlies the pars superficialis. It inserts on the anteromedial side of the 

ventral part of the scapula and the dorsal part of the coracoid (Fig. 4.2B). Both parts of 

the M. levator scapulae protract the shoulder girdle. 
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g) M. trapezius 

In crocodilians, the M. trapezius is a superficial, large, fleshy muscle (Fig. 4.11 ). 

The M. trapezius originates from the connective tissue of the underlying cervical/dorsal 

musculature and the M. levator scapulae. It has a fleshy insertion along the anterior edge 

of the acromion process (Fig. 4.2B), in close proximity to the origin of the M. deltoideus 

clavicularis. The function of the M. trapezius is to protract the scapula. 

The M. trapezius is absent from both neognathous and paleognathous birds 

(Vanden Berge, 1979). 

4.3.2.2 Appendicular musculature- Dorsal division 

a) M. latissimus dorsi 

In crocodilians, the M. latissimus dorsi is a superficial, fleshy, fan-shaped muscle 

(Fig. 4.11 ). It originates from the muscle fascia of the thoracic area near the dorsal 

vertebrae. Near its insertion it coalesces with the M. teres major to form a thick tendon 

that passes between the bellies of the M. triceps brachii caput scapulare and caput 

coracoideum. A rugose scar or small tuberosity correlates with the tendinous insertion 

onto the dorsal side of the humerus (Figs. 4. 3B, C), just posterior to the deltopectoral 

crest. The function of the M. latissimus dorsi is to elevate and retract the humerus. 

In neognathous birds, the M. latissimus dorsi is a thin, fan-shaped muscle 

composed of two heads: pars cranialis and pars caudalis. Pars cranialis has an extensive, 

aponeurotic origin from the neural spines of the posterior cervical vertebrae and the 

anterior thoracic vertebrae (Fig. 4.12). Pars caudalis has an aponeurotic origin posterior 

to that of pars cranialis, from the neural spines of the anterior thoracic vertebrae or from 
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the dorsal portion of the thoracic ribs (Fig. 4.12). The M. latissimus dorsi pars 

cranialis and caudalis taper distally and, in most species, coalesce near their insertion, or 

have insertions that are close together on the dorsal side of the humerus. This muscle 

inserts between the bellies of the M. scapulotriceps and M. humerotriceps. However, in 

Pelecanus, the pars cranialis is separate and inserts deep to the belly of the M. deltoideus 

major. As in the crocodilians, the insertion of the M. latissimus dorsi complex leaves a 

rugose scar or low ridge, referred to as the Eminentia musculi latissimus dorsi by 

Ballman (1969) (Figs. 4.6B, 4.7B). In Meleagris, this scar is situated near the posterior 

edge of the humeral shaft, whereas in all other examined neognath species it occurs 

closer to the anterior edge, just posterior to the deltopectoral crest and the insertion of the 

M. deltoideus major. The M. latissimus dorsi retracts, adducts, and slightly elevates the 

humerus. 

Two heads of the M. latissimus dorsi occur in Struthio, as they do in neognathous 

birds. The pars cranialis is a wide, rectangular muscle that extensively overlies the 

scapular blade (Fig. 4.13). It has a fleshy origin from the neural spines of the last cervical 

vertebra (C20), and the first and second thoracic vertebrae (Tl and T2). It has a wide, 

fleshy insertion onto a long ridge on the dorsal side of the humerus (Fig. 4.9B). The M. 

latissimus dorsi pars cranialis inserts between the fleshy origin of the M. humerotriceps 

and the insertion of the M. deltoideus major. The pars caudalis is a fan-shaped, thin 

muscle (Fig. 4.13) that is smaller than the pars cranialis. It has a wide, fleshy origin from 

the neural spines of the third and fourth thoracic vertebrae (T3 and T4). It tapers distally, 

becoming tendinous soon after its origin. The M. latissimus dorsi pars caudalis inserts 

onto the dorsal side of the humerus (Fig. 4.9B), close to the humeral head, and just 



posterior to the proximal insertion of the M. deltoideus major. Both heads of the M. 

latissimus dorsi have the same functions as they do in neognaths. 

b) M. teres major 
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The M. teres major, which only occurs in crocodilians, results from differentiation 

of the M. latissimus dorsi (Howell, 1936; Romer, 1944). It has a fleshy origin from the 

lateral face of the posterodorsal part of the scapular blade (Figs. 4.11, 14). The tendinous 

insertion coalesces with that of the M. latissimus dorsi onto the humerus (Figs. 4.3B, C). 

The M. teres major retracts and slightly elevates the humerus. 

c) M. subcoracoideus 

In crocodilians, the M. subcoracoideus is part of the M. subscapularis ( the M. 

subcoracoscapularis of Romer, 1944). It originates only from the scapula, and therefore 

is discussed in part d (section 4.3 .2.2). 

In neognaths, the M. subcoracoideus is divided into two heads: caput dorsale and 

caput ventrale. The occurrence of both heads is variable in different species ( George and 

Berger, 1966; McGowan, 1986); Pelecanus, Cygnus, and Buteo lack the ventral head of 

the M. subcoracoideus. In most birds, the M. subcoracoideus caput dorsale originates 

from the medial side of the dorsal part of the coracoid, overlapping the coracoid foramen 

(Figs. 4.5B, 4.20). However, it may also originate from the medial surface of the 

scapular head, as it does in Pica and other corvids (George and Berger, 1966). The M. 

subcoracoideus caput ventrale is a longer muscle that is overlapped by the M. 

stemocoracoideus ventrally. It has an extensive fleshy origin from the anterior edge of 

the coracoid along the ventral two-thirds of the coracoid shaft. There may also be an 

origin from the posterior side of the stemocoracoclavicular membrane, as is the case in 
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Pica and Meleagris. The insertion of these muscles is also variable. In most 

neognaths, the caput ventrale and caput dorsale join distally to form a short tendon that 

inserts onto the posterior tubercle of the humerus (Figs. 4.6B, 4.7B), proximal to the 

insertion of the M. coracobrachialis caudalis. In Pelecanus and Cygnus, the bellies of the 

M. subcoracoideus caput dorsale and M. subscapularis caput mediale are fused near their 

origins and insert together onto the posterior tubercle. Both heads of the M. 

subcoracoideus adduct and rotate the humerus. 

Only one head of the M. subcoracoideus was observed in Struthio (Fig. 4 .16). 

McGowan (1982) also only found one head in Apteryx. The M. subcoracoideus is a 

thick, parallel-sided muscle that takes fleshy origin from the posteromedial edge of the 

coracoid (Fig. 4.8B), ventral to the origin of the M. coracobrachialis cranialis. It inserts 

fleshily onto the posterior tuberosity (Figs. 4.9A, B), proximal to the insertion of the M. 

subscapularis caput mediale. The M. subcoracoideus adducts and rotates the humerus. 

d) M. subscapularis 

In crocodilians, the M. subscapularis (Fig. 4.17B) is intimately associated with the 

overlying M. scapulohumeralis caudalis. It has a wide origin from the medial side of the 

scapular blade (Fig. 4.2B), but does not extend dorsally onto the suprascapula. The M. 

subscapularis has a· fleshy, narrow insertion onto the posterior tuberosity of the humerus 

(Figs. 4.3A, C), and it adducts and retracts this element. 

In neognaths, the M. subscapularis is divided into two parts: caput laterale and 

caput mediale. In most neognaths, these two heads are separated at their origin by the M. 

serratus superficialis cranialis. The caput laterale is a thin, strap-like muscle (Figs. 4.1 8-

20) overlain by the M. scapulohumeralis cranialis and caudalis. It originates from the 
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posterolateral edge of the ventral one-third of the scapular blade, and a ridge may 

outline the origin (Fig. 4.4A). The caput mediale originates fleshily from the medial 

surface of the ventral third or half of the scapular blade (Figs. 4.4B, 4.18-20). In 

Meleagris, a ridge demarcates the anterior extent of the origin. Both heads fuse into a 

single, strong tendon that inserts on the posterior tubercle of the humerus (Figs. 4.6B, 

4.7B), proximal to the pneumotricipitalis fossa. In most genera of neognaths, the tendon 

of insertion also joins the insertion tendon of the M. subcoracoideus. As in crocodilians, 

the M. subscapularis adducts and retracts the humerus. 

As in Apteryx (McGowan, 1982), only one head of the M. subscapularis occurs in 

Struthio. The M. subscapularis caput mediale is a wide, triangular muscle, with a broad, 

fleshy origin from the anteromedial edge of the scapula that extends along the ventral half 

of the blade, and it extends onto the scapulocoracoid process (Fig. 4.8B). It inserts 

tendinously onto the posterior tuberosity (Fig. 4.9B), just anterior to the insertion of the 

M. subcoracoideus, and it rotates the humerus. 

e) M. deltoideus clavicularis 

In crocodilians, the M. deltoideus clavicularis is a large, superficial muscle 

overlying the M. supracoracoideus (Figs. 4.11, 14, 21). It originates fleshily from the 

anterior edge of the acromion process (Fig. 4.2A). This muscle has a large fleshy 

insertion onto the dorsal side of the deltopectoral crest of the humerus (Figs. 4.3A, B), 

and the distal part of the insertion interdigitates with the origin of the M. humeroradialis. 

The M. deltoideus clavicularis protracts the humerus. 

The M. propatagialis (= M. tensor propatagialis brevis and longus) is generally 

accepted to be homologous to the M. deltoideus clavicularis, based on studies of 
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embryology (Sullivan, 1962) and innervation (Howell, 1937). In neognaths, the M. 

propatagialis is a superficial muscle with a short, fleshy belly partially overlying the 

origin of the M. deltoideus major (Fig. 4.12). It has a fleshy origin from the epicleideum 

and sometimes from the acromion process, anterior to the origin of the M. deltoideus 

major. This muscle may remain fleshy as far distally as the midshaft of the humerus, but 

in most neognaths it remains fleshy until the level of the deltopectoral crest, at which 

point it continues to the forearm either as an aponeurosis or a thin tendon. In most 

neognathous birds, connective tissue may join the tendon of insertion to the wing 

propatagium (George and Berger, 1966; pers. obs.), making it difficult to separate out. It 

inserts via a long tendon into the lower forearm musculature. This muscle is specialized 

for flight and creates tension on the wing propatagium (Vanden Berge, 1975). 

The M. propatagialis is absent from Struthio and all other paleognaths 

(McGowan, 1982). 

f) M. deltoideus scapularis 

In Caiman, the M. deltoideus scapularis ( =M. dorsalis scapulae of Cong et al. 

[1998]) is partially overlain dorsally by the M. trapezius and ventrally by the M. 

deltoideus clavicularis (Figs. 4.11 , 14, 17 A). It has an extensive fleshy origin from the 

anterodorsal part of the scapular blade (Fig. 4.2A). In specimens of Caiman and 

Alligator, there is a shallow depression on the scapular blade that corresponds with the 

origin of the M. deltoideus scapularis, and a midline ridge that separates this origin from 

that of the M. teres major. The tendon of insertion passes between the M. triceps brachii 

caput scapulare and the M. deltoideus clavicularis to insert just distal to the anterior 

tuberosity of the humerus (Figs. 4.3B, C), which it elevates slightly. 
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In some neognathous birds, such as Pica and Buteo, the M. deltoideus major 

has two divisions: caput craniale and caudale (Table 4.1). The former is a tapered muscle 

that originates from the os humerocapsularis, a triangular sesamoid bone that has a 

ligamentous attachment to the dorsal side of the humeral head and to the anterior margin 

of the glenoid. In Buteo, the M. deltoideus major caput craniale inserts fleshily onto the 

dorsal surface of the deltopectoral crest in conjunction with the caput caudale. However, 

an additional, more distal insertion onto the distal humeral shaft and dorsal epicondyle, 

via a long tendon, is apparent in Pica, and in starlings (Dial et al., 1991). 

In neognath species that possess both heads, the M. deltoideus major caput 

caudale is much larger than the caput craniale, and completely overlies it. The fleshy 

origin of the M. deltoideus major caput caudale may be from the epicleideal end of the 

furcula and/or from the acromion process (Figs. 4.4A, 4.12, 15, 18, 19). It may also have 

a secondary tendinous anchor (retinaculum) onto the posterior edge of the scapular blade, 

as it does in Pelecanus, Buteo, and Cygnus (Figs. 4.12, 15). The M. deltoideus major 

caput caudale typically inserts fleshily onto the deltopectoral crest (Fig. 4. 7B). In Buteo 

and Cygnus, a smooth, depressed area characterizes the fleshy insertion onto the 

deltopectoral crest. In Pica, the tendon inserts into that of the caput craniale near the 

distal end of the humerus, and collectively they insert onto the dorsal epicondyle. 

According to George and Berger (1966), the M. deltoideus major is variable among 

groups in terms of the number of divisions present and the extent of the insertion onto the 

humerus. Both heads of the M. deltoideus major retract and slightly elevate the humerus. 

In Struthio, the M. deltoideus major was not separable into two parts, although 

McGowan (1982) described two heads in Apteryx. It is a thick, tapering muscle that 
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originates from the ventrolateral area of the scapula, from the acromial tuberosity and 

the surrounding area (Figs. 4.8A, 4.13, 16, 23 , 26). A short, wide tendon also originates 

from the lateral face of the acrocoracoid tuberosity. This accessory head of the M. 

deltoideus major may be homologous to the M. deltoideus minor (Nicholls and Russell, 

1985). Both of these heads merge and have an extensive fleshy insertion onto the 

anterodorsal surface of the proximal two-thirds of the humeral shaft (Fig. 4.9B). In 

Struthio the M. deltoideus major retracts and slightly elevates the humerus, as it does in 

neognathous birds. 

g) M. deltoideus minor 

The M. deltoideus minor is not present in crocodilians. 

In neognaths, the M. deltoideus minor is typically a short, fan-shaped muscle 

located on the dorsal surface of the shoulder girdle (Fig. 4 .15). Although it is small in 

most neognaths (George and Berger, 1966), it is large and well developed in Pelecanus 

and Meleagris. It typically has a fleshy origin from the apex of the acromial process and 

overlies the triosseal canal, but it may have additional origins from the acrocoracoid and 

furcula. In Meleagris and other galliforms (Vanden Berge, 1975), it also originates from 

the acrocoracoid, leaving a distinct scar. In Buteo and Cygnus, the M. deltoideus minor 

originates from the epicleideal ends of the furcula and, in the former species, takes an 

additional origin from the acromion process. The M . deltoideus minor narrows and 

inserts onto the proximal edge of the deltopectoral crest (Figs. 4.7A, B). In some cases 

there is a scar correlating with this insertion. Its insertion overlies the insertion tendon of 

the M. supracoracoideus. According to Romer ( 1944 ), the avian M. deltoideus minor is 



derived from the reptilian deltoid group, possibly from the M. deltoideus scapularis. 

It aids in elevating the humerus, along with the rest of the deltoid complex. 
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According to Beddard (1898), Lowe (1928), and McGowan (1982), the M. 

deltoideus minor is absent from all paleognaths, and was not observed as a separate 

muscle in any of the specimens of Struthio examined in the current study. However, 

Nicholls and Russell (1985) suggested that that accessory head of the M. deltoideus 

major that originates from the acrocoracoid tuberosity (Fig. 4.8A) may be a vestige of the 

M. deltoideus minor (Figs. 4.23, 26; section 4.3.2.2, part f). 

h) M. scapulohumeralis cranialis 

All crocodilians lack the M. scapulohumeralis cranialis (Romer, 1922). 

The M. scapulohumeralis cranialis is a thin cylindrical muscle that is absent from 

many neognathous bird species (Beddard, 1898). Dissections confirmed its absence in 

Buteo and Pelecanus (Furbringer [1888] also failed to find it in Fregata, a pelecaniform). 

When present, it has a fleshy origin from the posterolateral edge of the scapular blade, 

just dorsal to the glenoid (Figs. 4.4A, 4.18). In neognaths in which it is present, it 

partially overlies the M. subscapularis caput laterale. The M. scapulohumeralis cranialis 

inserts between the two heads of the M. humerotriceps, onto the proximodorsal part of 

the humerus,just distal to the fossa pneumotricipitalis (Figs. 4.6B, 4.7B). There is an 

insertion scar present on the humerus of Cygnus. The M. scapulohumeralis cranialis 

retracts and adducts the humerus. 

The M. scapulohumeralis cranialis is absent from Struthio, and all other 

paleognathous birds (Beddard, 1898; McGowan, 1982). 
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i) M. scapulohumeralis caudalis 

In crocodilians the M. scapulohumeralis caudalis is a large, parallel-fibered 

muscle that overlies and is intimately associated with the M . subscapularis (Figs. 4.17 A, 

B). It takes extensive fleshy origin from the posterolateral edge of the scapular blade 

(Fig. 4.2A). The M. scapulohumeralis caudalis has a fleshy insertion onto the dorsal side 

of the humerus, near its posterior edge, just distal to the articular head (Figs. 4.3B, C). It 

inserts between the two heads of the M. triceps brachii caput mediale. This muscle 

retracts and adducts the humerus. 

In neognaths, the M. scapulohumeralis caudalis is the largest muscle attaching to 

the scapula (Figs. 4.12, 15, 18). It has an extensive origin from the dorsal two-thirds of 

the lateral surface of the scapular blade (Fig. 4.4A). This area of origin may be slightly 

depressed, as it is in Pica, Meleagris, and Cygnus. It inserts tendinously onto the Crus 

ventrale fossae (Figs. 4.6B, 4.7B), which is situated on the proximal end of the humerus, 

posterior to the fossa pneumotricipitalis. This insertion may partially subdivide the M. 

humerotriceps in some neognathous birds. In most neognaths, a tubercle correlates with 

this tendinous insertion. As in crocodilians, the M. scapulohumeralis caudalis retracts the 

humerus. 

In Struthio, the M. scapulohumeralis caudalis is less developed than its 

counterpart in neognaths, and it originates from the posterolateral edge of the ventral half 

of the scapular blade (Figs. 4.8A, 4.13, 16). There are no muscle scars that correlate with 

the origin or insertion of this muscle. It inserts via a strong tendon onto the dorsal side of 

humerus, just below the posterior tuberosity (Fig. 4.9B). The M. scapulohumeralis 

caudalis has the same function as it does in neognaths and crocodilians. 
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j) M. triceps complex 

1) M. triceps brachii caput scapulare 

In crocodilians, the M. triceps brachii caput scapulare is the largest component of 

the triceps muscle complex (Figs. 4.11, 14, 17 A). It originates via a strong tendon from 

the posterior edge of the scapula, just dorsal to the scapular facet of the glenoid (Fig. 

4.2A), where it leaves an oval, rugose scar. The tendon of origin passes between the 

bellies of the M. teres major/M. latissimus dorsi and M. deltoideus scapularis. It 

coalesces with the M. triceps brachii caput coracoideum, the caput laterale, and the caput 

mediale near the distal end of the humerus, and inserts via a wide tendon onto the 

olecranon of the ulna. The function of the triceps complex is to extend the forearm. 

In neognathous birds the M. scapulotriceps is a fusiform muscle, arising 

tendinously from the posterior edge of the scapular blade, just dorsal to the glenoid (Figs. 

4.12, 15, 18, 19), again leaving a rugose, oval scar (Fig. 4.4A). There is an additional 

tendinous origin in Cygnus, Meleagris, Pelecanus, and Buteo, from the dorsal side of the 

humeral shaft, deep to the insertion of the M. deltoideus major (Fig. 4.7B). Pelecanus 

and Cygnus have additional accessory tendons ( one and two tendons, respectively) that 

originate from the ventral third of the scapular blade (Fig. 4.4A). In Cygnus there is 

another humeral accessory tendon that originates from the proximodorsal region of the 

humerus (Fig. 4.7B). These additional tendinous origins commonly leave a rugose scar. 

After crossing the glenoid joint, the muscle belly of the M. scapulotriceps overlaps that of 

the M. latissimus dorsi. The insertion of the M. scapulotriceps is by a prominent tendon 

onto the olecranon process. The action of this muscle is to extend the antebrachium. 



256 

The M. scapulotriceps of ostriches is similar to that of neognaths, but is not 

marked by an origin scar. It is fusiform and has a tendinous origin from the 

posterolateral edge of the scapular blade, dorsal to the glenoid (Figs. 4.8A, 4.13, 16, 23, 

26). It passes superficial to the belly of the M. latissimus dorsi and inserts onto the 

olecranon process. The M. scapulotriceps inserts via a long, narrow tendon that coalesces 

with the M. humerotriceps near the distal quarter of the humeral shaft. It has the same 

function as that of crocodilians and neognaths. 

2) M. triceps brachii caput mediale 

In crocodilians the M. triceps brachii caput mediale is a deep muscle that is 

partially overlain by the M. triceps brachii caput coracoideum (Fig. 4.17B). It originates 

fleshily from the entire posterior edge of the humeral shaft, from both its ventral and 

dorsal sides (Figs. 4.3A, C). Proximally, this muscle bifurcates and the two heads loop 

around the insertion of the M. scapulohumeralis caudalis. It joins distally with the triceps 

complex to insert on the olecranon process, and extends the forearm. 

In neognathous birds the M. humerotriceps extends along most of the posterior 

edge of the humerus (Figs. 4.18, 19, 22, 25). It bifurcates near its origin, and one of the 

heads originates from the fossa pneumotricipitalis on the dorsal side of the humerus 

(Figs. 4.6B, 4.7A, B). The two heads wrap around the insertion of the M. 

scapulohumeralis cranialis (if present). The M. humerotriceps may have either a fleshy 

or tendinous insertion onto the olecranon process, and it extends the antebrachium. 

Unlike the situation in neognaths, the M. humerotriceps in Struthio does not 

bifurcate at its origin. It has an extensive origin, which begins approximately at the level 

of insertion of the M. latissimus dorsi cranialis, and then extends along the distal three-
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quarters of the dorsal side of the humeral shaft (Figs. 4.9B, 13, 16). The fleshy belly 

of the M. humerotriceps becomes wider distal to the insertion of the M. latissimus dorsi 

cranialis. It coalesces with the M. scapulotriceps near the distal quarter of the humeral 

shaft, and inserts onto the olecranon process. The M. humerotriceps extends the forearm. 

3) M. triceps brachii caput coracoideum 

In crocodilians the M. triceps brachii caput coracoideum is a large, fleshy muscle 

that, on first inspection, appears to have three tendons of origin from the scapulocoracoid 

(Figs. 4.17A, 21, 24). However, upon closer inspection, it becomes apparent that two of 

these "tendons" are actually part of the medial scapulostemal ligament (Nicholls and 

Russell, 1985), which arises from the lateral edge of the sternum. This ligament passes 

superficially to the medial face of the coracoid and narrows slightly to insert onto the 

posteromedial edge of the coracoid, just ventral to the glenoid (Fig. 4.2B). The narrow 

ligament then continues posterodorsally to insert onto the posteromedial edge of the 

scapular blade (Fig. 4.2B), separating the insertions of the M. scapulohumeralis caudalis 

and M. subscapularis. An oval, rugose scar on the posteromedial edge correlates with 

this ligamentous insertion. The M. triceps brachii caput coracoideum joins with the 

ligamentous arc formed by the two insertions of the medial scapulosternal ligament. It 

then originates via a narrow tendon from the posterolateral edge of the scapular blade, 

just dorsal to the glenoid and posterior to the tendinous origin of the M. triceps brachii 

caput scapulare (Fig. 4.2A). The loop formed by the two origins of the M. triceps brachii 

caput coracoideum encircles the insertion tendon of the M. latissimus dorsi/M. teres 

major. The M. triceps brachii caput coracoideum and the rest of the triceps complex fuse 

distally and insert onto the olecranon. 
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The M. coracotriceps is a minute, possibly vestigial muscle that is commonly 

absent from many bird species (George and Berger, 1966). According to George and 

Berger (1966), Furbringer (1888) proposed that this muscle is the homologue of the 

reptilian M. triceps brachii caput coracoideum. The M. coracotriceps was absent from all 

of the dissected neognath and ostrich specimens, thus the following description of this 

muscle is paraphrased from George and Berger ( 1966). The M. coracotriceps originates 

via a long tendon from the stemoscapular ligament ( =scapulosternal ligament), which 

then continues along the posterior edge of the humerus, close to the belly of the M. 

scapulotriceps. The tendon bifurcates near the distal end of the humerus to give rise to 

the bellies of the M. coracotriceps and M. expansor secundariorum. The M. 

coracotriceps inserts onto the proximal end of the ulna, in close proximity to the insertion 

of the M. humerotriceps. According to Rosser and George (1985), the M. coracotriceps 

of neognaths may have acquired a new function of mechanoreception, instead of being 

involved in locomotion as in the case of crocodilians. 

4) M. triceps brachii caput laterale 

In crocodilians, the M. triceps brachii caput laterale is partially situated beneath 

the M. triceps brachii ca put scapulare (Figs. 4 .11, 14, 17 A). It has a fleshy, elongate 

origin from the anterodorsal part of the humerus (Figs. 4.3B, C), distal to the insertion of 

the M. deltoideus scapularis and posterior to the origin of the M. humeroradialis. It joins 

distally with the wide tendon of the triceps complex to insert on the olecranon. 

The M. triceps brachii caput laterale is not present in neognathous or 

paleognathous birds. 



4.3.2.3 Appendicular musculature- Ventral division 

a) M. pectoralis 
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The M. pectoralis of crocodilians is a broad, flat, fan-shaped muscle (Figs. 4 .1 1, 

14, 21). It has an extensive fleshy origin from the sternum and distal ends of the sternal 

ribs, and a tendinous and fleshy insertion onto the ventral side of the deltopectoral crest 

(Fig. 4.3A). At its insertion, some fibres may intermingle with those of the M. 

supracoracoideus longus. The M. pectoralis adducts and depresses the humerus. 

In neognathous birds, the M. pectoralis (Figs. 4.12, 15) is a large, fleshy muscle. 

It has an extensive origin from the sternal keel, lateral edge of the sternum, lateral edge of 

the furcular shaft, and/or the sternocoracoclavicular membrane. In Pelecanus, the M. 

pectoralis is composed of both a superficial and deep layer (Beddard, 1898; pers. obs.), 

but in most neognaths it is composed of a single layer (see George and Berger, 1966). 

The M. pectoralis has a wide fleshy or tendinous insertion onto the ventral side of the 

deltopectoral crest (Fig. 4. 7 A), which in Pica and Cygnus is outlined by a ridge. 

However, in Pelecanus and Buteo a rugose facet on the deltopectoral crest correlates with 

a tendinous insertion. The M. pectoralis is the main depressor of the humerus. 

The M. pectoralis of Struthio is a triangular, sheet-like muscle, much smaller and 

thinner than that of neognaths (Figs. 4.13, 23, 26). Although McGowan (1982) divided 

the M. pectoralis of Apteryx into cranial, caudal, and medial slips, only the former two 

divisions were apparent in one of the subadult ostrich specimens examined, and no 

obvious subdivisions were evident in the others. The cranial slip is narrow and originates 

aponeurotically from the Ligamentum stemocoracoideum laterale, which passes 

superficial to the posterolateral face of the coracoid and the posterior coracoid process 
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(Nicholls and Russell, 1985; Fig. 4.8A). This muscle then passes superficial to the 

acrocoracoid tuberosity and the accessory head of the M. deltoideus major and joins with 

the much larger caudal slip. The caudal slip is a more extensive, triangular sheet-like 

muscle that also has an aponeurotic origin from the Ligamentum sternocoracoideum 

laterale (Fig. 4. 8A), as well as a fleshy origin from the lateral and anterior edges of the 

sternum and the distal ends of the sternal ribs. The M. pectoralis has a strong aponeurotic 

insertion onto the anteroventral side of the humeral shaft, near its proximal end, which 

leaves a rugose, slightly raised scar. In Struthio, the M. pectoralis slightly depresses and 

protracts the forelimb. However, this movement is constrained by the M. latissimus dorsi 

cranialis. 

b) M. supracoracoideus 

The supracoracoideus complex appears to be variable among crocodilian species. 

Meers (1999) divided this into three parts (M. supracoracoideus longus, intermedius, and 

brevis), whereas Cong et al. (1998) only described two parts (M. epicoracohumeralis and 

M. supracoracoideus). In the present study, only the M. supracoracoideus longus 

(equivalent to the M. epicoracohumeralis of Cong et al. [1998]), the M. supracoracoideus 

intermedius, and the M. supracoracoideus (partially equivalent to the M. coracobrachialis 

brevis dorsalis of Meers [ 1999]) were observed. The M. supracoracoideus longus is a 

large, superficial muscle (Figs. 4.11, 14, 21 , 24), partially overlying the M. 

supracoracoideus. It originates from the anterodorsal edge of the coracoid (Fig. 4.2A), 

and a second head wraps around to the medial side of the coracoid (Fig. 4.2B). It appears 

that this second origin is the muscle referred to as the M. supracoracoideus intermedius 

by Meers (1999). The latter could only be separated from the M. supracoracoideus 
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longus at its origin, and merges into the fleshy belly of the longus just distal to its 

origin. The M. supracoracoideus longus and intermedius insert tendinously onto the apex 

of the deltopectoral crest (Figs. 4.3A, B), and may coalesce with the insertion of the M. 

pectoralis. A distinct tubercle on the apex of deltopectoral crest correlates with this 

insertion. The deepest part of the supracoracoideus complex is the M. supracoracoideus 

of Cong et al. (1998). This thin, fan-shaped muscle (Figs. 4.14, 17 A) underlies the M. 

supracoracoideus longus and M. deltoideus clavicularis. In the majority of specimens 

examined, it has a wide, fleshy origin near the anterior edge of the ventral part of the 

scapula and the dorsal part of the coracoid (Fig. 4.2A). However, in one Caiman 

specimen this muscle was separable into two heads, each originating separately from the 

scapula and coracoid. The M. supracoracoideus has a fleshy insertion onto the proximal 

part of the deltopectoral crest (Figs. 4.3A, B), just proximal to the insertion of the M. 

supracoracoideus longus and intermedius. The function of the supracoracoideus complex 

is to protract the humerus. 

In neognaths, the M. supracoracoideus is a large, pinnate muscle (Fig. 4.20) 

underlying the M. pectoralis. It typically has a fleshy origin from the ventral surface of 

the sternum, the lateral part of the carina, and the stemocoracoclavicular membrane. In 

some neognathous birds, such as Cygnus, a large elongate depression and ridge outlines 

the origin of the M. supracoracoideus on the ventrolateral surface of the sternum and 

lateral part of the keel. Some fibres of the M. supracoracoideus may also originate from 

the ventrolateral part of the coracoid, just anterior to the origin of the M. coracobrachialis 

caudalis, as is the case in Cygnus, Pelecanus, Buteo, and Pica. The coracoid origin may 

correlate with a shallowly depressed area in Pelecanus and Pica, or an intermuscular 
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ridge (Linea intermuscularis of Ballman [1969]) that separates the origins of the M. 

supracoracoideus and the M. coracobrachialis caudalis in specimens of Buteo and Cygnus 

(Figs. 4.4A, 4.5A). The large central tendon of the M. supracoracoideus passes dorsally 

through the elevated trios seal canal and inserts onto the rugose anterior tubercle of the 

humerus (Figs. 4.6B, 4.7B), located near the junction of the deltopectoral crest and the 

humeral head. This insertion is usually overlain by the M. deltoideus minor. The 

elevated triosseal canal allows the supracoracoideus tendon to lie dorsal to its insertion 

site on the humerus, thus allowing it to elevate the humerus. 

In ostriches, the M. supracoracoideus is a bulky, fan-shaped muscle with a large 

central tendon (Figs. 4.13, 16, 23, 26), similar to the muscle fiber arrangement in 

neognaths. Unlike the situation in neognaths, it only originates from the coracoid (Figs. 

4.8A, B). Its fleshy origin covers the scapulocoracoid foramen and extends onto the 

inner rim of the foramen. The posterior edge of this muscle is partially overlain by the 

cranial slip of the M. pectoralis. The thick tendon of insertion passes between the 

acromial and acrocoracoid tuberosities, and inserts on the anteroventral side of the 

proximal part of the humerus (Fig. 4.9A). A rugose scar correlates with the insertion of 

the thick tendon of the M. supracoracoideus. This tendon of insertion is overlapped by 

the M. deltoideus major accessory head to the acrocoracoid tuberosity. The M. 

supracoracoideus of Struthio has the same function as it does in crocodilians. 

c) M. coracobrachialis brevis 

In crocodilians, the M. coracobrachialis brevis is a wide, parallel-sided muscle 

(Fig. 4.24 ), closely associated with the overlying biceps tendon. It has a wide fleshy 

origin from the posterolateral surface of coracoid (Fig. 4.2A). It has a narrow fleshy 
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insertion onto the ventral surface of the humerus (Fig. 4.3A), posterior to the insertion 

of the M. pectoralis on the deltopectoral crest. Its insertion did not leave a distinct scar in 

any of the specimens examined. It functions to protract the humerus. 

In most neognaths, the M. coracobrachialis cranialis (Figs. 4.15, 18, 19, 22, 25) 

has an aponeurotic origin from the acrocoracoid process of the coracoid, which is marked 

by a shallow depression or facet on the dorsal part of that process (Figs. 4.4A, 4.5A). In 

some neognaths such as Meleagris, and in the paleognath Apteryx (McGowan, 1982), this 

muscle does not originate from a bony surface, but instead from the tendon of the M. 

biceps brachii. The insertion of the M. coracobrachialis cranialis is on the ventral side of 

the proximal part of the humerus (Fig. 4. 7 A), just posterior to the insertion of the M. 

pectoralis. A bony ridge may outline the extent of the fleshy muscle insertion in some 

neognaths. This muscle protracts the humerus. 

In Struthio the M. coracobrachialis cranialis is a thick fleshy muscle (Figs. 4.16, 

4.26) originating from the posterior edge of the acrocoracoid tuberosity, and extends 

slightly ventral to that tuberosity (Fig. 4.8A). A strong aponeurotic attachment occurs 

between the overlying the M. biceps brachii tendon and the underlying fleshy belly of the 

M. coracobrachialis cranialis. It has an extensive fleshy insertion on the ventral side of 

the humeral shaft (Fig. 4.9A), just distal to the humeral head and posterior to the 

insertions of the M. pectoralis and M. supracoracoideus. The M. coracobrachialis 

cranialis protracts the humerus. 

d) M. coracobrachialis longus 

The M. coracobrachialis longus was absent from all of the dissected crocodilian 

specimens. However, according to Nicholls and Russell (1985), this muscle is present in 



adult specimens of Crocodylus and Alligator, where it has a fleshy origin from the 

posterior coracoid process and inserts onto the dorsal epicondyle of the humerus. 
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In neognaths, the M. coracobrachialis caudalis is a large, fan-shaped muscle (Figs. 

4.20, 22, 25) located ventral to the glenoid. It is overlain by the M. pectoralis and is 

closely associated with the M. supracoracoideus. It takes a fleshy origin from the 

posteroventral edge of the lateral aspect of the coracoid and from the posterior coracoid 

process. In some neognaths, such as Cygnus and Pica, the fleshy origin extends ventrally 

onto the sternum. In some neognathous birds, its coracoidal origin may be either marked 

by a shallow depression, or the Linea intermuscularis (Figs. 4.4A, 4.5A) may mark its 

anterior extent of origin. The tendinous insertion is onto the posterior tubercle (Figs. 

4.6B, 4.7B), where a small depression correlates with the insertion in most birds. The M. 

coracobrachialis caudalis rotates the humerus and depresses it when the forelimb is 

elevated. 

This muscle is absent from Struthio, and from all other paleognaths (Beddard, 

1898). 

e) M. biceps brachii 

In crocodilians the M. biceps brachii is a bipinnate muscle that runs along the 

ventral side of the humerus (Figs. 4.11, 14, 21 , 24) and overlies the M. coracobrachialis 

brevis. The relatively large tendon of origin attaches to the anterior edge of the coracoid, 

just dorsal to the narrowing of that element (Fig. 4.2A). A definitive scar, correlating 

with this origin, was present in all dissected specimens. The muscle becomes fleshy 

approximately at the level of the deltopectoral crest, and inserts via a short tendon, along 



with the tendon of the M. brachialis inferior, onto the proximal end of the radius. 

This muscle flexes the antebrachium and protracts the humerus. 
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In neognaths, the M. biceps brachii is a bipartite, fusiform muscle (Figs. 4.20, 22, 

25). Near its origin, it overlies the M. coracobrachialis cranialis. It originates by a stout 

tendon from the acrocoracoid process (Figs. 4.4A, 4.5A). In all neognathous birds 

examined, the origin of the biceps tendon correlates with a shallow depression or facet on 

the acrocoracoid process. After crossing the glenoid joint, a second, broad aponeurotic 

origin of this muscle occurs from the Facies bicipitalis on the ventral side of the humerus 

(Figs. 4.6A, 4.7A), distal to the humeral head. The muscle then continues along the 

humeral shaft and distally grades into a strong tendon. In most neognathous birds, the 

tendon of insertion bifurcates near the distal end of the humerus to insert onto the 

proximal part of both the radius and ulna. A small tubercle in Meleagris is associated 

with the insertion on the ulna. As in crocodilians, the M. biceps brachii flexes the 

forearm. 

In ostriches, the M. biceps brachii is a much thinner muscle than its counterpart in 

neognaths (Figs. 4.13, 16, 26). Near its origin, it is intimately associated with the 

underlying M. coracobrachialis cranialis. Also, the biceps tendon may have an 

aponeurotic connection with the tendon of the M. deltoideus major at the acrocoracoid 

tuberosity. The biceps tendon originates from the centre of the acrocoracoid tuberosity 

(Fig. 4.8A), and remains tendinous until it passes the insertion of the M. pectoralis on the 

deltopectoral crest. Unlike the situation in neognaths, M. biceps brachii does not have a 

secondary origin from the proximal end of the humerus. The tendon then grades into a 

slender, fleshy belly that inserts tendinously onto the anterior surface of the proximal part 



of the radius. However, in Apteryx the tendon inserts into both the radius and ulna 

(McGowan, 1982). The M. biceps brachii flexes the forearm. 

f) M. brachialis 
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The M. brachialis inferior in crocodilians is a long, slender muscle that originates 

from the anterior edge of the humerus (Figs. 4.11, 14, 21, 24). The narrow fleshy origin 

begins just distal to the apex of the deltopectoral crest and extends distally along the 

anterior edge of the humeral shaft (Figs. 4.3A, B). The short tendon of insertion 

coalesces with that of the M. biceps brachii near the distal end of the humerus to insert 

onto the proximal end of the radius. Along with M. biceps, the M. brachialis inferior 

flexes the forearm. 

Howell (1937) and Sullivan (1962) proposed that the avian M. brachialis is 

homologous with the M. brachialis inferior of "reptiles". The M. brachialis is a short, 

broad muscle in neognathous birds, much reduced from the level of expression found in 

reptiles (Howell, 1937), and originates more distally on the humerus than it does in 

crocodilians. It takes a fleshy origin from the ventral side of the distal end of the 

humerus (Fig. 4. 7 A). A shallow ovoid depression, referred to as the Fossa m. brachialis 

by Baumel and Witmer (1993), correlates with its fleshy origin. It inserts onto the 

proximal end of the ulna, on its anterior side. As is the case in crocodilians, the M. 

brachialis flexes the forearm. 

In Struthio the M. brachialis has similar attachment areas to that of neognaths. It 

is a short muscle that has a fleshy origin on the ventral surface of the distal end of 

humerus (Fig. 4.9A), and inserts onto the proximal end of ulna on the anterior side (Figs. 



4.13, 16). There are no osteological correlates associated with the muscle attachment 

areas. It has the same function in Struthio as in crocodilians and neognathous birds. 

g) M. humeroradialis 
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The M. humeroradialis is present only in diapsids (Romer, 1944), exclusive of 

avians. In crocodilians, this narrow muscle is located between the M. triceps caput 

laterale and the M. brachialis inferior (Figs. 4.11, 14, 17, 21, 24). The M. humeroradialis 

originates from the anterior side of the humerus (Figs. 4.3A, B), posterodistal to the 

insertion of the M. deltoideus clavicularis and the deltopectoral crest. At its origin it may 

interdigitate with the insertion fibres of the M. deltoideus clavicularis. Meers (1999) 

observed that all of his specimens of crocodilians had a large, rugose muscle scar that 

correlates with the origin ofM. humeroradialis. Although no definite scarring was 

observed in any of the dissected or skeletal specimens of Caiman, a smooth scar bounded 

by ridges was observed on the humerus of the skeletal specimens of Alligator and 

Crocodylus. The M. humeroradialis inserts by a strong, elongate tendon onto the 

proximal part of the anterior surface of the radius. This tendinous insertion correlates 

with a rugose, low tuberosity on the radius. Along with the M. biceps brachii and the M. 

brachialis inferior, the M. humeroradialis flexes the forearm. 

There appears to be no definitive homologue of the M. humeroradialis in birds. 

Embryological (Romer, 1944) and innervation studies (Howell, 1936) suggest that it may 

be a developmental derivative of the M. deltoideus clavicularis. However, Jollie (1962) 

and Meers (1999) proposed that the M. humeroradialis might be homologous to the avian 

M. propatagialis. Both of these putative homologues are described in section 4.3.2.2. 
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4.4 Discussion 

Dromaeosauridae is the sister taxon of modem birds (Xu et al., 1999). Thus, an 

investigation of the shoulder girdle musculature of dromaeosaurids would provide 

substantial information regarding changes in the function of the shoulder apparatus 

leading up to birds. The shoulder musculature of a dromaeosaurid theropod was 

reconstructed based on phylogenetic inference and extrapolatory analysis (Bryant and 

Russell, 1992). In order to reconstruct the shoulder musculature of theropods within a 

defensible framework, one must first consider several aspects of the shoulder girdle 

musculature of extant archosaurs. Homology of the shoulder girdle muscles of 

crocodilians and birds is critically appraised in order that accurate inferences can be 

drawn based upon phylogenetic bracketing (Bryant and Russell, 1992). To attempt to 

ensure that comparative models employed in the bracketing approach are not highly 

aberrant or markedly autapomorphic, patterns of variation of musculature within the 

crocodilians and neognaths were explored by the investigation of multiple species. 

Additionally, the amount of variation present within a single species was explored via the 

use of multiple specimens. Such approaches help in the determination of whether or not 

the muscle scars observed in the theropod specimens are unique to a particular individual 

or characterize the species as a whole, and whether they correspond to similar markers in 

the extant comparative models. Myological differences among avian species, including 

paleognaths and neognaths, were considered in order to determine the validity of using 

certain bird species as the most appropriate comparative models to assist in the 

reconstruction of theropod shoulder musculature. Lastly, a comparison of the number of 

muscle scars present on the scapulocoracoid to the total number of shoulder muscles 



attaching to this element was used to determine whether it is possible to reconstruct 

the musculature of the theropod shoulder girdle based on scars alone. 

4.4. l Shoulder Girdle Musculature of Extant Archosaurs 

4.4.1.1 Homology of the shoulder girdle muscles 
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Hypotheses regarding the homology of muscles across taxonomic groups are 

generally based on studies of embryology, muscle topology, and innervation. 

Embryology and studies of muscle topology are useful in the identification of muscles 

that may have subdivided, have different attachment sites, or have different shapes in 

related groups (Jollie, 1962). Homology may also be determined with a lesser degree of 

accuracy by investigating patterns and pathways of innervation. Historically, it was 

thought that the nerve and muscle it innervates had a fixed relationship (Jollie, 1962). 

However, more recent studies have demonstrated that this relationship is plastic and 

inconstant (Russell and Bauer, in press), and therefore may not be as reliable a tool to 

determine homology of muscles as was previously thought. Muscles that show different 

innervation patterns are not necessarily nonhomologous. A migration of a muscle to a 

new position may result in a change in nerve supply (Russell and Bauer, in press). Thus 

a combination of these methods may be a more thorough arbiter of the establishment of 

muscle homologies, but it is likely that there will always be points of contention because 

of inconclusive evidence. 

A few shoulder girdle muscles of crocodilians and birds warrant special 

consideration regarding their affinities: (1) M. costocoracoideus; (2) M. supracoracoideus 

complex (including M. coracobrachialis brevis dorsalis); (3) M. humeroradialis; and (4) 
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M. deltoideus minor. The homologies of these muscles are problematic either 

because there are either no definite statements, or conflicting statements, regarding their 

homology to muscles of other archosaurs, or the muscle names are not consistent within 

the literature. 

(1) The homology of the crocodilian M. costocoracoideus with the avian M. 

stemocoracoideus is questionable. Following Furbringer (1876), Holmes (1977) stated 

that there are no muscles in crocodilians that are equivalent to the M. stemocoracoideus 

oflepidosauromorphs. However, Howell (1937) homologised the avian M. 

stemocoracoideus with both the M. costocoracoideus and M. stemocoracoideus of 

lepidosauromorphs. Howell (1936) also stated that all three brachia! trunks innervate 

both of these muscles in lepidosauromorphs. Thus, if Howell is correct in his assertions, 

it appears that the M. costocoracoideus may be closely related to the M. 

stemocoracoideus, and is possibly homologous to the latter. In this study, it is assumed 

that the crocodilian M. costocoracoideus and the avian M. stemocoracoideus are 

homologues. 

(2) Meers ( 1999) described several parts of the supracoracoideus musculature in 

crocodilians. His descriptions, and the number of slips described, do not agree with those 

of Cong et al. (1998) and Gregory and Camp (1918), and were not confirmed by the 

current study. This makes it difficult to assign consistent names to the muscles in 

question. The M. supracoracoideus longus of Meers ( 1999) is demonstrably synonymous 

with the M. epicoracohumeralis of Cong et al. (1998). However, the latter author did not 

recognize the part that originates from the lateral face of the coracoid as a separate head. 



To account for this, the name M. supracoracoideus intermedius (of Meers, 1999) is 

used in the present description. 
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The M. coracobrachialis brevis dorsalis of Meers (1999) may be partially 

homologous with the M. supracoracoideus of Cong et al. (1998), based on muscle 

topology. According to Meers (1999), the former originates only from the acromion 

process, and is innervated by a common nerve supply shared with the M. coracobrachialis 

brevis ventralis. However, both the origin of this muscle and its innervation are 

contentious. The M. supracoracoideus, as described by Cong et al. (1998), has an 

extensive origin from the acromion process and extends ventrally onto the anterior edge 

of the coracoid. In the present study, the M. supracoracoideus of most crocodilian 

specimens also had a similar origin. A division of this muscle at its origin was apparent 

in one of the Caiman specimens examined, but both parts were intimately associated at 

their insertion onto the proximal end of the deltopectoral crest. Thus, it is likely that both 

parts of the M. supracoracoideus belong to the same muscle complex, but are variably 

separable according to species or even individuals. 

The peculiar pattern of innervation of the M. supracoracoideus ( =M. 

coracobrachialis brevis dorsalis) observed by Meers (1999) may be explained as follows. 

Romer ( 1922, 1944) observed that the origin of the M. supracoracoideus in crocodilians 

is extensive and spreads dorsally onto the scapula. Thus, the innervation of the M. 

supracoracoideus from a branch of the N. coracobrachialis brevis may have resulted from 

the migration of the M. supracoracoideus dorsally onto the scapula. Until more 

comparative and developmental studies are conducted, it will remain difficult to 

determine the homology of this muscle. However, in the present study, this muscle is 



regarded as part of the supracoracoideus complex, and the terminology used follows 

that of Cong et al. (1998). 

In summary, the names used herein across the taxa examined are the M. 

supracoracoideus longus, M. supracoracoideus intermedius, and M. supracoracoideus. 
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(3) The homology of the archosaurian M. humeroradialis with an avian 

counterpart is also problematic. Miner (1925), Howell (1936), and Romer (1944) all 

agreed that this muscle is partially innervated by a deltoid branch, and therefore is likely 

a derivative of the deltoid musculature. Russell and Bauer ( in press) also considered the 

M. humeroradialis to be a prolongation of the deltoid mass. On the contrary, Meers 

(1999) claimed that the M. humeroradialis is homologous to the avian M. propatagialis, 

but he did not provide evidence to support this supposed homology, making it difficult to 

assess his hypothesis. In addition, previous studies of embryology and innervation 

(Howell, 1937; Sullivan, 1962) had already established that the M. propatagialis is 

homologous to the M. deltoideus clavicularis of crocodilians. The affinities of the M. 

humeroradialis remain unresolved until more detailed studies of nerve mapping and 

ontogeny in archosaurs is conducted, but operationally the conservative approach of 

regarding the M. humeroradialis as being unique to crocodilians and to be a derivative of 

the deltoideus complex is adopted here. 

(4) Many researchers (Beddard, 1898; Lowe, 1928; McGowan, 1982) advocate 

that the M. deltoideus minor is present only in neognath birds. However, Nicholls and 

Russell (1985) propose that the accessory head of the M. deltoideus major, which 

originates from the acrocoracoid tuberosity, may be a vestige of this muscle in Struthio. 

After comparing this accessory head to the M. deltoideus minor of neognaths, it appears 
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that this supposition is indeed correct. Both the accessory head of Struthio and the M. 

deltoideus minor of some neognaths take origin from the acrocoracoid tuberosity. Also, 

both of these muscles overlie the insertion tendon of the M . supracoracoideus. Therefore, 

it appears that the M. deltoideus minor is present in Struthio. 

4.4.1.2 Shoulder girdle muscles and their osteological correlates 

McGowan (1982, 1986) and Bryant and Seymour (1990) stated that 

reconstruction of the complete musculature of any extinct tetrapod based solely on 

muscle scars would be incomplete and inaccurate, due to the representation of only a 

relatively small proportion of muscles of extant tetrapods by discrete and demonstrable 

muscle scars. Using Apteryx and Gallirallus as examples, McGowan (1982, 1986) 

concluded that accurate muscle reconstructions of extinct vertebrates might not be 

feasible . He observed that only about 30% of the total shoulder girdle muscles of these 

two bird species have osteological correlates. However, these studies focused on a small 

number of specimens, and on species of relatively small body size. 

To evaluate the findings of McGowan (1982, 1986}, the number of muscle scars 

that occur on the scapulocoracoid of crocodilians, neognaths, and paleognaths examined 

in this study were compared to the number of muscles attaching to the scapulocoracoid. 

The muscles that commonly leave a muscle scar on the scapulocoracoid of these extant 

archosaurs are highlighted in order to assist in the identification of muscle scars in 

theropods. 

In Caiman sp. , only four of the 20 muscles that attach to the scapulocoracoid 

consistently leave muscle scars (20% ). These muscles are the M. biceps brachii, M. 
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serratus profundus ventralis, M. triceps brachii caput scapulare, and M. deltoideus 

scapularis. The low number of muscle scars may be due to the wide, fleshy attachments 

of most of the shoulder girdle muscles, which tend not to leave an osteological imprint 

(Hutchinson, 2001 b ). 

There are about 21 muscles that attach to the scapulocoracoid of most neognath 

species. A survey of the muscle scars that occur on the scapulocoracoid of each species 

is presented in Table 4.2. The proportion of scars relative to the number of muscles 

attaching to the scapulocoracoid ranges from 29% in Pica to 47% in Cygnus. 

McGowan's (1986) figure of 26% for Gallirallus falls just outside of the range of the 

birds examined in this study. The muscles that most commonly have osteological 

correlates are the M. sternocoracoideus, M. scapulotriceps, M. coracobrachialis caudalis, 

and the M. biceps brachii. 

Although a high of only 4 7% of muscles leaving scars is observed in any one 

species, 15 of 22 (68%) of the muscles examined leave scars in at least one taxon (Table 

4.2), and only seven of the muscles examined never leave a scar in any taxon. Thus, the 

shoulder girdle muscles show a great amount of variability in their tendency to form scars 

in some taxa but not in others. 

Compared to neognaths, ostriches have relatively few osteological correlates, with 

only about 13%, or two of the 15 scapulocoracoid muscles leaving scars. These muscles 

are the M. serratus superficialis pars cranialis and M. deltoideus major. McGowan 

(1982) found a much higher percentage of muscle scars present inApteryx, where about 

33%, or five of the 15 scapulocoracoid muscles left a scar. 
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Although the number of muscle scars relative to total number of muscles is 

largest in neognaths, this analysis corroborates the findings of McGowan (1982, 1986) 

that most muscles of the shoulder girdle cannot be reconstructed based on osteological 

correlates alone. Thus, in conjunction with osteological correlates, which provide direct 

evidence of muscle attachment in the extinct animal, phylogenetic inference and 

extrapolatory analysis are used to reconstruct the theropod shoulder girdle musculature. 

4. 4 .1. 3 Interpretation of osteological correlates 

Osteological correlates are the only direct evidence that theropods possessed 

certain muscles; thus, it is important to understand how these muscle scars can be 

interpreted. For instance, a correlation between the size of a muscle and its scar, and the 

occurrence of muscle scars in individuals of different onto genetic stages have to be 

assessed. 

The correlation between the size of the muscle and its osteological correlate is 

equivocal. Qualitative assessments of muscle size are possible between species if the 

scar outlines the entire limit of a fleshy muscle attachment in related extant taxa (Bryant 

and Seymour, 1990; Hutchinson, 2001b). This may include a process or some other 

osteological feature that delimits the extent of the muscle attachment. However, it is 

more difficult to reconstruct the size of the muscle if the attachment is tendinous. This is 

because the size of the tubercle indicates the size of the muscle tendon, but not the size of 

the muscle belly itself. Instead, the size of these muscles should be determined by the 

degree of scarring or rugosity, not by the size of the muscle scar (Bryant and Seymour, 



1990). For instance, a more prominent, rugose scar may indicate a muscle with a 

relatively higher power output. 
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Muscle scars are more apparent and more likely to occur in larger, adult 

specimens (pers. obs; Raath, 1990). For instance, muscle scars on the scapulocoracoid 

were observed in both adult and juvenile Pica specimens, but the juvenile specimens only 

possessed one or two scars, compared to the four scars found in the adult specimens. 

Also, not all scars are due to the attachment of muscles (Hutchinson, 2001a). For 

instance, the Ligamentum acrocoracohumerale, a collateral ligament of the shoulder joint, 

leaves a distinct scar on both the acrocoracoid process and the proximoventral region of 

the humerus of most neognaths. These scars may indicate that the tensile strength of the 

ligament, which prevents disarticulation of the humerus from the glenoid fossa (Jenkins, 

1993; Baier and Gatesy, 2002), may be quite high. Also, a loss or absence of a muscle 

scar need not imply a loss of the associated soft tissues (Hutchinson, 2001a). Instead, a 

muscle may be displaced from its attachment site and subsequently attach to the fascia of 

an adjacent muscle (Bryant and Seymour, 1990). For example, the origin of the M. 

coracobrachialis cranialis of some neognaths may leave a scar on the acrocoracoid. 

However, in Meleagris, this muscle originates from the adjacent M. biceps brachii; 

therefore, no origin scar is formed. 

4.4.1.4 Variation of muscle attachment within a single species 

Little variation was observed in muscular attachments among the three individuals 

of Caiman sp. dissected, compared to the number of muscles investigated (pers. obs.; 

Meers, 1999). Variation that was observed includes an additional tendinous origin of the 
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M. deltoideus scapularis from the scapula that occurred in only one specimen, and a 

division of the M. supracoracoideus that occurred in one specimen. The specimens 

available for study were not identifiable to the specific level; thus, these small differences 

in muscle architecture may reflect species-related differences. 

Dissection of five specimens of Pica collected from Cochrane, Alberta, revealed 

only minor variations of shoulder girdle musculature. One difference among the 

specimens examined is that the tendons of insertion of the M. subcoracoideus and M. 

subscapularis are fused in some specimens, while others have separate insertions onto the 

proximal end of the humerus. A second difference noted is that the insertions of both 

heads of the M. latissimus dorsi onto the humerus were separate in one specimen, while 

fused in the others. Other researchers have also observed little variation in a single 

neognath species. Sullivan (1962) dissected six specimens of Gallus and did not find any 

variation in the wing muscles. The only variation detected in the shoulder musculature of 

three sandhill cranes dissected by Berger (1956) was that one specimen had fused 

tendons of insertion of the M. subcoracoideus and M. subscapularis. Therefore, it can be 

concluded that variation within a single neognath species is quite small, and the variation 

observed between species is real and not due to individual variation. 

There were only three differences in the attachment of the shoulder girdle 

musculature observed in the subadult and adult specimens of Struthio dissected: the 

extent of the insertion of the M. rhomboideus superficialis onto the scapulocoracoid; the 

presence of a division between the cranial and caudal slip of the M. pectoralis; and the 

presence of a division between the two heads of the M. serratus superficialis. This 

variation was quite minor compared to the amount of variation observed in two adult 
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specimens of Apteryx, in which McGowan (1982) found variation in both the area of 

attachment and the size of the attachment of many shoulder girdle muscles. He admitted, 

however, that more specimens were needed to determine if this large amount of 

individual variability actually characterizes Apteryx (McGowan, 1982). 

4. 4 .1. 5 Variation of muscle attachment between species 

No significant differences were observed in the shoulder girdle musculature of 

Caiman sp. and a young juvenile of Alligator mississippiensis dissected in this study 

( although it should be noted that the Alligator specimen was in poor condition and quite 

small). This lack of variation agrees with Meers' (1999) observation that most 

crocodilian species are conservative with respect to the shoulder girdle and forelimb 

musculature. However, some apparent differences do exist between caimans and the 

larger crocodilian species. In adult skeletal specimens of Crocodylus and Alligator, a 

large origin scar of the M. humeroradialis is present on the humerus, but was lacking in 

all Cai man specimens examined (both dissected and skeletal specimens). Its absence 

may be due to the smaller size of these individuals relative to Crocodylus and Alligator. 

Also, the M. coracobrachialis longus was not observed in any of the dissected specimens, 

although Nicholls and Russell (1985) observed this muscle in Crocodylus and Alligator. 

Meers ' (1999) observations of the supracoracoideus complex (section 4.4.1.1) and the 

triceps complex also differed from what was observed for Caiman. Meers (1999) divided 

the triceps complex into five heads, whereas only four separate branches of the triceps 

complex were found in the present study, which agrees with the findings of Cong et al. 

(1998). These differences may be due to dissection error, or differences among 
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crocodilian species. Meers ( 1999) mainly dissected specimens of Crocodylus and 

Alligator, and Caiman was excluded from his study, and therefore his observations may 

hold true for the former taxa and not for Caiman. Thus, it is more likely that the M. 

coracobrachialis longus and the supracoracoideus and triceps complex may show 

interspecific or intergeneric differences within the Crocodylia. 

Among neognath genera, there are differences in size, position of attachment, and 

presence of some of the shoulder girdle muscles. There are also differences in the 

presence of some muscle scars. The most conspicuous difference in muscle size among 

taxa is the development of the M. deltoideus minor and M. scapulohumeralis cranialis. 

The M. deltoideus minor appears to be well developed in Meleagris and Pelecanus 

compared to other genera. The development of the M . scapulohumeralis cranialis differs 

among neognath species (George and Berger, 1966). In some neognaths such as 

Meleagris, this muscle is quite reduced and is only a few millimetres wide. However, in 

Pica and Cygnus, this muscle is well developed, and in the latter genus, leaves an origin 

scar on the scapula. The most variable muscle attachments are exhibited by the M. 

subcoracoideus and M. subscapularis. In some genera, the insertion tendons of these two 

muscles join distally and have a common insertion onto the humerus~ however, in Buteo 

and some specimens of Pica, the tendons inserted separately onto the humerus. Also, the 

presence and number of accessory tendons of origin of the M. scapulotriceps and M. 

deltoideus major caudalis varies among neognath genera. An accessory tendon of the M. 

scapulotriceps was present in Pelecanus, Cygnus, Buteo, and Meleagris, with the former 

two genera possessing a second and a third accessory tendon, respectively. An accessory 

tendon of the M. deltoideus major caudalis was present only in the former three genera. 
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Also, the number of slips and the site of origin of the M. serratus profundus vary 

among genera, although the insertion of this muscle onto the scapular blade is similar in 

all taxa. Three shoulder girdle muscles are variably present in neognaths: the M. 

subcoracoideus caput ventrale, M. scapulohumeralis cranialis, and M. deltoideus major 

caput craniale (Table 4.2). 

Furthermore, the presence of osteological correlates on the scapulocoracoid 

differs among neognath genera (Table 4.2). It is likely that this difference may be due to 

the differences in relative size or strength of the muscles of different genera (Bryant and 

Seymour, 1990), but more research, such as quantification of muscle size, needs to be 

conducted to test this correlation. 

There were no clear differences or trends apparent in the shoulder girdle 

musculature of basal and derived neognath genera (see Fig. 4.1) to explain the above-

mentioned variation of shoulder girdle musculature. For instance, in this study only 

Meleagris and Pica, representing basal and derived neognath orders, respectively (Fig. 

4 .1 ), possess the ventral head of the M. subcoracoideus. The presence of accessory 

tendons of the M. scapulotriceps and M. deltoideus major caudalis is likewise scattered 

across the modern bird phylogeny. However, there is one difference apparent among the 

sampled basal and derived neognath subtaxa: the M. deltoideus major caput craniale is 

only present in Buteo and Pica. However, the present study only consisted of a few 

genera representing five neognath subtaxa, a small sample compared to the 116 subtaxa 

that Livezey and Zusi (2001) sampled for their modem bird phylogeny! Therefore, a 

more comprehensive survey of neognath subtaxa is warranted before taxonomic 

differences can be determined. 
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Many differences in the presence of muscles and areas of muscle attachment 

exist between paleognaths and neognaths. The following four shoulder girdle muscles 

are absent from Struthio and other paleognaths (McGowan, 1982), but present in 

neognaths: the M. scapulohumeralis cranialis, M. coracobrachialis caudalis, M. 

coracotriceps, and M. propatagialis. The absence of the former three may be a derived 

feature of paleognaths, because these muscles are present in lepidosauromorphs (Russell 

and Bauer, in press), a distant outgroup to birds, and in neognaths. The absence of the M. 

propatagialis in paleognaths may be associated with the loss of flight (Nicholls and 

Russell, 1985). A few other muscles such as the M. biceps brachii, M. scapulohumeralis 

caudalis, and M. pectoralis are greatly reduced in Struthio compared to those of 

neognaths. The reduction of the latter muscle may also be correlated with the loss of 

flight in paleognaths (Livezey, 1991). 

It has been proposed that paleognaths are not a primitive relative of neognaths, 

but are instead paedomorphic (de Beer, 1956; Cracraft, 1974). This hypothesis has been 

supported by the examination of the development of the scapulocoracoid in both 

neognathous and paleognathous birds. In the early stages of development of neognaths, 

the angle between the scapula and coracoid is obtuse (Olson, 1973). As the bird 

continues to develop, the scapulocoracoid angle approaches 90°, which is more similar to 

the condition in adult neognaths. In adult paleognaths, the angle between the scapula and 

coracoid is obtuse. The angle of the scapulocoracoid in a 10-day old ostrich embryo is 

about 100° (Broom, 1906), becoming more obtuse in later stages of development. As a 

result, the scapulocoracoid appears to retain paedomorphic features of the neognathous 

scapulocoracoid. A similar developmental sequence of the scapulocoracoid has been 



described for flightless neognathous birds, and has been attributed to paedomorphosis 

(Olson, 1973; Livezey, 1989). Therefore, the ostrich may be considered the 

representative of a derived group of birds, resulting from paedomorphosis. 
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Paleognaths may be specialized in their own right, and probably do not represent 

an early evolutionary stage of avian musculature. However, some features of the 

shoulder girdle are structurally similar to that of theropods; therefore they may provide a 

good form-function comparison to theropods. For instance, the area of the acrocoracoid 

tuberosity in paleognaths is more similar to that of theropods, because, unlike the 

situation in neognaths, this tuberosity is not elevated dorsally. However, the 

acrocoracoid tuberosity of Struthio appears to represent a vestige of the elevated 

acrocoracoid process of neognaths, because the same three muscles as in neognaths take 

origin from the acrocoracoid tuberosity. Also, the lack of a keeled sternum in 

paleognaths is similar to the situation found in theropods. As a result, the M. 

supracoracoideus of paleognaths originates only from the coracoid, and not from the 

sternum, as is the case in neognaths. This reduced origin of the M. supracoracoideus may 

be an autapomorphic feature within Aves. 

4.4.2 Reconstruction ofTheropod Shoulder Girdle Musculature 

In this study, the reconstruction of the shoulder girdle musculature of theropods 

follows a series of inferences (Fig. 4.27). First, the presence or absence of the shoulder 

girdle muscles in theropods is determined based on phylogenetic inference (Table 4.3). 

Those muscles that are unequivocally present in theropods and that have osteological 

correlates are described first. These muscles provide a constrained topology for the 
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subsequent inferences about the positions of other muscles on the shoulder girdle. 

The unequivocal muscles therefore form the foundation for the overall pattern of muscle 

reconstruction. The remaining muscles that have an unequivocal presence in theropods 

but that lack muscle scars are reconstructed next, using extrapolatory analysis (Table 

4 .4 ), which includes a functional comparison to chameleons and a consideration of 

muscle topology (section 4.2), which assesses the spatial relationships of the muscles 

relative to each other. Muscles that are equivocally present in theropods (Table 4.5) are 

covered last, and their presence is based on a comparison to chameleons. 

The muscle reconstruction focuses on the shoulder apparatus of dromaeosaurids. 

However, some muscles vary in their tendency to form scars in different taxa (see Table 

4.2), thus osteological correlates ofrelated theropod taxa, such as troodontids 

(Eumaniraptora) and oviraptorids (Maniraptora) are also used to assist in the 

determination of muscle attachments in dromaeosaurids or corroborate their presence in 

dromaeosaurids. A summary of the attachments and the osteological correlates of each 

reconstructed muscle are presented in the Appendix. Figures 4.10, 28, 29 show the 

proposed muscle attachments onto the dromaeosaurid humerus, coracoid, and scapula, 

respectively. Figure 4.30 is an overall reconstruction of the shoulder girdle musculature 

of dromaeosaurids. Possible differences between theropod groups regarding muscle 

attachments and muscle size, which are based on anatomical and osteological 

comparisons from Chapters 2 and 3, are discussed after the muscle descriptions. 
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4.4.2.1 Unequivocal muscles with scars 

The following muscles are unequivocally present in theropods based on 

phylogenetic inference. Their presence is corroborated by the presence of an origin or 

insertion scar on the theropod shoulder apparatus or humerus (Tables 4.3, 4.4). 

a) M. serratus superficialis (Figs. 4.29B, 30-32; SSCR, SSCA) 

The site of origin of the M. serratus superficialis lies outside of the focal area of 

this study (scapulocoracoid plus humerus). It is also difficult to phylogenetically bracket 

the site of origins of the axial musculature of theropods, because this depends on the 

position of the scapulocoracoid on the body wall. Judging from the approximated 

position of the scapulocoracoid of dromaeosaurids, it is likely that the M. serratus 

superficialis pars cranialis arose from the lateral surface of the posterior cervical rib or 

the anterior dorsal rib, and pars caudalis arose from one or two dorsal ribs, posterior to 

the origin of the pars cranialis. However, the exact extent of their origins is not known. 

The site of insertion of the M. serratus superficialis pars cranialis is inferred 

directly from a muscle scar on the scapular blade of an oviraptorid. In Ingenia (IGM 

100/32, Table 2.1) a small, triangular tubercle, comparable to the scar of the M. serratus 

superficialis pars cranialis in Meleagris and Cygnus, occurs on the posterior edge of 

blade, just dorsal to the glenoid. It is assumed that this muscle in dromaeosaurids also 

had a similar origin, even though there is no comparable scar observed in 

dromaeosaurids. This is supported by the observations in neognaths that some muscles 

do not leave scars in every taxon (Table 4.2). There is no osteological correlate of the M. 

serratus superficialis pars caudalis in either maniraptorans or neognathous birds; 

however, it is probable that in maniraptorans it inserted onto the posterodorsal edge of the 
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scapular blade, dorsal to the insertion of pars cranialis. Thus, it is likely that the M. 

serratus superficialis was divided in maniraptorans, as it is in neognaths and paleognaths. 

As for muscle topology, the insertion of the M. serratus superficialis pars cranialis 

separates the M. subscapularis caput laterale and mediale in neognaths. However, in 

crocodilians and Struthio, which lack a division of the M. subscapularis, the M. serratus 

superficialis ventralis/pars cranialis separates the bellies of the M. scapulohumeralis 

caudalis and M. subscapularis/caput mediale. It is probable that maniraptorans had a 

condition similar to those of crocodilians and Struthio, because it is inferred that they 

possessed only one head of the M. subscapularis (section 4.4.2.1, part d). 

Both heads of the M. serratus superficialis would have retracted the scapular 

blade. 

b) M. stemocoracoideus (Figs. 4.28B, 30, 32; STC) 

Phylogenetic inference regarding the origin of the M. sternocoracoideus is 

equivocal for theropods. It is unlikely that the M. sternocoracoideus in dromaeosaurids 

arose from the sternum, as it does in most birds, as there are no craniolateral processes 

present on the dromaeosaurid sternum. An origin from a structure that extends laterally 

beyond the lateral edge of the sternal plate and the coracosternal groove is necessary in 

order for the muscle to retract the coracoid within the coracosternal groove. Therefore, 

the M. stemocoracoideus probably had an origin more similar to the situation seen in 

crocodilians and some neognaths, emanating from the lateral surface of the sternal ribs. 

In dromaeosaurids, a triangular depression occurs on the ventromedial surface of 

the posterior region of the coracoid, ventral to the coracoid foramen. The location of this 

depression is similar to the impressio m. stemocoracoidei of neognathous birds, and 
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similar to the site of insertion in Struthio. This site of origin is also similar to that of 

the M. costocoracoideus pars superficialis of crocodilians, which inserts along the 

posterior edge of the coracoid and extends onto the posterior coracoid process. Although 

the insertion in crocodilians is from the lateral face of the coracoid rather than the medial 

face, as it is proposed for dromaeosaurids. It is unlikely that theropods had a second slip 

of this muscle that inserts onto the medial scapulostemal ligament, as it does in 

crocodilians, because the above-proposed site of origin for theropods is already from the 

medial side of the coracoid. It is probable that the M . stemocoracoideus of theropods had 

a single insertion more similar to that of birds. 

The function of the M. stemocoracoideus to retract the coracoid along the 

coracostemal groove remains unchanged from that of crocodilians and birds. 

c) M. latissimus dorsi (Figs. 4.10B, 30, 31 ; LD) 

Phylogenetic inference yields equivocal results regarding both the origin and 

number of heads of the M. latissimus dorsi present in dromaeosaurids. The M. latissimus 

dorsi may have originated from the neural spines of the posterior cervical vertebrae or the 

anterior dorsal vertebrae, as it does in birds, or from the underlying dorsal musculature 

near the dorsal vertebrae, as in crocodilians. The origin of this muscle in theropods is 

difficult to determine given that there are no muscle scars in extant archosaurs and the 

area of origin extends outside of the focal area of interest in theropods. According to the 

reconstructed position of the scapulocoracoid of dromaeosaurids, the most probable 

origin of the M. latissimus dorsi would have been from the area of the dorsal vertebrae. 

The number of heads present in dromaeosaurids is also equivocal. In crocodilians 

and chameleons (Skinner, 1959), only one head of the M. latissimus dorsi is present, 
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whereas birds have two. It is more probable that the M. latissimus dorsi of theropods 

was undivided as in crocodilians and chameleons, and had a wide, superficial origin, as is 

evident in both of the archosaurian groups examined. 

It is not surprising that the site of insertion of the M. latissimus dorsi in theropods 

is directly inferable from a muscle scar, given that an insertion scar is present in all 

crocodilians, birds, and lepidosauromorphs (Jenkins and Goslow, 1983). In 

dromaeosaurids, troodontids, and omithomimids a rugose linear sulcus occurs on the 

dorsal side of the humerus close to the deltopectoral crest. This scar extends from the 

apex or distal end of the deltopectoral crest and continues distally until the humeral shaft 

narrows. At this location the M. latissimus dorsi of dromaeosaurids had a similar 

insertion to that of neognathous birds. 

The function of the dromaeosaurid M. latissimus dorsi was to retract and slightly 

elevate the humerus. 

d) M. subscapularis (Figs. 4.1 OB, 29B, 30, 32; SBS) 

The M. subscapularis has only a medial head in crocodilians, Struthio, and 

chameleons (Skinner, 1959), whereas neognaths have both a lateral and medial head. A 

depression on the posteroventral edge of the medial side of the scapular blade of 

dromaeosaurids, oviraptorids, and troodontids occurs in a similar position to the origin 

scar of the M. subscapularis caput mediale of neognaths. This theropod scar may be used 

to directly infer the ventral extent of the origin of the medial head of the M. subscapularis 

in maniraptorans. As is the case for crocodilians and birds, the origin would have been 

quite extensive, approaching the dorsal extent of the origin of the M. scapulohumeralis 

caudalis on the lateral aspect of the scapular blade. Unlike most neognaths (Table 4.2), 



there is no scar on the ventrolateral region of the theropod scapula to indicate the 

presence of a lateral head of the M. subscapularis. Thus, it cannot be determined 

definitively whether theropods possessed a lateral head of the M. subscapularis. 
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Phylogenetic inference regarding the position of insertion of the M. subscapularis 

is unequivocal. In both crocodilians and birds, it inserts onto the posterior tuberosity near 

the humeral head. It is also probable that the M. subscapularis inserted on the posterior 

tuberosity of the theropod humerus. In crocodilians, chameleons (Skinner, 1959), and 

some neognathous birds, the insertion tendons of the M. subscapularis and M. 

subcoracoideus coalesce. It is likely that theropods also had a common insertion of these 

two muscles onto the posterior tuberosity. 

The M. subscapularis rotated and slightly retracted the humerus. 

e) M. deltoideus clavicularis (Figs. 4.10B, 29A, 30, 32~ DC) 

In both crocodilians and birds, the M. deltoideus clavicularis originates from the 

anterior edge of the acromion process. However, there is an additional origin from the 

epicleideum of the furcula in neognaths. In order to address this additional avian origin, 

a secondary comparison to chameleons was made. Chameleons have two heads of the M. 

deltoideus clavicularis: the dorsal head originates from the acromion, and the ventral 

head originates from the anterior scapulosternal ligament, which is homologous to the 

bony clavicle (Skinner, 1959). Thus, both comparative methods suggest that the origin of 

the M. deltoideus clavicularis in dromaeosaurids was from the acromion, as in 

crocodilians, birds, and chameleons, and from the epicleideum or its ligamentous 

equivalent, as in neognaths and chameleons. In dromaeosaurids, the M. deltoideus 



clavicularis probably originated from the depression present on the lateral surface of 

the acromion process, and from the epicleideal end of the furcula. 
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Due to the specialized nature of the avian M. propatagialis, the insertion of the M. 

deltoideus clavicularis in theropods also must be inferred using a secondary comparison 

to chameleons. In chameleons, both heads of the M. deltoideus clavicularis insert onto 

the anterodorsal side of the deltopectoral crest, anterior to the insertion of the M. 

deltoideus scapularis (Skinner, 1959; Peterson, 1973). Similar to the morphology of 

chameleons, the M. scapularis clavicularis of crocodilians inserts onto the anterodorsal 

part of the deltopectoral crest. An oval depression on the dorsal side of the deltopectoral 

crest near its apex occurs in dromaeosaurids and omithomimids, and corroborates the 

inferences of the extrapolatory analysis. In this position, the insertion of the M. 

deltoideus clavicularis is anterior to the insertion of the M. deltoideus scapularis, thus 

preserving the topological relationship of these two muscles as observed in crocodilians, 

neognathous birds, and chameleons, where the insertion of the M. deltoideus clavicularis 

overlies the insertion of the M. deltoideus scapularis. 

The M. deltoideus clavicularis would have elevated and protracted the humerus in 

dromaeosaurids. 

f) M. deltoideus scapularis (Figs. 4. lOB, 29A, 30, 32; DS) 

Phylogenetic inference produces equivocal results regarding both the origin and 

insertion of the M. deltoideus scapularis in dromaeosaurids. In crocodilians, the origin is 

from the anterodorsal part of the scapular blade, whereas neognath birds have a more 

ventral origin from the acromion process and epicleideum. A secondary, extrapolatory 

comparison with chameleons (Skinner, 1959), which have an origin similar to that of 
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crocodilians, suggests that the M. deltoideus scapularis of theropods took origin from 

the scapular blade. Muscle topology also suggests a dorsal origin in theropods, because 

the acromion process and epicleideum are covered by the broad origin of the M. 

deltoideus clavicularis. Functional inference also suggests an origin from the scapular 

blade, which is located considerably dorsal to the glenohumeral joint, therefore 

increasing the leverage of this muscle. If the origin of the M. deltoideus scapularis was 

located more ventrally, as it is in neognaths, then the extent of humeral retraction and 

elevation would be reduced. In neognaths, the primary humeral elevator is the M. 

supracoracoideus, thus the reduced functional capability of the M. deltoideus scapularis 

does not influence the magnitude of humeral elevation. Thus, in theropods, where the M. 

supracoracoideus does not elevate the humerus (section 4.4.2.1, part h), it is more likely 

that the origin of the M. deltoideus scapularis was from the anterodorsal part of the 

scapular blade. In addition, there would be no functional advantage for the M. deltoideus 

scapularis to take origin from the acromion, as its function would be the same as the 

overlying M. deltoideus clavicularis. 

The point of insertion of the M. deltoideus scapularis is inferred directly from a 

muscle scar present on the dorsal aspect of the deltopectoral crest of theropods, including 

dromaeosaurids, troodontids, oviraptorids, and ornithomimids. This large shallow 

depression extends distally from the level of the deltopectoral crest to the narrowing of 

the humeral shaft, just anterior to the insertion scar of the M. latissimus dorsi and 

posterior to the insertion scar of the M. deltoideus clavicularis. This scar is located in a 

similar position to the insertion scar of the M. deltoideus major that occurs in some 

neognaths. In addition to the osteological evidence, extrapolatory analysis also supports 
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the interpretation that the insertion in theropods was onto the deltopectoral crest, as it 

is in chameleons (Skinner, 1959). This also agrees with the muscle topology of 

crocodilians, birds, and chameleons, where the insertion of the M. deltoideus scapularis is 

overlain by the insertion of the M. deltoideus clavicularis. 

Along with the M. deltoideus clavicularis, the M. deltoideus scapularis of 

eumaniraptorans would have elevated and also retracted the humerus. However, the 

deltoids would have been unable to elevate the humerus above the level of the scapular 

blade (Ostrom, 1976a; pers. obs.). This functional interpretation agrees with Gishlick' s 

(2001) conclusion that the humerus of Deinonychus, a dromaeosaurid, cannot be elevated 

above the scapula without dislocating it from the glenoid. 

g) M. triceps brachii caput scapulare (Figs. 4.29A, 30, 31 ; TBS) 

Both the point of origin and insertion of the M. triceps brachii caput scapulare are 

unequivocally reconstructed in theropods using phylogenetic inference. In both 

crocodilians and birds the M. triceps brachii caput scapulare originates from the posterior 

edge of the scapula, dorsal to the glenoid. A similar tendinous origin is inferred for 

theropods, and a well-developed oval scar corresponding to this area occurs in 

dromaeosaurids and most other coelurosaurs, corroborating this interpretation. In this 

position, the M. deltoideus scapularis would have overlain the M. triceps brachii caput 

scapulare near its origin. A small, rugose scar on the scapular blade dorsal to the origin 

of the M. triceps brachii caput scapulare is lacking in theropods; thus, it is unlikely that 

theropods had an additional tendinous origin of this muscle from the scapular blade, 

unlike the case in neognaths. 
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The insertion of the triceps complex in theropods is inferred to be on the 

olecranon process of the ulna, as in crocodilians and birds. This supposition is confirmed 

by the presence of rugosities and pitting on the dorsal aspect of the olecranon process of 

Velociraptor (Norell and Makovicky, 1999). In this reconstructed position, the M. triceps 

brachii caput scapulare would have overlain the belly of the M. latissimus dorsi. 

The M. triceps brachii caput scapulare of theropods would have extended the 

forearm. 

h) M. supracoracoideus (Figs. 4. lOA, 28A, 30, 33; SC) 

Phylogenetic inference regarding the origin of the M. supracoracoideus is 

equivocal. In crocodilians, it takes origin from the anterodorsal part of the coracoid on 

both its lateral and medial sides, and from the anteroventral part of the scapula. 

However, the dorsal origin from the scapula may be an autapomorphic feature of 

crocodilians (Romer, 1922). In neognaths, the M. supracoracoideus originates from the 

anteroventral region of the coracoid, the ventral surface of the sternum, the sternal keel, 

and the sternocoracoclavicular membrane. In Struthio, it originates only from the 

anterolateral surface of the coracoid. Hence, the only element of origin common to both 

crocodilians and birds is the coracoid. It is inferred that the origin of the M. 

supracoracoideus in theropods was from the anteroventral area of the coracoid, ventral to 

the coracoid foramen. In dromaeosaurids, there is a ridge that extends from the biceps 

tubercle towards the anteroventral-most point of the ventral edge of the coracoid. It is 

postulated that this ridge demarcates the posteroventral extent of the origin of the M. 

supracoracoideus. 



293 

An additional origin of the M. supracoracoideus from the sternum, as in 

neognaths, is unlikely for dromaeosaurids. The M. supracoracoideus could not have 

originated from the theropod sternum, because, unlike the situation in neognaths, it lacks 

a keel. The flat surface of the sternum is unsuitable for the attachment of both the M. 

pectoralis, which would cover most of the sternum, and the M. supracoracoideus. In this 

regard, Struthio can be regarded as a functional analogue of theropods, because it lacks a 

keeled sternum and the M. supracoracoideus originates only from the coracoidal area. 

The position of insertion of the M. supracoracoideus differs slightly between 

crocodilians and neognaths. In crocodilians, it inserts onto the apex and proximal part of 

deltopectoral crest, and in neognaths it inserts onto the anterior tubercle, situated between 

the deltopectoral crest and the humeral head. In Velociraptor (IGM 94.07.28, Table 2.1) 

a distinct rugose depression on the ventral aspect of the anterior tubercle confirms that the 

position of insertion of the M. supracoracoideus was similar to that of neognaths. 

Even though this muscle was tendinous near its insertion, the function of the M. 

supracoracoideus in theropods was unlike that of neognathous birds. This muscle was 

unable to elevate the humerus because the triosseal canal, which deflects the 

supracoracoideus tendon dorsally, and is partially formed by the dorsally expanded 

biceps tubercle ( or acrocoracoid), was not yet developed in theropods ( see Ostrom, 

1976a). The M. supracoracoideus therefore appears to have protracted the humerus in 

theropods, as it does in crocodilians and Struthio. 

i) M. coracobrachialis brevis (Figs. 4.10A, 28A, 30, 31 , 33; CBB) 

Both the site of origin and insertion of the M. coracobrachialis brevis are 

unequivocally inferred in theropods using phylogenetic inference. In both crocodilians 
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and Struthio, the M. coracobrachialis brevis is a wide, fleshy muscle that originates 

from the posterolateral part of the coracoid, posterior to the origin of the M. biceps 

brachii. Although this muscle in neognaths originates from the dorsally expanded 

acrocoracoid process, the position of its origin is situated slightly posterior to that of the 

M. biceps brachii, as it is in crocodilians and paleognaths. In theropods, the origin of the 

M. coracobrachialis brevis is demarcated by the subglenoid fossa, a trough-like 

depression situated near the posterior edge of the coracoid, posterior to the biceps 

tubercle. As indicated by its area of origin, this muscle would have been a wide fleshy 

muscle, as it is in crocodilians and Struthio. 

The point of insertion of the M. coracobrachialis brevis is similar in both 

crocodilians and birds. Thus, theropods probably had a similar insertion onto the 

proximoventral part of the humerus, just posterior to the insertion of the M. pectoralis. 

As in crocodilians and Struthio, there are no scars on the theropod humerus that 

demarcate the extent of this fleshy insertion. 

The M. coracobrachialis brevis would have protracted the humerus. 

j) M. biceps brachii (Figs. 4. lOA, 28A, 30, 31, 33; BB) 

In all archosaurs examined, the tendinous origin of the M. biceps brachii is 

marked on the coracoid by a distinct tubercle or facet. In crocodilians and paleognaths 

the tubercle is located anterior to the origin of the M. coracobrachialis brevis/cranialis 

and ventral to the glenoid, whereas in neognaths, it is located dorsal to the glenoid, 

although the origin of the M. coracobrachialis cranialis remains in close proximity to the 

tubercle. In dromaeosaurids, a large tubercle occurs just ventral to the glenoid and 

corresponds to the tendinous origin of the M. biceps brachii. In this position, the biceps 



tendon would overlie the belly of the M. coracobrachialis brevis, as it does in both 

crocodilians and birds. 
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A second origin of the M. biceps brachii from the theropod humerus, as occurs in 

neognaths, is equivocal. This second attachment is not present in paleognaths, 

crocodilians, or chameleons (Peterson, 1973). However, there are rugosities present on 

the posteroventral region of the proximal end of the humerus that may indicate a second 

origin in eumaniraptorans. The M. biceps brachii crosses both the glenohumeral joint 

and the elbow joint. A second origin that anchors the biceps tendon to the proximal end 

of the humerus may have been necessary to ensure that the tendon remains in close 

proximity to the glenoid and humeral head. Without it, the biceps tendon would protract 

the humerus in addition to flexing the antebrachium, thus diminishing the effectiveness of 

the M. biceps brachii as a flexor. This functional argument is similar to that made by 

Peterson (1973) in her consideration of the M. triceps brachii caput coracoideum and 

caput scapulare of lepidosauromorphs, which both cross the same two joints. However, 

there is an alternative resolution to this functional problem. If the tendon of the M. 

biceps brachii had a strong aponeurotic attachment to the belly of the M. coracobrachialis 

brevis, as it does in Struthio, then the proximal part of this tendon would be secured close 

to the humeral head. 

Phylogenetic inference regarding the origin of the M. biceps brachii is equivocal. 

It inserts onto the proximal part of the radius and ulna in most neognathous birds; 

however, it inserts only onto the former in Struthio and crocodilians. Only a few 

theropod forearm elements were examined, and most of these specimens were not 

preserved well enough to observe muscle scars. However, Norell and Makovicky (1999) 
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remarked that a small tubercle occurs on the anteroproximal surface of the ulna of a 

Velociraptor specimen. This scar may indicate that the biceps tendon, along with the 

tendon of the M. brachialis inferior, inserted onto both the proximal end of the ulna and 

the radius. 

With the inferred secondary origin, from either the proximal end of the humerus, 

or aponeurotically from the belly of the M. coracobrachialis brevis, the M. biceps brachii 

would have been capable of strongly flexing the forearm. 

4.4.2.2 Unequivocal muscles with no scars 

The following muscles are unequivocally present in theropods based on 

phylogenetic inference (Tables 4.3, 4.4). However, scars that can be used to define a 

more precise attachment site for these muscles are not present in theropods. 

a) M. rhomboideus superficialis (Figs. 4.29B, 30, 31 ; RS) 

Although there is no osteological evidence confirming its presence in theropods, 

the M. rhomboideus superficialis occurs in both crocodilians and birds, and is thus 

parsimoniously inferred to have been present in theropods. The origin of the M. 

rhomboideus superficialis of theropods is equivocal. It may have originated either from 

the neural spines of the posteriormost cervical and anteriormost dorsal vertebrae, as in 

birds, or from the dorsal thoracic muscles, as is the case in crocodilians. The neognath 

origin of the M. rhomboideus superficialis is wide, and encompasses many vertebrae in 

order to insert on the horizontally positioned scapula. This is similar to the scapular 

disposition in dromaeosaurids; therefore it is postulated that dromaeosaurids had a similar 

origin to that of birds. According to the reconstructed position of the scapulocoracoid of 



dromaeosaurids, the most probable origin would have been from the anteriormost 

dorsal vertebrae. 
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In eumaniraptorans, which have subhorizontally positioned scapulae relative to 

the vertebral column (Norell and Makovicky, 1999), the insertion of the M. rhomboideus 

superficialis was probably onto the anteromedial edge of the scapular blade, as is the case 

in neognaths. Its insertion may have extended onto the medial edge of the epicleideum as 

well. 

The M. rhomboideus superficialis would have protracted the scapula 

b) M. serratus profundus (Figs. 4.29B, 32; SP) 

The equivocal area of origin of the M. serratus profundus of theropods lies outside 

of the focal area of this study. It may have taken origin from the dorsal ribs, as in 

crocodilians and neognaths, as well as from the cervical ribs and/or the posteriormost 

cervical/anteriormost dorsal vertebrae, as in birds. However, according to the 

reconstructed position of the scapulocoracoid of dromaeosaurids, the most probable 

origin would have been from the anteriormost dorsal vertebrae and/or ribs. 

In both crocodilians and birds, the insertion of the M. serratus profundus is mainly 

onto the medial side of the dorsal half of the scapular blade. It is likely that the insertion 

of this muscle was similar in theropods as well. However, it is not known if theropods 

possessed multiple heads of this muscle, as is the case in some birds. 

The M. serratus profundus would have protracted the scapula. 

c) M. subcoracoideus (Figs. 4.10B, 28B, 32; SBC) 

Reconstructing the attachments of this muscle using the phylogenetic inference 

alone is difficult, given that the M. subcoracoideus of crocodilians has only a scapular 
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origin (Romer, 1944 ). In chameleons, the M. subcoracoideus originates from the 

entire medial aspect of the coracoid (Peterson, 1973 ). In neognaths, the ventral head of 

the M. subcoracoideus is commonly absent (George and Berger, 1966; pers. obs.). The 

dorsal head, which has a similar site of origin to those of chameleons and other 

lepidosauromorphs, may represent the primitive position of origin for the M. 

subcoracoideus. It is probable that the M. subcoracoideus of theropods originated from 

the medial side of the coracoid, overlying the coracoid foramen, as it does in some 

neognaths. The ventral head was probably not present in theropods. 

In theropods, the insertion tendon of the M. subcoracoideus may have coalesced 

with tendon of the M. subscapularis and inserted onto the posterior tuberosity of the 

humerus. 

The M. subcoracoideus would have adducted and slightly rotated the humerus. 

d) M. scapulohumeralis caudalis (Figs. 4.10B, 29A, 30, 32; SHCA) 

In both crocodilians and birds the M. scapulohumeralis caudalis originates from 

the posterolateral surface of the scapular blade. Thus the origin of this muscle from the 

scapular blade in theropods is phylogenetically unequivocal. However, the extent of 

origin of this muscle from the scapular blade must be addressed. The narrowness of the 

dromaeosaurid scapula and the origin of the M. deltoideus scapularis from the anterior 

edge of the scapular blade dictate that the M. scapulohumeralis caudalis had a less 

extensive attachment to the ventral half of the posterior edge of the scapular blade than is 

the case in neognaths, and would instead have been similar to the pattern of origin 

encountered in paleognaths, crocodilians, and chameleons (Peterson, 1973). 
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The position of insertion of the M. scapulohumeralis caudalis can also be 

bracketed for theropods. In both Caiman and birds it inserts onto the posterodorsal side 

of the humerus, just distal to the posterior tuberosity. In some theropod specimens, such 

as Velociraptor and Troodon, this region is slightly depressed and striated, possibly 

indicating the area of insertion of this fleshy muscle. 

The function of the M. scapulohumeralis caudalis of theropods was to retract the 

humerus. 

e) M. triceps brachii caput mediale (Figs. 4.10, 33 ; TBM) 

The fleshy nature and the position of origin and insertion of the M. triceps brachii 

caput mediale are identical among crocodilians and birds. In theropods, phylogenetic 

inference suggests that it had an extensive origin from the posterior edge of the humeral 

shaft. It was probably bifid at its origin, as it is in crocodilians and neognaths, with the 

two heads looping around the insertions of the M . scapulohumeralis cranialis and 

caudalis. Distally, it coalesced with the rest of the triceps complex, and inserted via a 

tendon onto the proximal end of the ulna. 

The M. triceps brachii caput mediale would have extended the forearm. 

f) M. triceps brachii caput coracoideum ( not figured; TBC) 

The M. triceps brachii caput coracoideum is present in crocodilians and 

lepidosauromorphs (Russell and Bauer, in press), but is vestigial in neognaths (George 

and Berger, 1966) and absent from paleognaths and chameleons (Peterson, 1973). 

According to Peterson (1973), this muscle imposes limitations on the range of humeral 

movement. Therefore its absence in chameleons allows for an increase in humeral 

mobility and forereach. This functional interpretation may be extended to 
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dromaeosaurids, where forereach was an important component of the predatorial 

strike or grasping of prey (Ostrom, 1974; Carpenter and Smith, 1995; Carpenter, 2002). 

Therefore, it is probable that the M. triceps brachii caput coracoideum was vestigial in 

eumaniraptorans, as it is in neognathous birds. 

The M. triceps brachii caput coracoideum probably arose from the scapulosternal 

ligament, as it does in both crocodilians and some neognaths (George and Berger, 1966). 

However, there are no scars present on the scapulocoracoid to confirm the presence of 

this ligament. The muscle belly may have been situated near the distal end of the 

humerus, as it is in some neognaths (George and Berger, 1966). It is likely that this 

vestigial muscle would have inserted in common with the rest of the triceps complex onto 

the olecranon process of the ulna. 

It is not possible to assess the function of this vestigial muscle of dromaeosaurids. 

g) M. pectoralis (Figs. 4.10A, 30, 32, 33; P) 

Phylogenetic inference regarding the position of origin of the M. pectoralis in 

theropods is equivocal. The M. pectoralis originates from the sternum in both 

crocodilians and birds, thus it is assumed here that it had a similar position of origin in 

theropods. Additional attachments to the sternal ribs, as is the case in crocodilians, is 

possible, but not necessary, because the dromaeosaurid sternum is broad and would have 

provided a large attachment area for the origin of the M. pectoralis. An additional origin 

from the Ligamentum sternocoracoideum laterale, overlying the lateral face of the 

coracoid, as is the case for Struthio, is possible for theropods. However, this additional 

origin appears to be an autapomorphic feature of paleognaths, as it does not occur in any 

other extant archosaurs. Also, Struthio lacks the M. coracobrachialis caudalis/longus, 
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which in neognaths and crocodilians (Nicholls and Russell, 1985) takes origin from 

the lateral face of the coracoid, near its posteroventral edge. Therefore, the lack of the M. 

coracobrachialis caudalis/longus in Struthio enables the M. pectoralis to originate from 

this area. The corresponding area of the coracoid in dromaeosaurids is covered by the M. 

coracobrachialis longus (section 4.4.2.2, part h); thus, it is unlikely that the M. pectoralis 

had a coracoidal origin. 

It has been hypothesized that the main function of the furcula of theropods and 

Archaeopteryx was to provide a site of origin for the M. pectoralis (Olson and Feduccia, 

1979; Currie and Makovicky, 1998). However, it is unlikely that there was an origin 

from the furcula in a similar fashion to that seen in neognaths (Carpenter, 2002; pers. 

obs). In theropods, the furcula was positioned far dorsally relative to the sternum, 

whereas in neognaths the ventral edge of the furcula approaches or may even attach to the 

anterodorsal part of the sternum. In neognaths, the origin of the M. pectoralis from the 

furcula and the stemocoracoclavicular membrane allows the M. pectoralis to completely 

overlie the ventral appendicular musculature. This is not the case for theropods. 

Insertion of the M. pectoralis onto the ventral side of the deltopectoral crest in 

theropods is unequivocal. As for crocodilians and most neognaths, there are no 

osteological correlates of this muscle in theropods that mark its fleshy insertion area. 

The M. pectoralis depressed and protracted the humerus. 

h) M. coracobrachialis longus (Figs. 4.10B, 28A, 33; CBL) 

Phylogenetic inference regarding the position of origin of the M. coracobrachialis 

longus/caudalis is unequivocal for theropods. In both neognaths and crocodilians 

(Nicholls and Russell, 1985), it originates from the posteroventral edge of the coracoid 



and the posterior coracoid process. Thus, in theropods it likely originated from the 

same anatomical structures. 
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The position of insertion of the M. coracobrachialis longus in theropods is 

however, equivocal. In Crocodylus and chameleons, it inserts along the posterior edge of 

the distal part of the humerus and onto the dorsal epicondyle of the humerus (Peterson, 

1973; Nicholls and Russell, 1985). In neognaths, this muscle has a more proximal 

insertion onto the posterodorsal part of the humerus. It is more likely that the M. 

coracobrachialis longus of theropods had a proximal insertion, as it does in neognaths, 

allowing this muscle to lie in close proximity to the humerus. If there was a distal 

insertion onto the humerus in theropods, as there is in crocodilians and chameleons, the 

muscle belly near its origin would have lain far from the humeral shaft and the glenoid. 

This muscle would have adducted and rotated the humerus of theropods. 

i) M. brachialis inferior (Figs. 4.10B, 30, 31; BRI) 

The origin of the M. brachialis inferior is positioned more distally on the humerus 

of birds than it is in crocodilians. In theropods, there is no evidence of the fossa m. 

brachialis, which correlates with the origin of the M. brachialis in most neognaths. It is 

therefore unlikely that theropods had an avian-like distal origin of the M. brachialis 

inferior. Thus, theropods probably had an origin similar to those of crocodilians and 

chameleons (Skinner, 1959), from the anterior edge of the humerus, distal to the apex of 

the deltopectoral crest. This elongate muscle was situated between the M. biceps brachii 

and the M. humeroradialis, as it is in crocodilians. 



It is assumed that the M. brachialis inferior of theropods also had an insertion 

similar to that of crocodilians and chameleons, coalescing with the tendon of the M. 

biceps brachii to insert onto the radius and ulna. 

The M. brachialis inferior would have flexed the forearm. 

4.4.2.3 Equivocal muscles 

The presence of the following muscles in theropods is equivocal due to their 

absence in either crocodilians or birds (Table 4.5). 

a) M. rhomboideus profundus (Figs. 4.29B, 30, 31; RP) 
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The presence of the M. rhomboideus profundus in theropods is equivocal because 

this muscle is present only in birds. This additional slip of the avian M. rhomboideus 

extends the insertion of the M. rhomboideus onto the dorsal part of the elongate scapular 

blade, possibly allowing stronger protraction of the entire scapular blade. 

Eumaniraptorans also have an elongate, subhorizontally positioned scapula, similar to 

that of birds. Thus, it can be assumed that the M. rhomboideus pro fund us may have been 

present in these theropods. It is likely that the M. rhomboideus profundus of 

eumaniraptorans was similar to that of Struthio, being a narrow muscle that only attaches 

to the dorsal end of the scapula. This muscle may have originated from the neural spines 

of the posteriormost cervical vertebrae or the anteriormost dorsal vertebrae, as it does in 

birds. However, the reconstructed position of the scapulocoracoid of dromaeosaurids 

suggests that the most probable origin was from the dorsal vertebrae. It may have 

inserted onto the anteromedial edge of the dorsal part of the scapular blade, similar to the 

site of insertion in Struthio. 



If present, the M. rhomboideus profundus would have protracted the scapula. 

b) M. levator scapulae (Fig. 4.34~ LS) 
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The presence of the M. levator scapulae in some theropod groups is directly 

inferred by the presence of a muscle scar. The elongate sulcus on the anterior edge of the 

scapular blade of some non-coelurosaurs, such as Ceratosaurus (Fig. 4.34), Sinraptor and 

Megalosaurus (Currie and Zhao, 1993), suggests that the M. levator scapulae was 

probably present in non-coelurosaurs, and that it had a similar insertion to the M. levator 

scapulae superficialis of crocodilians, which sometimes leaves a scar. It probably 

originated from the cervical ribs and/or the fascia of the cervical muscles, as it the case in 

crocodilians. If present, the M. levator scapulae would have protracted the scapular 

blade. 

However, no such muscle scar is evident on the scapular blade of any 

coelurosaurian theropod examined. The lack of an osteological correlate may indicate 

that this muscle is absent from coelurosaurs, but it cannot be stated definitely. It is 

proposed that the M. levator scapulae is absent from at least the eumaniraptoran 

theropods. In eumaniraptorans, such as dromaeosaurids, the scapular blade in life lay in a 

subhorizontal position relative to the vertebral column (Norell and Makovicky, 1999). In 

this orientation, the M. rhomboideus assumes the role of protracting the scapular blade, 

and the presence of the M. levator scapulae would be mechanically superfluous. Thus, 

there is compelling evidence that at least eumaniraptorans did not possess the M. levator 

scapulae, but instead possessed a similar (possibly homologous) condition to that of 

neognathous birds. 
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c) M. trapezius (not figured; TP) 

Following the argument presented for the absence of the M. levator scapulae in 

eumaniraptorans (section 4.4.2.3, part b ), it is proposed that eumaniraptorans also lacked 

the M. trapezius. There are no osteological correlates of the M. trapezius known in any 

theropod, thus it cannot be stated definitively that more basal theropods possessed that 

muscle. 

d) M. teres major ( not figured; TM) 

The M. teres major is absent from both birds and lepidosauromorphs (Romer, 

1944 ). This crocodilian muscle, which may be a scapular anchor of the M. latissimus 

dorsi, is assumed to be an autapomorphic feature of crocodilians, and thus not 

homologous with its namesake in mammals. Thus it is unlikely that the M. teres major 

was present in theropods. 

e) M. deltoideus minor (not figured; DMI) 

The M. deltoideus minor is not present in either crocodilians or 

lepidosauromorphs. Thus, the M. deltoideus minor, which originates from the 

acrocoracoid, epicleideum, and/or apex of the acromion in neognathous birds, may be an 

autapomorphic feature of birds. In Struthio, a vestige of this muscle originates from the 

acrocoracoid tuberosity. Muscle topology in neognaths dictates that the M. deltoideus 

minor in theropods would occur deep to the M. deltoideus clavicularis. Therefore, if the 

M. deltoideus minor was present in theropods, it could not have originated from the 

acromion and the epicleideum because these structures were broadly covered by the 

origin of the M. deltoideus clavicularis. It is also unlikely that the M. deltoideus minor 

arose from the area of the biceps tubercle because that structure is not elevated, as it is in 
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neognaths, or broad enough to support both the origins of the M. biceps brachii and 

the M. deltoideus minor, as it is in Struthio. Thus, it is assumed that the M. deltoideus 

minor was absent from theropods. 

f) M. scapulohumeralis cranialis (Figs. 4.10B, 29A, 30:, 31; SHCR) 

Although both crocodilians and paleognaths lack the M. scapulohumeralis 

cranialis, this muscle is present in a more distal outgroup of theropods, the 

lepidosauromorphs, including chameleons (Peterson, 1973; Russell and Bauer, in press). 

The M. scapulohumeralis cranialis of neognaths is homologous to that of 

lepidosauromorphs (Romer, 1944; Jollie, 1962; Sullivan, 1962). It is presumed that the 

M. scapulohumeralis cranialis has been independently lost from crocodilians and 

paleognaths, whereas it is retained by some neognath species. Thus, the M. 

scapulohumeralis cranialis was probably present in theropods. Its presence is 

corroborated by the occurrence of an ovoid scar on the posterior edge of the scapular 

blade of dromaeosaurids. This scar has a similar position to that of the origin scar of the 

M. scapulohumeralis cranialis in Cygnus. As in neognaths, it is presumed that the origins 

of the M. scapulohumeralis cranialis and caudalis were not widely separated, and the 

origin of the former was just ventral to that of the latter. 

There are no insertion scars for this muscle present on the humerus of theropods. 

In neognaths, the M. scapulohumeralis cranialis inserts onto the posterodorsal region of 

the proximal end of the humerus, between the two heads of the M. humerotriceps, and 

anterior to the insertion of the M. scapulohumeralis caudalis. In chameleons, it inserts 

onto proximal part of the humerus, but between the origins of the M. triceps brachii caput 

mediale and caput laterale (Skinner, 1959). The M. triceps brachii caput laterale is 



assumed to have been absent in dromaeosaurids (see section 4.4.2.3, part g); thus, the 

insertion of the M. scapulohumeralis cranialis would have been similar to that of 

neognaths. 

The M. scapulohumeralis cranialis would have retracted and adducted the 

humerus. 

g) M. triceps brachii caput laterale ( not figured; TBL) 
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The M. triceps brachii caput laterale is present in crocodilians and chameleons 

(Skinner, 1959), but absent from all birds. There is no documentation in the literature on 

its absence and the possible functional associations of its absence in birds. There are no 

osteological correlates of this muscle in the extant taxa examined, or in theropods. 

However, it appears that this muscle was absent from dromaeosaurids based on the close 

proximity of the insertion scars of the M. latissimus dorsi and the M. deltoideus 

scapularis on the humerus. In crocodilians, the M. triceps brachii caput laterale has a 

narrow, elongate origin that starts from the proximodorsal region of the humerus and then 

passes between the attachments of the M. latissimus dorsi and the M. deltoideus 

scapularis. The muscle scars on the dromaeosaurid humerus therefore indicate that the 

M. triceps brachii caput laterale was probably absent. The absence of this muscle in 

dromaeosaurids would not have a large impact on forelimb function because the other 

heads of the triceps complex would have had the same function of extending the 

antebrachium, although subtleties of the dynamics of differential contraction patterns 

cannot be assessed. 
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h) M. humeroradialis (Figs. 4.1 OB, 30, 31 ; HR) 

The presence of the M. humeroradialis in theropods is equivocal because no 

definitive homologue occurs in birds, and the M. humeroradialis is absent from 

lepidosauromorphs (Romer, 1944). However, a low, rugose tuberosity distal to the 

deltopectoral crest and distal to the insertion scar of the M. deltoideus scapularis is 

present in some maniraptorans, such as Saurornitholestes, Velociraptor, and lngenia 

(Table 2.1 ). This scar occurs in a similar position to a scar associated with the M. 

humeroradialis in some crocodilians, and may represent the point of origin of the M. 

humeroradialis in these theropods. The insertion of the M. humeroradialis in theropods 

was probably onto the proximal end of the radius, but is not marked by a tubercle as it is 

in crocodilians. 

The M. humeroradialis would have flexed the antebrachium. 

4.4.3 Summary of the Theropod Shoulder Girdle Musculature 

The position of attachment of most of the shoulder girdle muscles of theropods 

cannot be reconstructed using phylogenetic inference alone. This may be due to 

differences in forelimb posture between the crocodilians and birds, and specializations of 

the neognath shoulder apparatus for flight. Instead, both phylogenetic and functional 

inferences were used, in combination with theropod muscle scar evidence, to reconstruct 

the shoulder girdle musculature. A summary of the attachments of the theropod shoulder 

girdle muscles, and the osteological correlates that are preserved in certain theropod taxa 

is presented in the Appendix. 
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There is considerable debate regarding whether or not the biceps tubercle of 

theropods represents the position of the tendinous origin of the M. biceps brachii. Walker 

(1972), who supported a crocodylomorph ancestry for birds, proposed that the biceps 

tubercles of Sphenosuchus and Archaeopteryx are homologous to the avian acrocoracoid. 

Ostrom (1974, 1976a), an advocate of the theropod ancestry of birds, postulated that the 

biceps tubercle of Sphenosuchus was homologous to the tubercle on the posterolateral 

part of the coracoid of theropods, thereby labelling it as the biceps tubercle. Walker 

(1990) later rejected Ostrom's hypothesis because the tubercle in crocodilians occurs near 

the anterior edge of the coracoid, whereas it lies closer to its posterior edge in theropods. 

Instead he proposed that the 'biceps tubercle' of theropods represents the tendinous origin 

of the M. coracobrachialis brevis (Walker, 1990). Another hypothesis was put forward 

by Carpenter (2002), who proposed that the 'biceps tubercle ' was an indirect osteological 

correlate formed by the attachment of two muscles, the M. coracobrachialis brevis and M. 

supracoracoideus. Recently, Baier and Gatesy (2002) suggested that the biceps tubercle 

might be an osteological correlate of the origin of the Ligamentum acrocoracohumerale. 

It is unlikely that the biceps tubercle represents the origin of the fleshy M. 

coracobrachialis brevis. Instead, it is assumed here that the M. coracobrachialis brevis 

originated from the posterior margin of the coracoid (subglenoid fossa), as it does in 

crocodilians and paleognaths (section 4.4.2.1 , part i). There are two problems with 

Carpenter' s (2002) hypothesis. First, Carpenter incorrectly reconstructed the origin of 

the M. supracoracoideus from the anterodorsal region of the coracoid; thus, this muscle 

was not positioned in close proximity to the 'biceps tubercle '. Second, an indirect 

osteological correlate intervening between two muscles would usually occur as a ridge or 



some sort of elongated structure (Hutchinson, 2001 b ), and not as a rugose, ovoid 

tubercle. 
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The Ligamentum acrocoracohumerale of birds is homologous to the Ligamentum 

coracohumerale of crocodilians (Jenkins, 1993), which originates from the dorsal part of 

the coracoid, posterior to the biceps scar and anterior to the infraglenoid buttress. In 

some neognaths the Ligamentum acrocoracohumerale leaves a distinct tubercle on the 

acrocoracoid process. It is possible that the biceps tubercle of theropods represents the 

origin of this collateral ligament. However, the topology of the soft-tissue originations 

from the dorsal region of the coracoid of both crocodilians and birds suggests that the 

biceps tubercle of theropods is not an osteological correlate of the collateral ligament. In 

crocodilians and birds the order of the originations of soft tissues, from the anterior edge 

of the coracoid to the posterior edge (infraglenoid buttress) is the M. biceps brachii, M. 

coracobrachialis brevis/cranialis, and Ligamentum coracohumerale/acrocoracohumerale. 

In most Tetanurans, the scars on the posterior part of the coracoid follow a similar pattern 

(biceps tubercle, subglenoid fossa, and the small, ovoid depression), suggesting that the 

most anteriorly situated scar on the theropod coracoid represents the origin of the M. 

biceps brachii. The small, ovoid depression, situated posterior to the biceps tubercle and 

ventral to the infraglenoid buttress, present in many theropods such as Allosaurus, 

Tyrannosauridae, Ornithomimidae, and Dromaeosauridae (Chapter 2), may be a more 

likely osteological correlate of the Ligamentum coracohumerale/ acrocoracohumerale 

than the biceps tubercle, as has been previously suggested. 

The evidence accumulated in this study supports Ostrom' s (1974, 1976a) 

hypothesis that the biceps tubercle of theropods is the osteological correlate for the origin 



311 

of the M. biceps brachii. Furthermore, the biceps tubercle of chameleons, which 

occurs in a similar position to that of theropods, correlates with the attachment of the M. 

biceps brachii (Nicholls and Russell, 1985). The origin of the M. biceps brachii of 

theropods from the biceps tubercle would also maintain the close topological relationship 

between the M. biceps brachii and the M. coracobrachialis brevis/cranialis that is 

observed in all extant archosaurs. 

The biceps tubercle is one of the twenty landmarks digitized on the theropod 

coracoid (Chapter 3). This feature is therefore mapped out across an array of theropod 

taxa, in an attempt to understand the shift in the origin of the M. biceps brachii, and is 

discussed in sections 4.4.3 .1 (part g) and 4.4.3.2. 

4.4.3 .1 Changes in shoulder girdle musculature among theropod groups 

Differences among theropod groups in the position of attachment and the size of a 

particular shoulder girdle muscle can be surmised through comparison of their 

osteological correlates and the size of the attachment area. The position of a muscle 

attachment relative to a joint may have an important influence on its performance 

(Nicholls and Russell, 1985; Egi and Weishampel, 2002); the farther away a muscle 

attachment is from the glenohumeraljoint or the elbow joint, the more torque it will be 

able to generate. Differences in muscular position, size, or performance have been 

determined by combining the morphological differences summarized in Chapters 2 and 3 

with the specific theropod muscle reconstruction proposed in section 4.4.2. In addition, 

the sizes of the osteological correlates are compared among theropod groups and may be 

correlated with the sizes of the muscles. This section describes some of the major 
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differences observed among theropod groups in the positions of muscle attachment, 

and how these differences may be related to differences in the size and performance of a 

particular muscle. The shoulder girdle muscles are discussed in the same sequence as set 

out in Table 4.3. 

a) Axial musculature 

Differences in orientation of the scapulocoracoid relative to the vertebral column 

(section 4.3.1.4) may correlate with differences in musculature of non-eumaniraptoran 

and eumaniraptoran theropods. As outlined in section 4.4.2.3 (parts band c), the 

apparent absence of the M. levator scapulae and M. trapezius in eumaniraptorans may be 

associated with a subhorizontally positioned scapular blade; while the definitive presence 

of the M. levator scapulae in non-coelurosaurian theropods is deduced by the presence of 

a muscle scar in some species (Fig. 4.34). 

It is not known, however, whether non-eumaniraptoran coelurosaurs, which are 

considered to have had diagonally positioned scapulocoracoids as in non-coelurosaurs 

(see Carpenter, 2002: fig. 10), possessed the M. levator scapulae and M. trapezius, 

because there are no muscle scars present in these taxa. More articulated specimens with 

muscle scars must be examined in order to clarify this proposed relationship between 

crocodilian-like axial musculature and a more vertically positioned scapulocoracoid. 

The areas of insertion of the M. rhomboideus superficialis and profundus are also 

dependent on the orientation of the scapular blade relative to the vertebral column. In 

non-eumaniraptorans, it is likely that the M. rhomboideus ( =M. rhomboideus 

superficialis) inserted onto the medial side of the distal end of the scapular blade and 

suprascapula (Fig. 4.34), similar to its position in crocodilians. The flared distal end of 
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the scapular blade of most non-eumaniraptorans would have increased the surface 

area of origin ofthis muscle, and this agrees with the findings of Bakker et al. (1992). It 

is unlikely, however, that the M. rhomboideus profundus, a scapular protractor, was 

present in non-eumaniraptorans because their scapular blade was not positioned 

subhorizontally as it is in modem birds. Instead, it is probable that the M. levator 

scapulae functioned as the main protractor of the scapulocoracoid of non-

eumaniraptorans (Fig. 4.34), as it does in crocodilians. 

Alternatively, the M. rhomboideus superficialis appears to have inserted along the 

anteromedial edge of the sub horizontally positioned scapular blade of eumaniraptorans 

(Fig. 4.31), as is the case in modem birds. The lack of a distal flare of the scapular blade 

in eumaniraptorans may correlate with the absence of a crocodilian-like insertion of the 

M. rhomboideus (superficialis); however, this correlation is tenuous, because 

H errerasaurus also possessed a narrow scapular blade without a distal expansion. The 

M. rhomboideus profundus (Fig. 4. 31) may have inserted onto the anterodorsal edge of 

the scapular blade, as it does in Struthio. 

The number of heads of the M. serratus superficialis may have differed among 

certain theropod groups and maniraptorans; however, this does not appear to be 

functionally related to the position of the theropod scapulocoracoid relative to the 

vertebral column. In some non-maniraptoran groups, such as ornithomimids, 

tyrannosaurids, Allosaurus, and Ceratosaurus (Fig. 4.34), the posteromedial edge of the 

scapular blade is characterized by an elongate sulcus. This scar is similar to a scar 

present in Struthio, which corresponds to the insertion of the M. serratus superficialis 

pars cranialis. However, in the above-mentioned non-maniraptoran taxa, at least two-
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thirds of the scapular blade is covered by this groove, a much broader area than that 

encompassed by the similar scar of Struthio. This suggests that either the M. serratus 

superficialis pars cranialis was much broader in these non-maniraptoran theropods, or 

more likely that the M. serratus superficialis was a wide undivided muscle, as is the case 

in crocodilians and chameleons (Skinner, 1959). This differs from the muscle 

arrangement suggested for maniraptorans, which lack an elongate posteromedial groove. 

It is proposed that the M. serratus superficialis was a divided muscle in maniraptorans, 

because the osteological correlate for this muscle is similar to that found in neognath 

birds (section 4.4.2.1, part a). However, there are no functional grounds for the inference 

of a division of this muscle in maniraptorans. 

b) M. deltoideus clavicularis 

The size of the theropod acromion process delimits the possible size of the fleshy 

origin of the M. deltoideus clavicularis, as it does in crocodilians and birds. However, 

unlike crocodilians or birds, there is a depression present on the acromion process of 

theropods that may further indicate the pattern of attachment of this muscle. This 

depression covers a large portion of the acromion in the majority of the theropods 

examined. However, in basal theropods that have a dorsoventrally broad acromion, such 

as Ceratosaurus (Fig. 4.34) and coelophysids (see Raath, 1990: fig. 7.4a), the depression 

is limited to the ventral region of the acromion process. Therefore, the origin of the M. 

deltoideus clavicularis of these theropods appears to have been limited to that region of 

the acromion process, and the dorsoventrally broad process present in basal theropods 

does not correlate with a larger area of origin of the M. deltoideus clavicularis. 
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TPS analysis and the qualitative descriptions indicate that the acromion 

process of non-avetheropods is greatly expanded anteriorly and is situated far anterior to 

the glenoid. This would have allowed the M. deltoideus clavicularis to have greater 

leverage for protraction and slight elevation of the humerus (Fig. 4.34). The more 

vertical orientation of the scapulocoracoid in non-eumaniraptoran theropods may have 

also affected the function of the M. deltoideus clavicularis, which would have mainly 

functioned as a protractor of the humerus. The role of the M. deltoideus as an elevator 

would have also been reduced relative to that of eumaniraptorans. 

The morphological comparative analyses also indicate a trend for the acromion 

process to become anteriorly lower in avetheropods ( with the exception of 

Tyrannosaurus) relative to basal theropods. In ornithomimids and maniraptorans, the 

anterior edge of the acromion process is especially low, suggesting that the leverage of 

the M. deltoideus clavicularis is reduced in these theropods relative to basal theropods, 

which have anteriorly expanded acromion processes. 

In theropods the function of the M. deltoideus clavicularis may also have been 

affected by the position of the scapular blade relative to the vertebral column. With the 

more vertically positioned scapulae of non-eumaniraptoran theropods, it would have 

mainly functioned as a humeral protractor, and its role as an elevator would have been 

reduced (Fig. 4.34). However, the subhorizontally positioned scapulae of 

eumaniraptorans would have allowed the M. deltoideus clavicularis to function mainly as 

a humeral elevator. In addition, the ventrally directed acromion process of 

eumaniraptorans would have displaced the origin of the M. deltoideus clavicularis ventral 

to the glenoid. This would have enabled this muscle to also slightly protract the humerus. 
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Therefore, the subhorizontally positioned eumaniraptoran scapular blade negated the 

ability of the M. deltoideus clavicularis to protract the humerus; however, the ventrally 

directed eumaniraptoran acromion process would have compensated for the loss of that 

function. 

c) M. deltoideus scapularis 

The extent of the area of origin and insertion of the M. deltoideus scapularis also 

differs among theropod groups. Qualitative descriptions and TPS analysis indicate that 

the dorsal part of the scapular blade of non-maniraptorans is more anteroposteriorly 

expanded than the strap-like scapula of maniraptorans. The dorsally-broad scapular blade 

may have permitted a more extensive origin of the M. deltoideus scapularis (Fig. 4.34) 

than is encountered in maniraptorans (pers. obs.; Bakker et al. , 1992). The larger muscle 

size, in combination with the more vertical positioning of the scapulocoracoid, may have 

allowed for stronger retraction and elevation of the humerus. The large, rugose insertion 

scars on the deltopectoral crest of tyrannosaurids, Allosaurus, and Ceratosaurus support 

the contention that the M. deltoideus scapularis may have been more extensively 

developed in these taxa. 

Alternatively, anatomical comparisons of the scapular blade of maniraptorans, 

excluding Caudipteryx, show that it is narrow, with an unexpanded dorsal end. This 

observation suggests that the origin of the M. deltoideus scapularis is also much narrower 

in maniraptorans than it is in non-maniraptorans. The insertion scar of the M. deltoideus 

scapularis is also characterized by a smooth surface, suggesting that this muscle was not 

as well developed in maniraptorans as it is in non-maniraptorans. 
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During the transition from theropods to anatomically modem birds, the origin 

of the M. deltoideus scapularis migrated from the scapular blade onto the acromion 

process, displacing the acromial origin of the M. deltoideus clavicularis onto the anterior 

edge of the acromion process. However, an origin scar of the M. deltoideus scapularis is 

not prevalent in most neognath species (Table 4.2) and it is unlikely that an osteological 

correlate representing its origin will be observed in fossil forms. As a consequence, 

determining exactly which theropods had the avian configuration of the M. deltoideus 

scapularis is presently not possible. 

The function of the M. deltoideus scapularis in theropods is to elevate the 

humerus (section 4.4.2.1, part f). Ostrom (1976a) postulated that its position of origin, 

and therefore its function, might have been transformed in derived birds, once the M. 

supracoracoideus assumed the derived, avian function of strongly elevating the humerus 

(see section 4.4.3.1, part e, for a more detailed explanation). If Jeholornis did possess a 

derived avian configuration of the M. supracoracoideus, then it is probable that the M. 

deltoideus scapularis originated from its acromion process, as it does in modem 

neognaths. Thus, the M. deltoideus scapularis of derived birds may have been a weaker 

humeral elevator than it was in dromaeosaurids. 

d) M. scapulohumeralis caudalis 

The site of origin of the M. scapulohumeralis caudalis may have been largest in 

theropods with anteroposteriorly wider scapular blades, as has been postulated for the M. 

deltoideus scapularis (section 4.4.3.1, part c). However, a comparison between 

crocodilians and modem birds suggests otherwise. The origin of the M. 

scapulohumeralis caudalis in crocodilians, which have a much wider scapular blade than 
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birds, remains relatively narrow (Fig. 4.2A). Thus, it is hypothesized that the M. 

scapulohumeralis caudalis was similar in size among all groups of theropods, regardless 

of the anteroposterior width of the blade. 

The migration of the origin of the M. deltoideus scapularis in derived birds 

(section 4.4.3.1 , part c) may have influenced the extent of origin of the M. 

scapulohumeralis caudalis from the scapular blade of derived birds. Once the origin of 

the M. deltoideus scapularis migrated onto the acromion process from the scapular blade, 

the M. scapulohumeralis caudalis was able to expand across the entire dorsal two-thirds 

of the scapular blade, as it does in neognaths. This increased area of origin of the M. 

scapulohumeralis caudalis is possibly correlated with an increase in size of this muscle. 

As a result, this muscle would have been capable of stronger retraction of the humerus in 

derived birds. 

e) M. supracoracoideus 

The qualitative comparisons and TPS analysis indicate that the anteroventral 

margins of the coracoids of Chirostenotes and eumaniraptorans theropods are expanded 

greatly relative to those of more basal theropods. This suggests that the M. 

supracoracoideus had a more extensive origin from the anteroventral region of the 

coracoid (Figs. 4.28A) than in more basal theropods, and that this muscle was capable of 

stronger protraction of the humerus. This agrees with the findings of Ostrom ( 197 4 ). 

The coracoid of Archaeopteryx is similar to that of Saurornitholestes, except that 

the anterior edge and anteroventral comer of the coracoid is reduced (Chapter 2, section 

2.4.18; Fig. 4.35), suggesting that the area of origin of the M. supracoracoideus is slightly 

reduced compared to that of Saurornitholestes. The anatomical comparisons revealed 
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that the anterior and anteroventral margins of the coracoid are greatly truncated in 

Jeholornis (also see Fig. 4.35). Therefore, the site of origin of the M. supracoracoideus 

from the coracoid is greatly reduced, and may be more similar to that of modem 

neognaths. The reduced area of origin of this muscle may indicate that it also originated 

from the sternum, as it does in neognaths. Unfortunately, only part of the right sternal 

plate of Jeholornis is preserved, and it is not known if Jeholornis possessed a keeled 

sternum, from which the M. supracoracoideus may have taken origin. However, 

evidence suggesting that Jeholornis may have possessed a triosseal canal (section 2.3.20) 

supports the proposition that Jeholornis also possessed the derived, pulley mechanism of 

the M. supracoracoideus. With this derived supracoracoideus muscle configuration, 

Jeholornis would have been capable of stronger elevation of the humerus, and it would 

not be a requisite that the deltoideus muscles be as well-developed as those of 

eumaniraptorans. 

f) M. coracobrachialis complex 

The position of origin of the M. coracobrachialis complex relative to the glenoid 

differs among theropod groups, as does the number of heads present. TPS and the 

qualitative comparisons indicate that most non-avetheropods have a narrow posterior 

margin of the coracoid and a short posterior coracoid process that does not extend far 

posterior to the glenoid. This suggests that the area of origin for the M. coracobrachialis 

complex was smaller in non-avetheropods than in avetheropods ( compare Figs. 4.34 and 

4.31). It is likely that non-avetheropods only possessed one head of the M. 

coracobrachialis complex because the area of origin is quite restricted, and a division of 

this small, narrow muscle is unnecessary. This muscle is referred to as the M. 



coracobrachialis brevis because this head is unequivocally present in all examined 

extant archosaurs (section 4.3.2.3, part c ). The unexpanded posterior margin and 

foreshortened posterior coracoid process would have reduced the leverage of the M. 

coracobrachialis brevis, as this muscle was not situated far from the glenoid. 
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In contrast, qualitative and TPS comparisons indicate that the posterior coracoid 

processes of avetheropods and some basal tetanuran species (Chapter 2, section 2.5) are 

much longer than they are in non-avetheropods, and extend farther posteriorly or 

posteroventrally relative to the glenoid fossa. The analyses also indicated that the 

posterior margin of the coracoid is more expanded and excavated than it is in non-

avetheropods. These features may indicate that the M. coracobrachialis complex was 

divided into two separate heads, as it is in neognaths and some crocodilian species 

(Nicholls and Russell, 1985). 

In avetheropods, the extensively developed subglenoid fossa, which occurs along 

the expanded posterior margin of the coracoid, increases the possible area of attachment 

of the M. coracobrachialis brevis. A subglenoid fossa is also present in Jeholornis (Fig. 

4.35) but it is less extensively developed than in eumaniraptoran theropods, occurring 

only on the dorsal half of the coracoid. Thus, the M. coracobrachialis brevis of 

Jeholornis does not appear to have taken origin from the biceps tubercle (acrocoracoid 

process) as it does in modem birds. Jeholornis, therefore, appears to represent an 

anatomically intermediate stage between the conditions found in eumaniraptorans and 

derived birds. 

The M. coracobrachialis longus of theropods originated from the posteroventral 

area of the posterior coracoid process. As mentioned previously, the narrow posterior 
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margin of the coracoid of non-avetheropods decreases the possible area of attachment 

of the M. coracobrachialis complex, and thus the muscle appears to have been undivided 

in these taxa. However the origin of the M. coracobrachialis longus from the more 

elongated posterior coracoid process in avetheropods would have positioned this muscle 

farther away from the glenoid than in non-avetheropods, allowing for stronger adduction 

of the humerus. The comparative morphological analyses also indicated that the 

posterior coracoid process becomes relatively longer in coelurosaurs, relative to that of 

Allosaurus; thus, the leverage of this muscle would have been increased in the 

coelurosaurs. In dromaeosaurids and other avetheropods, the origin of the M. 

coracobrachialis longus is limited to the area near the tip of the posterior coracoid 

process, because the subglenoid fossa extends far posteroventrally along the posterior 

margin of the coracoid. However, in Jeholornis (Fig. 4.35) the entire ventral half of the 

posterior margin of the coracoid may have served as an attachment site for the M. 

coracobrachialis longus, suggesting that this muscle may have been comparatively larger, 

and possibly functioned as a stronger adductor of the humerus in Jeholornis. 

g) M. biceps brachii 

In most of the examined non-avian and avian theropods, the M. biceps brachii 

tendon of origin is associated with a distinct protuberance. The size of the biceps 

tubercle, relative to the overall size of the coracoid, may indicate the size of the biceps 

tendon of origin, but does not indicate the size of the muscle belly itself (see Bryant and 

Seymour, 1990). Alternatively, the more extensive, rugose biceps tuberosities of 

Ceratosaurus (Fig. 4.34) and Megalosaurus may indicate that the M. biceps brachii had a 

relatively higher power output than that of other theropods (see Bryant and Seymour, 
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1990). This may have correlated with the additional function of the M. biceps brachii 

in these taxa as a humeral protractor. It is postulated that this additional function is not 

present in more derived theropods, and as a result, the biceps tubercle was relatively 

smaller and less rugose compared to that of basal theropods. 

The large, rugose biceps tubercles of dromaeosaurids and other eumaniraptorans 

relative to the size of their coracoids (Ostrom, 1974; pers. obs.) may indicate that the 

tendon of origin of the M. biceps brachii was large in eumaniraptorans, compared to 

those of other avetheropods such as tyrannosaurids and allosaurids, which have relatively 

small biceps tubercles. However, the size of the biceps tubercle varies considerably 

among specimens of Allosaurus (Madsen, 1976; pers. obs.). More research is necessary 

to determine if the size of the biceps scars of modern archosaurs and chameleons 

correlates with the size of the biceps muscles in these taxa, and to examine whether there 

is any variation in the size of these scars amongst individuals of the same species. 

The biceps tubercle is absent in H errerasaurus and alvarezsaurids. The absence 

of an osteological correlate of the M. biceps brachii in these two taxa may indicate that 

the biceps muscle was small and not capable of exerting much force, rather than an 

indication that they lacked this muscle. This condition is paralleled in Struthio, where the 

M. biceps brachii originates via a small, thin tendon, and there is no osteological correlate 

present on the coracoid. However, some muscles of neognaths vary in their propensity to 

form scars (Table 4.2); some taxa may have a scar for a particular muscle while it is 

lacking in others, even though the muscle is universally present in all taxa. Therefore, it 

is assumed that the M. biceps brachii is present in Herrerasaurus and alvarezsaurids. 
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The qualitative comparisons and TPS analysis indicate that the position of the 

biceps tubercle has shifted in theropods along the line to birds. In the non-avetheropods, 

the biceps tubercle is situated near the posteroventral comer of the coracoid. In this 

position, the origin of the biceps tendon is far posteroventral relative to the glenoid fossa 

(Fig. 4.34). Thus, the M. biceps brachii would have been capable of flexing the forearm 

and, in addition, protracting the humerus. 

Comparative analyses also indicated that the biceps tubercle of avetheropods is 

displaced anterodorsally relative to that of non-avetheropods, but the tubercle remains 

ventral to or near the level of the glenoid. This shift in position of the biceps tendon of 

origin places the origin of the M. biceps brachii closer to the glenoid, thus reducing its 

ability to protract the humerus (see Nicholls and Russell, 1985). 

Comparative analyses showed that the biceps tubercle of Jeholornis underwent 

the largest displacement among the theropods examined. In Jeholornis, the biceps 

tubercle is greatly displaced dorsally relative to the glenoid (Fig. 4.35), compared to that 

of dromaeosaurids. Contra Elzanowski (2002 ), the M. biceps brachii appears to be the 

only muscle that originated from the biceps tubercle of basal birds, assuming that the M. 

coracobrachialis brevis originated from the subglenoid fossa (section 4.4.3.1, part f) and 

the M. deltoideus minor was absent. It is difficult to determine the functional advantages 

of a dorsally elevated biceps origin. Perhaps this dorsally situated origin allowed flexion 

of the forelimb while the humerus was elevated. This differs from the condition of 

eumaniraptorans, where elevation of the humerus above the level of the scapular blade 

was not possible (section 4.4.2.1 , part f); therefore, a more dorsal biceps origin was not 

essential in eumaniraptorans for effective and strong forelimb flexion. 
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h) M. humeroradialis 

The size of rugosities associated with the origin scar of the M. humeroradialis 

differs among theropod groups. The scars are especially prominent in tyrannosaurids, 

camosaurs (Acrocanthosaurus, Allosaurus), and Torvosaurus, forming a rugose oval scar 

or depression distal to the deltopectoral crest (see Currie and Carpenter, 2000: fig. 8e; 

Madsen, 1976: pl. 42b ). The scar is highly rugose in all individuals studied and is even 

apparent in a juvenile specimen ofGorgosaurus (TMP 86.144.1, Table 2.1). However, 

the origin scar of the M. humeroradialis of maniraptorans (Jngenia, dromaeosaurids) is 

almost indistinguishable from the rest of the humeral shaft, being a low, slightly rugose 

tuberosity that also occurs distal to the deltopectoral crest. There is no visible scarring 

for the M. humeroradialis in omithomimids. The differences in the size and rugosity of 

this muscle scar in these theropods may indicate that the muscle was less massively 

developed or weaker than it was in more basal theropods. Furthermore, because the M. 

humeroradialis does not occur in modem birds, the reduction of the size of the scar in 

maniraptorans and omithomimids may indicate the reduction and impending loss of this 

muscle in later birds. 

4.4.3.2 HTU transformations 

In section 4.4.3.1, it was suggested that the some of the shoulder girdle muscles of 

theropods may differ between groups, and that these differences may correlate with 

morphological changes of the scapulocoracoid. The morphological transformations 

apparent between sequential HTUs (Chapter 3) are more subtle than those occurring 

between terminal taxa, and morphological trends become more obvious when examining 
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the transition between the HTU s. This section will discuss the overall trends in the 

evolution of the theropod shoulder girdle musculature as suggested by examining the 

hypothetical ancestral reconstructions. As discussed in the previous section, changes in 

coracoid morphology would have mainly affected the M. coracobrachialis complex, the 

M. supracoracoideus, and the M. biceps brachii, whereas changes in the scapular 

morphology would have affected the M. deltoideus complex and the M. rhomboideus. 

The narrow posterior margin of the coracoid ofHTU I through III (Figs. 3.15A, 

B) suggests that the M. coracobrachialis complex was not divided, and that the muscle 

had a relatively small area of origin. Also, the leverage of this muscle was reduced in 

these ancestral forms, as the posterior coracoid process did not extend far posteriorly 

relative to the glenoid. The posterior coracoid process is elongated in HTU IV (Fig. 

3. l 5C), suggesting that the M. coracobrachialis complex was divided in this ancestral 

form, and that the M. coracobrachialis longus had increased leverage due to its more 

posterior position relative to the glenoid. Also, the posterior margin of the coracoid is 

expanded in HTU IV, suggesting that the M. coracobrachialis brevis had a more 

extensive origin than it did in the more basal HTU s. The posterior coracoid process and 

margin are also slightly expanded in the later HTUs (HTU V-VII; Figs. 3.15D-F), 

suggesting that the area of origin of the M. coracobrachialis complex continued to expand 

in these forms . The largest expansion of the posterior margin of the coracoid occurs in 

HTU VIII (Fig. 3.15G), and suggests that the muscles of the M. coracobrachialis complex 

were also large and were capable of a considerable amount of leverage due to the greater 

distance between the areas of origin and the glenoid. 
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The area of origin of the M. supracoracoideus from the anteroventral part of 

the coracoid of the basal HTUs remains relatively similar. However, in HTU IV through 

VI (Figs. 3.15D, E), the anteroventral margin of the coracoid expands slightly, suggesting 

that the area of origin of the M. supracoracoideus was also slightly expanded. There is a 

slight compression of the anteroventral region of the coracoid in HTU VII (Fig. 3.15F), 

and this region becomes greatly compressed in HTU VIII (Fig. 3.15G), suggesting that 

the area of origin of the M. supracoracoideus was restricted in these ancestral forms. 

The trends in the displacement of the biceps tubercle are similar to those 

described for the terminal taxa. The biceps tubercle ofHTU I through III (Figs. 3.15A, 

B) is near the posteroventral comer of the coracoid; thus, the M. biceps brachii was 

capable of both flexion of the ante brachium and protraction of the humerus. The large 

anterodorsal displacement of the biceps tubercle in HTU IV (Fig. 3 .15C) suggests that the 

protraction function of the M. biceps brachii was reduced, as its origin was situated closer 

to the glenoid. The slight dorsal and anterior displacement of the biceps tubercle in HTU 

V through VII (Figs. 3.15D-F) indicates that the origin of the M. biceps brachii was 

moving closer to the dorsal limit of the glenoid. The biceps tubercle of HTU VIII (Fig. 

3.15G) is greatly displaced and is positioned near the dorsal limit of the glenoid, but it is 

not dorsal to the glenoid. In this position, the biceps tubercle was not capable of 

deflecting the tendon of the M. supracoracoideus. In combination with the dorsoventral 

elongation of the coracoid, the origin of the M. biceps brachii would have also been 

dorsally elevated and may have been capable of flexing the forearm while the humerus 

was elevated. 
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Morphological changes of the scapula that occurred between the terminal taxa 

are paralleled by the transition between sequential HTUs (section 3.4.3.3). The acromion 

process is anteriorly expanded in HTU I and II (Fig. 3.22A), thus the origin of the M. 

deltoideus clavicularis would have been positioned far anterior relative to the glenoid, 

and the leverage of this muscle would have been increased. The anterior compression of 

the acromion process in HTU III (Fig. 3.22B) would have decreased the leverage of the 

M. deltoideus clavicularis relative to that of HTU I and II. The leverage of the M. 

deltoideus clavicularis would have been further reduced by the slight compression of the 

acromion process in subsequent HTU s. The acromion process begins to extend far 

ventrally in HTU VI (Fig. 3.22E) and continues in the remaining HTUs. Thus, the origin 

of the M. deltoideus clavicularis begins to move ventrally as well, allowing this muscle to 

protract the humerus (if the scapular blade of these HTUs is positioned subhorizontally 

relative to the vertebral column, as it is in the eumaniraptoran terminal taxa). 

The dorsal half of the scapular blades ofHTU I and II (Fig. 3.22A) is 

anteroposteriorly wide, and would have provided a larger area of origin for the M. 

deltoideus scapularis, and the M. rhomboideus (superficialis). This region of the scapular 

blade is slightly compressed in HTU III (Fig. 3.22B), reducing the area of origin of the 

two muscles. The area of origin of both of these muscles would have been greatly 

decreased in the strap-like scapulae ofHTU VI through VIII (Figs. 3.22E-G), thus 

corroborating the supposition that the M. rhomboideus may have originated from the 

anterior edge of the scapular blade (section 4.4.3.1, part a). 

In summary, the morphological and hypothesized functional changes of the 

scapulocoracoid observed in the terminal taxa are also observed in the HTUs. However, 
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the changes are less dramatic, suggesting that the functional changes may have also 

come about in a gradual fashion. There are, however, gaps that still need to be filled by 

more taxa, especially between basal theropods and avetheropods, and basal birds and 

anatomically modem birds. 

4.5 Conclusions 

4.5.1 Summary of the Shoulder Girdle Musculature of Extant Archosaurs 

The topology of the shoulder girdle musculature of extant archosaurs remains 

relatively consistent, even though some of the muscle attachments are different in 

crocodilians and birds. These differences in muscle attachments are potentially 

attributable to different functional attributes of the forelimb in these two groups 

(terrestrial/aquatic versus aerial locomotion) and, hence, different positional orientation 

of the scapulocoracoid and humerus. 

Osteological correlates of the shoulder girdle musculature are more prevalent on 

the scapulocoracoid of neognathous birds than they are on the equivalent elements of 

crocodilians or Struthio. The most prevalent muscle scars in neognaths, the origins of the 

M. biceps brachii and M. scapulotriceps and the insertion of the M. latissimus dorsi, are 

also found in crocodilians. The presence of osteological correlates is variable among 

neognath species (Table 4.2), which may be partially related to the size and maturity of 

the individual, but this is not always the case. 

In both of the extant archosaurian groups examined in this study, it was found that 

individual variation within a single species is small. The variation between different 

crocodilian species was also found to be small. However, in different neognath species, 



329 

there was some variation in the presence or absence of certain divisions of the 

shoulder girdle muscles, the extent of development of some shoulder girdle muscles, and 

presence or absence of osteological correlates. 

Differences in shoulder girdle musculature between Struthio and neognaths 

include a loss of four muscles in the former, as well as a reduction of musculature 

associated with flight function. The low acrocoracoid process and the lack of a sternal 

keel in Struthio makes it a good functional analogue for reconstructing the shoulder 

girdle musculature that attaches in those areas of theropods. 

4.5.2 Summary of the Theropod Shoulder Girdle Musculature 

Using phylogenetic inference and functional inference, twenty-two shoulder 

girdle muscles were reconstructed for the dromaeosaurid shoulder apparatus. This 

reconstruction maintains the conservative muscle topology exhibited in extant archosaurs. 

Several of the reconstructed muscle attachments were inferred directly from osteological 

correlates present on the shoulder apparatus of theropods. Muscle scar identification in 

extant archosaurs is critical before the muscle scars present in theropods can be correctly 

interpreted. For example, the insertion scar of the M. latissimus dorsi would not have 

been correctly identified or even discerned on the dromaeosaurid humerus if this muscle 

scar was not also observed in every extant archosaur examined in this study. 

Furthermore, the relative positions of muscle attachments in extant archosaurs led to the 

correct identification of certain muscle scars, such as the biceps tubercle, in theropods. 

Those muscles inferred directly from osteological correlates were used to establish a 



template upon which reconstruction of muscles with less definitive or equivocal 

physical evidence could be configured. 
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The reconstruction of the shoulder girdle musculature of dromaeosaurids reveals 

that their forelimbs were capable of strong retraction and protraction, supporting the 

predatory stroke hypothesis put forward by many researchers ( Ostrom, 197 4; Gauthier 

and Padian, 1985). Also, dromaeosaurids were not capable of extensive forelimb 

elevation, due to the anteriorly low position of origin of the deltoideus musculature. 

However, the ventrally directed acromion process would have enabled the M. deltoideus 

clavicularis to protract and elevate the humerus. The enlarged, rugose biceps tubercle 

suggests that the forearm could have been strongly flexed. This well-developed muscle 

would assume the role of the M. hurneroradialis, which appears to be weakly developed 

in maniraptorans. 

The extent of development of some shoulder girdle muscles varies between 

different groups of theropods. The axial musculature of non-eumaniraptorans may 

resemble that of crocodilians, due to the relatively vertical positioning of scapulocoracoid 

relative to the vertebral column, whereas the axial musculature of eurnaniraptorans may 

be more similar to that of modem neognaths, both of which have sub-horizontally 

positioned scapulocoracoids. By examining differences in the size of structures of the 

scapulocoracoid between theropod groups, differences in the extent of development of 

shoulder girdle musculature could be assessed. Structures such as the lengthened 

posterior coracoid process indicate that the coracobrachialis musculature was more 

developed and was possibly divided in avetheropods. However, the acromion process of 

maniraptorans is anteriorly low and scapular blade is narrow indicating that the 



deltoideus musculature was not as well developed in maniraptorans and the leverage 

of this musculature was reduced relative to more basal theropods. 
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It appears that differences also exist in the positions of origin of the shoulder 

musculature in non-avian and early avian theropods. Archaeopteryx has a similar 

scapulocoracoid morphology to that of dromaeosaurids; therefore, it is hypothesized that 

the inferred shoulder girdle musculature of dromaeosaurids was similar to that of 

Archaeopteryx. However, in Jeholornis there is osteological evidence that the M. 

supracoracoideus and M. deltoideus scapularis were more topologically avian, and that 

the origin of the M. biceps brachii was elevated above the glenoid, as it is in anatomically 

modem birds. 

The reconstructed shoulder girdle musculature of theropods and the hypothesized 

changes in muscle attachment leading up to birds have been interpreted in the context of 

the morphological transformations of the theropod scapulocoracoid highlighted by the 

thin-plate spline analysis (Chapter 3). This analysis now has permitted a more complete 

documentation and assessment of the functional and structural transition in the theropod 

shoulder girdle leading up to birds. It appears that some of the morphological and 

functional changes of the shoulder girdle were more drastic within birds than within the 

theropod lineage leading up to birds. This is especially true for the musculature 

associated with the coracoid, such as the M. biceps brachii and the M. supracoracoideus. 

The dorsal displacement of the biceps tubercle relative to the glenoid in birds more 

derived than Archaeopteryx not only raised the origin of the M. biceps brachii dorsally, 

but also may have deflected the tendon of the M. supracoracoideus, allowing that muscle 



to elevate the humerus. This would have caused a large shift in both forelimb 

function and functional changes in other shoulder girdle musculature. 
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On the contrary, morphological and functional changes of the scapula appear to 

be more drastic within the theropod lineage than within birds. The more dramatic 

morphological changes include a reduction in scapular blade width and the lowering of 

the acromion process. Also, the reorientation of the scapula relative to the vertebral 

column in eumaniraptorans would have caused functional changes in the shoulder girdle 

musculature. Similar scapular morphology of eumaniraptoran theropods and 

Archaeopteryx suggests that the associated musculature was also similar. However, even 

though the scapular morphology of Archaeopteryx is similar to that of more derived 

birds, the functional shift of the M. supracoracoideus may have coincided with the 

modification in position and function of other shoulder girdle musculature, such as the M. 

deltoideus scapularis, in derived birds. 



Struthionidae ( 4) 1 

Galliformes (2) 

Anatidae (2) 
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Passeriformes ( 5) 

Figure 4 .1: Partial modem bird phylogeny ( adapted from Livezey and Zusi, 2001) 
showing the number of individuals (in brackets) dissected from each family or order. 

1 : the adult Struthio specimen is not a complete specimen. 
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Figure 4.2: Right scapulocoracoid of Caiman sp. showing osteological features and muscle origins (stippled) and insertions in 
lateral (A) and medial (B) views. See Table 4.1 for muscle abbreviations. The origin of CP is onto the medial scapulostemal 
ligament. Abbreviation msl=medial scapulostemal ligament. 
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Figure 4.3: Right humerus of Caiman sp. showing osteological features and muscle origins (stippled) and insertions in 
ventral (A), anterior (B), and dorsal (C) views. See Table 4.1 for muscle abbreviations. 
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Figure 4.4: Right scapulocoracoid of Cygnus buccinator showing osteological features 
and muscle origins ( stippled) and insertions, in lateral view (posterior aspect of coracoid) 
(A), and medial view (anterior aspect of coracoid) (B) . Arrows in B indicate extent of RS 
insertion onto the anterior edge of the scapular blade. See Table 4.1 for muscle 
abbreviations. Abbreviation lah=ligamentum acrocoracohumerale. 
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Figure 4.5: Right coracoid of Cygnus buccinator showing osteological features and 
muscle origins (stippled) and insertions, in lateral (A) and medial (B) views. See 
Table 4.1 for muscle abbreviations. 
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Figure 4.6: Right humerus of Cygn,us buccinator showing osteological features in ventral (A) and dorsal (B) views. 
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Figure 4.7: Right humerus of Cygnus buccinator showing muscle origins (stippled) and insertions in ventral (A) 
and dorsal (B) views. See Table 4.1 for muscle abbreviations. 
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Figure 4.8: Right scapulocoracoid of Struthio came/us showing osteological features and muscle origins (stippled) and insertions 
in lateral (A) and medial (B) views. The insertion of Pis onto the Lig. stemocoracoideum laterale. See Table 4.1 for muscle 
abbreviations. Dorsomedial curvature of scapulocoracoid removed. 
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Figure 4.9: Right humerus of Struthio camelus showing osteological features and muscle origins (stippled) and insertions 
in ventral (A) and dorsal (B) views. See Table 4.1 for muscle abbreviations. 
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Figure 4.10: Right humerus of Saurornitholestes langstoni (TMP 88.121.39) showing osteological features and proposed 
muscle origins (stippled) and insertions in ventral (A) and dorsal (B) views. See Table 4.1 for muscle abbreviations. 
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Figure 4 .11: Superficial view of the positional lateral aspect of the right shoulder girdle and upper arm of Caiman sp. 
See Table 4.1 for muscle abbreviations. 
1 : SCI originates from the medial side of the coracoid. 
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Figure 4 .12: Superficial view of positional lateral aspect of the right shoulder girdle and upper arm of Cygnus buccinator. 
See Table 4.1 for muscle abbreviations. 
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Figure 4.13: Superficial view of the positional lateral aspect of the right shoulder girdle and upper arm of Struthio came/us. 
See Table 4.1 for muscle abbreviations. w 
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Figure 4.14: Deep dissection of the positional lateral aspect of right shoulder girdle and upper arm of Caiman sp. 
TP, DC, and LD are cut and reflected. See Table 4.1 for muscle abbreviations. 
1 : SCI originates from the medial side of the coracoid. 
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Figure 4.15: Deep dissection of the positional lateral aspect of the right shoulder girdle and upper arm of Cygnus buccinator. 
PR, LDCR, LDCA, and the scapular accessory tendon of ST are removed. See Table 4. 1 for muscle abbreviations. 
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Figure 4.16: Deep dissection of the positional lateral aspect of the right shoulder girdle and upper arm of Struthio camelus. 
LDCR, LDCA, and P are removed. See Table 4.1 for muscle abbreviations. 
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Figure 4.17: Deeper views of the positional lateral aspect of the right shoulder girdle and upper arm of Caiman sp., with the humerus 
slightly protracted. In A, the LS, SCI, SCL, DC, TP, and SSY are removed, and LD, TM, and DS are cut and reflected. In B, the SPY 
is cut and reflected and the TBC is removed in order to view the SBS and TBM, respectively. See Table 4.1 for muscle abbreviations. 
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Figure 4.18: Deeper view of the positional lateral aspect of the right shoulder girdle and upper arm of Cygnus buccinator. 
RS and P are removed, and ST and DMCA are cut and reflected. See Table 4.1 for muscle abbreviations. 
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Figure 4 .19: Deepest view of the positional lateral aspect of the right shoulder girdle and upper arm of Cygnus buccinator. 
RP, DMI, and SHCR are removed, and ST and DMCA are cut and reflected. See Table 4.1 for muscle abbreviations. 
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Figure 4.20: Deep view of the positional ventrolateral aspect of the right shoulder girdle of Cygnus buccinator, 
with the humerus held vertically. P and CBCR are removed. See Table 4.1 for muscle abbreviations. 
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Figure 4.21: Superficial view of the positional ventral aspect of the right 
shoulder girdle and upper arm of Caiman sp. See Table 4.1 for muscle 
abbreviations. 
1 : SCI originates from the medial side of the coracoid. 
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Figure 4.22: Superficial view of the positional anterior aspect of the right coracoid and humerus of Cygnus buccinator. 
SBC and DMI are removed, and SC and P are cut and reflected. See Table 4.1 for muscle abbreviations. 
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Figure 4.23: Superficial view of the positional anterior aspect of the right shoulder 
girdle of Struthio came/us, with the humerus retracted. See Table 4.1 for muscle 
abbreviations. 
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LMedial 
CS,CP 

Figure 4.24: Deep dissection of the positional ventral aspect of the right shoulder 
girdle and upper arm of Caiman sp. The origin of P is removed. See Table 4.1 for 
muscle abbreviations. 

1 : SCI originates from the medial side of the coracoid. 
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Figure 4.25: Deep dissection of the positional anterior aspect of the right coracoid and humerus of Cygnus buccinator. 
BB, SC, and P are cut and reflected. See Table 4.1 for muscle abbreviations. 
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Figure 4.26: Deep dissection of the positional anterior aspect of the right shoulder 
girdle of Struthio camel us, with the humerus retracted. P is cut and reflected. 
See Table 4.1 for muscle abbreviations. 
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Phylogenetic inference 
Presence or absence of a shoulder girdle muscle 

in theropods 

unequivocal 

Ph lo enetic inference 
Site of muscle attachment 

or equivocal 

Functional inference 
Presence/ absence 
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unequivocal or equivocal assumed present or assumed absent 

Functional inference 
Site of muscle attachment 

unequivocal or equivocal 

Figure 4.27: Flow chart showing the cascade of inferences that are used to determine the 
presence of shoulder girdle muscles in theropods, their position of attachment onto the 
shoulder apparatus and forelimb, and their functional attributes. 
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Figure 4.28: Right coracoid of Saurornitholestes langstoni (TMP 88.121.39) showing 
proposed muscle origins (stippled) and insertions in lateral (A) and medial (B) views. 
See Table 4.1 for muscle abbreviations. 
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Figure 4.29: Right scapula of Saurornitholestes langstoni (TMP 88.121.39) showing 
proposed muscle origins (stippled) and insertions in lateral (A) and medial (B) views. 
Arrows in B indicate extent of RS insertion onto the anterior edge of the scapular blade. 
See Table 4.1 for muscle abbreviations. 
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Figure 4.30: Superficial view of the lateral aspect of the right shoulder girdle and upper 
arm musculature of Saurornitholestes langstoni. The reconstructed furcula is based on 
that of Velociraptor, a dromaeosaurid. Arrow marks the approximate boundary between 
the last cervical and first dorsal vertebra. See Table 4.1 for muscle abbreviations. 
1: unequivocal muscle with scar; 2: unequivocal muscle with no scar; 3: equivocal muscle. 
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LD1 

Dors 

LAnt 
Figure 4.31: Lateral aspect of the right shoulder girdle and upper arm musculature of 
Saurornitholestes langstoni. The reconstructed furcula is based on that of Velociraptor, 
a dromaeosaurid. Arrow marks the approximate boundary between the last cervical and 
first dorsal vertebra. Shaded muscles are those not present on Figure 4.30. See Table 4.1 
for muscle abbreviations. 

1: unequivocal muscle with scar; 2: unequivocal muscle with no scar; 3: equivocal muscle. 
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Dors 

L Ant 
Figure 4.32: Lateral aspect of the right shoulder girdle and upper arm musculature of 
Saurornitholestes langstoni. The reconstructed furcula is based on that of Velociraptor, 
a dromaeosaurid. Arrow marks the approximate boundary between the last cervical and 
first dorsal vertebra. Shaded muscles are those not present on Figure 4.30. See Table 4.1 
for muscle abbreviations. 
1: unequivocal muscle with scar; 2: unequivocal muscle with no scar; 3: equivocal muscle. 
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LMedial 

Figure 4.33: Anterior view of the right shoulder girdle and upper arm musculature of Saurornitholestes langstoni. The 
reconstructed furcula is based on that of Velociraptor, a dromaeosaurid. Shaded muscles are those not present on Figure 
4.30. See Table 4.1 for muscle abbreviations. 
1: unequivocal muscle with scar; 2: unequivocal muscle with no scar; 3: equivocal muscle. 
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Figure 4.34: Schematic diagram of the shoulder girdle musculature of Ceratosaurus in 
lateral view (based on BYU 13024, UUVP 317, UUVP 549; orientation of 
scapulocoracoid based on Paul's illustration of Ceratosaurus [2000: appendix A]). 
Proposed muscle attachments are outlined on the elements, and the main line of action 
is represented by arrows, with the arrowhead showing the insertion of the muscle. 
Dashed muscle attachments and dashed arrows are insertions onto the medial face of 
the scapulocoracoid. See Table 4.1 for muscle abbreviations. 
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Figure 4.35: Transformation of the coracoid between eumaniraptorans and modem birds. 
A, hypothetical transformation of the coracoid between Archaeopteryx and a modem 
neognathous bird (Cathartes), modified from Ostrom (1976a: fig. 7). B, transformation 
between known coracoid morphologies (Saurornitholestes, Archaeopteryx, Jeholornis, 
Cygnus), showing muscle origins ( stippled). In Archaeopteryx, the exact area of origin of 
M. supracoracoideus is not known ( no ridge is present on the coracoid that would 
demarcate the posteroventral extent of the muscle). In Jeholornis, the biceps tendon 
originated from the biceps tubercle ( =acrocoracoid process), although the exact area of 
origin on the tubercle is not known. See Table 4.1 for muscle abbreviations. Osteological 
abbreviations: acd=acrocoracoid process; bt=biceps tubercle. 
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Muscle Crocodylia Neognathae Paleognathae 
M. rhomboideus (R) R R superficialis (RS) RS 

Absent R profundus (RP) RP 
M. serratus (S) M. serratus superficialis ventralis (SSV) M. serratus superficialis pars cranialis (SSCR) SSCR 

nd M. serratus superficialis pars caudalis (SSCA) SSCA 
M. serratus profundus ventralis (SPY) M. serratus profundus (SP) SP 

M. sternocoracoideus (STC) M. costocoracoideus superficialis (CS) M. sternocoracoideus (STC) STC 
M. costocoracoideus profundus (CP) nd nd 

M. levator scapulae (LS) LS superficialis (LSS) Absent Absent 
LS profundus (LSP) Absent Absent 

M. trapezius (TP) TP Absent Absent 
M. latissimus dorsi (LD) LD and M. teres major (TM) LD pars cranialis (LDCR) LDCR 

nd LD pars caudalis (LDCA) LDCA 
M. subcoracoideus (SBC) Part ofSBS M. subcoracoideus caput dorsale (SBCD) SBC 

nd M. subcoracoideus caput ventrale (SBCV) nd 
M. subscapularis (SBS) SBS SBS caput mediale (SBSM) SBSM 

nd SBS caput laterale (SBSL) nd 
M. deltoideus clavicularis (DC) DC M. propatagialis (PR) Absent 
M. deltoideus scapularis (DS) DS M. deltoideus major caput craniale (DMCR) DM 

nd M. deltoideus major caput caudale (DMCA) nd 
M. deltoideus minor (DMI) Absent DMI Accessory 

headofDM 
M. scapulohumeralis cranialis Absent SHCR Absent 
(SHCR) 
M. scapulohumeralis caudalis SHCA SHCA SHCA 
(SHCA) 



~----------------------------------------~---------- -- - ---- ---

M. triceps complex (T) M. triceps brachii caput scapulare (TBS) M. scapulotriceps (ST) ST 
M. triceps brachii caput mediale (TBM) M. humerotriceps (HT) HT 
M. triceps brachii caput coracoideum M. coracotriceps ( CT) Absent 
(TBC) 
M. triceps brachii caput laterale (TBL) Absent Absent 

M. pectoralis (P) p p p 
M. supracoracoideus (SC) SC longus (SCL) SC SC 

SC intermedius (SCI) nd nd 
SC nd nd 

M. coracobrachialis (CB) M. coracobrachialis brevis (CBB) M. coracobrachialis cranialis (CBCR) CBCR 
M. coracobrachialis longus ( CBL) M. coracobrachialis caudalis (CBCA) Absent 

M. biceps brachii (BB) BB BB BB 
M. brachialis (BR) M. brachialis inferior (BRI) BR BR 
M. humeroradialis (HR) HR Derivative of the deltoid complex Absent 

Table 4 .1: Homologies of the shoulder girdle muscles of Archosauria. Muscle homologies gleaned from Howell ( 193 7), Romer 
(1944), Sullivan (1962), George and Berger (1966), Nicholls and Russell (1985), Vanden Berge and Zweers (1993), and Cong et al. 
(1998). Abbreviation nd=muscle is not divided. Abbreviations for the muscles are given in the left hand column in parentheses- for 
example (R). In the taxon columns modifications of these abbreviations, where necessary, are provided to indicate patterns of 
morphology in that taxon- for example (RS) for the Neognathae. These acronyms are employed in the figures depicting patterns of 
muscle origin and insertion and muscle morphology (Figs. 4.2-4.35), and in subsequent tables (Tables 4.2-4.5; Appendix). 
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Table 4.2: A survey of muscle scars that correlate with muscles that attach to the 
scapulocoracoid. Muscle scar information for Gallirallus taken from McGowan (1986). 
Abbreviations: Absent=muscle absent from this species; n/a=muscle does not originate 
from the specified structure. See Table 4.1 for muscle abbreviations. 

Muscle Cygnus Meleagris Buteo Pica Pelecanus Gallirallus Scar total 
RS 0 
RP 0 

SSCR 2 
SSCA 1 

SP 0 
STC 6 

SBSL 3 
SBSM 1 
SBCD 0 
SBCV Absent Absent Absent Absent 0 

PR (scapula) n/a n/a n/a 0 
DMCR Absent Absent Absent Absent 0 
DMCA 2 

DMI ( coracoid) n/a n/a n/a n/a 1 
DMI (scapula) n/a 2 

SHCR Absent Absent 1 
SHCA 3 

ST 5 
SC 2 

CBCR 3 
CBCA 4 

BB 6 
Number of scars 8 7 8 6 8 5 15/22 
% of muscles 47 33 42 29 44 26 68 
with scars 
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Table 4.3: Shoulder girdle muscles that are unequivocally/equivocally present 
in theropods based on phylogenetic inference. Comments refer to the 
condition of this muscle in either crocodilians or birds. See text and Table 4 .1 
for muscle abbreviations. 

Muscle 
Unequivocally Equivocally 

Comments Present Present 
RS Not divided in crocodilians 
RP Not present in crocodilians 
ss Not divided in crocodilians 
SP 

STC 
LS Not present in Aves 
TP Not present in Aves 
LD Not divided in crocodilians 
TM Not present in Aves 
SBS Not divided in crocodilians 
SBC Head not present in crocodilians 
DC Part of propatagium in Aves 
DS Not divided in crocodilians 

DMI Not present in crocodilians 
SHCR Not present in crocodilians 
SHCA 
TBS 
TBM 
TBC Vestigial in Aves 
TBL Not present in Aves 

p Not divided in crocodilians 
SC Not divided in Aves 

CBB 
CBL 
BB 
BRI 
HR Homology is unclear in Aves 



Table 4.4: The position of muscle attachments of muscles inferred as 
unequivocally present in theropods (see Table 4.3) is indicated as 
unequivocal or equivocal based on phylogenetic inference. Abbreviation 
(S)=scar in theropods. See text and Table 4.1 for muscle abbreviations. 

Origin Insertion 
Muscle Unequivocal Equivocal Unequivocal Equivocal 

RS 
ss 
SP 

STC 
LD 
SBS 

SBC1 

DC 
DS 

SHCA 
TBS 
TBM 
TBC 

p 
SC 

CBB 
CBL 
BB 
BRI 

1: The attachments of the SBC are equivocal for theropods because 
crocodilians do not have a coracoidal head of the SBS. 
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Origin Insertion 
Muscle Unequivocal Equivocal Unequivocal Equivocal Present/absent from chameleons 

RP Absent from chameleons 
LS Present in chameleons 
TP Present in chameleons 
TM Absent from chameleons 

DMI Absent from chameleons 
SHCR Present in chameleons 
TBL Present in chameleons 
HR Absent from chameleons 

Table 4.5: The position of muscle attachments of muscles inferred as being equivocally present in 
theropods (see Table 4.3) is indicated as unequivocal or equivocal based on the functional 
inference. Chameleon muscle data from Skinner (1959) and Peterson (1973). Abbreviation 
(S)=scar in theropods. See text and Table 4.1 for muscle abbreviations. 
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Chapter 5: Conclusions 

The objectives of this thesis, to comprehensively document the morphological and 

functional changes occurring in the theropod scapulocoracoid leading up to birds, have 

been fulfilled. Morphological differences in the theropod scapulocoracoid were 

thoroughly described and compared using both qualitative descriptions (Chapter 2) and 

thin-plate spline analyses (Chapter 3). Differences that were identified were evaluated 

within a robust phylogenetic framework, allowing morphological trends of the 

scapulocoracoid to be recognized (Fig. 5.1). Using the morphological descriptions, an 

osteological framework was established upon which subsequent inferences were built. 

In Chapter 4, the attachment and function of the shoulder girdle musculature of 

crocodilians, neognaths, and paleognaths were compared, and muscle homologies were 

determined. The shoulder girdle musculature of a dromaeosaurid was reconstructed 

based on these extant comparisons and functional inferences. Osteological correlates of 

shoulder girdle musculature of both crocodilians and birds were also identified and 

quantified in terms of their tendency to form scars, enabling corresponding muscle scars 

in theropods to be recognized and identified. The morphological trends established in 

Chapters 2 and 3 allowed hypotheses regarding the muscular changes within the theropod 

lineage leading to birds to be formulated (Fig. 5 .1 ). 

5.1 Significance of the Results 

This is the first comprehensive study of the theropod scapulocoracoid to integrate 

several types of morphological analysis, including classical description, geometric 

morphometrics, and myological reconstruction in order to identify morphological trends 
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occurring within the theropod lineage. The combination of these approaches has 

ensured that the morphology was accurately described and has allowed morphological 

differences to be correlated to changes in the positioning of the scapulocoracoid. This 

integrative approach also included a functional analysis of the theropod shoulder girdle, 

and has permitted changes in morphology to be linked to possible changes in muscular 

attachment and function of the theropod shoulder apparatus and upper arm. 

Many of the avian features of the scapulocoracoid appear to have their origins 

within the theropod lineage. For instance, a trend for the coracoid to become more 

dorsoventrally elongated relative to its anteroposterior component is first apparent in 

eumaniraptorans and Chirostenotes, and the trend for the acromion process to become 

anteriorly compressed and ventrally directed is apparent in derived theropods (Fig. 5 .1 ). 

Furthermore, many changes in scapular morphology appear to be more dramatic 

within the theropod lineage than between theropods and basal birds (Archaeopteryx). 

Within the theropod lineage, changes in scapular morphology include an overall 

anteroposterior narrowing of the scapula, anterior and dorsal compression of the 

acromion process, and reduction of the dorsal flaring of the scapular blade (Fig. 5.1). 

Although the scapular morphology of derived theropods was similar to that of 

Archaeopteryx, it appears that the position and extent of origin of the M. deltoideus 

scapularis and M. scapulohumeralis were different from those of modem neognaths, due 

to the lack of the derived M. supracoracoideus pulley mechanism. 

In contrast, morphological changes of the coracoid appear to be more dramatic 

among birds more derived than Archaeopteryx than they are within the theropod lineage. 

These changes include the pronounced dorsoventral elongation of the coracoid, and the 
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dorsal elevation of the biceps tubercle to form the acrocoracoid process. The latter 

morphological change, which altered the function of the M. supracoracoideus, may have 

had a profound effect on the position and function of other shoulder girdle muscles, such 

as the M. deltoideus scapularis. 

In an investigation of the evolution of avian flight, Gauthier and Padian (1985) 

speculated that the rudimentary flight stroke arose from the predatory stroke of 

dromaeosaurids. They proposed that the predatory stroke, which involved the sequence 

of protraction, rotation, and adduction/depression of the humerus (Gauthier and Padian, 

1985: figs. 3a-e), could be slightly modified in advanced birds (such as an enhanced 

ability to elevate the forelimb [Padian and Chiappe, 1998]) to produce the flight stroke. 

However, their investigation did not consider the range of humeral motion possible 

within the glenoid fossa, nor was the dromaeosaurid shoulder girdle musculature that 

would enable the forelimb to engage in this sequence of movements taken into 

consideration. The necessary range of motion of the dromaeosaurid humerus within the 

laterally facing glenoid fossa has been confirmed by manipulations of cast material of 

Deinonychus (Gishlick, 2001 : fig. 8). The muscle reconstruction and proposed forelimb 

function of Saurornitholestes (Chapter 4, section 4.4) provides support for the predatory 

stroke in dromaeosaurids. Furthermore, the humerus of Saurornitholestes would have 

been capable of stronger protraction than in non-eumaniraptoran theropods ( excluding 

Chirostenotes ), due to the expanded anteroventral edge of the coracoid, which increased 

the site of origin of the M. supracoracoideus (Fig. 5 .1). Also, strong protraction of the 

humerus would have been brought about by the large M . coracobrachialis brevis and to a 

lesser extent, the M. deltoideus clavicularis, which has the ability to protract the humerus 
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due to the ventral extension of the acromion process relative to the glenoid fossa 

(Figs. 4.30, 5.1). The M. subscapularis and M. subcoracoideus would have been capable 

of rotating of the humerus during the protraction of the forelimb. The large M. pectoralis, 

as indicated by the large sternal plates, would have strongly depressed the humerus, while 

the M. coracobrachialis longus also would have assisted in the adduction of the humerus. 

The recovery stroke, which includes the retraction and slight elevation of the humerus, 

would have been brought about mainly by the M. deltoideus scapularis and M. 

scapulohumeralis caudalis. It is interesting to note that the extent of the humeral 

retraction would be diminished if the M. deltoideus scapularis originated from the 

acromion process, instead of the scapular blade as is proposed for dromaeosaurids 

(section 4.4.2.1). 

The dromaeosaurid muscular reconstruction presented here, along with 

morphological changes that have been observed in the scapulocoracoid, provide 

functional support of Gauthier and Padian's (1985) hypothesis that the dromaeosaurid 

forelimb was capable of a predatory stroke. 

5.2 Problems Encountered in This Study 

The inaccessibility and incompleteness of theropod scapulocoracoid material 

limited the complete documentation of the evolution of this element in this study. As 

discussed in Chapter 3, the inaccessibility of the coracoid of Archaeopteryx, which is 

currently part of an inaccessible museum display exhibit, has precluded this important 

morphological intermediate from the thin-plate spline analysis. Also, other theropod 

specimens that are part of mounted museum displays could not be closely examined for 



small details such as muscle scars. The difficulties encountered during this study 

demonstrate that if specimens included in museum displays do not remain fully 

accessible to research (via detailed and faithful casts or accessible displays), the 

specimens themselves are effectively removed from rigorous scientific inquiry. 

The lack of complete fossils ( crushed or broken specimens) also affected the 

comprehensiveness of this study, especially when the available theropod material is 

limited and the majority of specimens are incomplete. In this case, it then becomes 

difficult to determine if the morphological trends observed in other theropods are also 

present in the taxon in question. 
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Further complicating matters is a general lack of thorough descriptions published 

on the scapulocoracoids of new or rare theropod species. This is especially true when a 

new theropod taxon that is described in "Nature" or "Science" is not subsequently 

followed up by a more detailed description in other publications. It is difficult to assess 

the appearance of new features within the theropod lineage, such as the elongated 

posterior coracoid process, when taxa that phylogenetically bridge the gap between two 

morphologies are not fully described or illustrated. Also, there are examples of 

incorrectly rendered illustrations of theropod scapulocoracoids in the published literature, 

which may lead to incorrect conclusions regarding morphological trends if the original 

specimens are not examined. 

5.3 Recommendations for Future Study 

The results of both the TPS analysis and the qualitative comparisons indicate that 

the most dramatic morphological changes of the coracoid occur between Archaeopteryx 



380 

and anatomically modem birds. Since Ostrom (1976a) proposed a hypothetical 

transformation of the coracoid, there have been relatively few discoveries of fossil bird 

species that bridge the morphological gap between Archaeopteryx and anatomically 

modem birds. That being said, the dorsoventrally elongated coracoid of Jeholornis, 

which possesses an acrocoracoid that is situated just dorsal to the glenoid, corresponds 

well with Ostrom's (1976a) third hypothetical stage of the avian coracoid (Fig. 4.35). 

Although new discoveries of basal bird species may help close this morphological gap, 

thorough re-examination of known basal bird species, such as Confuciusornis, may 

provide important clues to the evolution of the avian coracoid. 

Although numerous specimens of Confuciusornis exist, the morphology of its 

coracoid is not fully understood because it is not completely exposed in most specimens 

( only the posterior edge is exposed, as in most specimens of Archaeopteryx), resulting in 

contradictory published descriptions. For instance, it has been variably reported that the 

acrocoracoid process of Confuciusornis was developed and extends slightly dorsal to the 

glenoid (Zhou, 1999), and that the process was not developed (Chiappe et al., 1999). 

This, in tum, confounds the timing of the appearance of this important feature of the 

coracoid. Understanding the timing of the appearance of features such as the dorsally 

elevated biceps tubercle in basal birds is critical to understanding the functional 

significance of this structure and how the associated musculature of the shoulder girdle 

was affected by it. 

Morphological comparisons, including the TPS analysis, revealed that the 

reorientation of the scapulocoracoid to yield a more avian configuration first occurred 

within the theropod lineage. However, this two-dimensional approach is limited in its 
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ability to account for the three-dimensional transformation occurring in this structure 

during the transition, thus making it difficult to fully interpret the functional implications 

of the altered configuration of the scapulocoracoid. For example, although the forelimb 

of dromaeosaurids may have been capable of movements similar to a rudimentary flight 

stroke, changes in the functionality and kinematics of the scapulocoracoid during the 

theropod-bird transition requires further investigation. In order to fully understand this 

transition, future work should focus on three-dimensional considerations of the 

functionality of the shoulder girdle and the possible implications of the kinematics of this 

structure for the function of the avian flight apparatus. Consideration should also be 

given to the furcula and sternum, as these evolve and become fully integrated into the 

transformed morphological complex. By adopting the methodologies outlined in studies 

such as Goslow et al. (1989) to examine the kinematics of the shoulder apparatus of 

extant archosaurs, it may be possible to develop a better functional understanding of the 

intermediate stages leading to the evolution of the avian shoulder girdle. 
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Figure 5 .1: Summary diagram of some of the morphological changes in the theropod 
scapulocoracoid and associated musculature that occur along the line leading to birds. 
The number designates statements of morphological change in similar structures, and the 
letter that follows represents changes to that feature . Theropod reconstructions are taken 
from Paul (2000: appendix A). See Table 4.1 for muscle abbreviations. 



Ornithothoraces ( Jeholornis) 
3C: dorsoventrally elongated coracoid 
4C: posterior edge of coracoid expanded: increased area of origin of CBL, 

CBB origin site moved dorsally 
5F: biceps tubercle situated dorsal to glenoid: BB allows increased flexion 

when humerus is elevated; possible deflection of SC tendon 
6F: origin of DS possibly from acromion process; increased origin of SHCA 
9B: anteroposterior compression of coracoid: decreased origin of SC; 

Theropoda 

Avetheropoda 

Maniraptora 

possible second origin from sternum 
Eumaniraptora 
lB: coracoid and scapula form sharp angle; scapula is positioned subparallel to vertebral column 
2B: glenoid faces laterally 
3B: subquadrangular coracoid: dorsoventral dimension longer than anteroposterior 
5E: biceps tubercle is robust 
6E: acromion process extends ventral to the glenoid: DC elevates and protracts humerus 
9 A: expanded anteroventral edge of coracoid: increased origin of SC 

5D: subcircular biceps tubercle 
6D: acromion process is anteriorly low: reduced area for origin of DC 
7C: strap-like scapula, distal end slightly expanded: origin site of DS, R decreased 
8B: osteological evidence of a division of SS: SSCR, SSCA 

4B: posterior coracoid process lengthened: division of CB complex; subglenoid fossa well-developed: increased origin of CBB 
5C: elongate biceps tubercle situated more anterodorsally: BB flexes forearm 
6C: acromion process slightly compressed anteriorly and dorsally 
7B: elongated, narrowed scapular blade, but dorsal aspect remains expanded (tetanuran synapomorphy) 

5B: biceps tuberosity near posteroventral comer of coracoid: BB flexes forearm and protracts humerus 
6B: acromion process anteriorly high: increased area of origin of DC 
8A: osteological evidence of LS, SS 

Archosauriformes 
lA: coracoid and scapula form a wide angle; scapulocoracoid positioned subvertically relative to vertebral column 
2A: glenoid faces posteriorly/posteroventrally 
3A: ovoid or subcircular coracoid: anteroventral aspect longer than dorsoventral aspect 
4A: foreshortened posterior coracoid process, narrow posterior edge of coracoid 
5A: biceps tubercle absent 
6A: anteriorly low acromion process; 
7 A: broad scapular blade with expanded distal end 

w 
00 w 
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Muscle Origin Insertion Osteological correlates 
RS Neural spines of anteriormost dorsal Anteromedial edge of scapular blade No scars 

vertebrae ( eumaniraptorans) and/ or ( eumaniraptorans ), or dorsomedial 
dorsal thoracic muscles ( non- edge of blade and suprascapula (non-
eumaniraptorans) eumaniraptorans) 

RP Neural spines of dorsal vertebrae Anteromedial aspect of the dorsal part No scars 
of the scapular blade 

ss Cervical and/or dorsal ribs Posteromedial edge of ventral aspect Insertion: posteromedial sulcus ( non-
of scapular blade. SSCR and SSCA are maniraptorans: omithomimids, 
separate in maniraptorans. Allosaurus, Ceratosaurus, some 

tyrannosaurids) or small tubercle 
(maniraptorans: Ingenia) 

SP Dorsal vertebrae and/ or ribs Anteromedial aspect of the dorsal half No scars 
of the scapular blade 

STC Lateral surface of the sternal ribs Large depression on ventromedial Insertion: depression on medial surface of 
surface of coracoid coracoid ( dromaeosaurids, troodontids, 

Chirostenotes) 
LS Cervical ribs, fascia of cervical Anterior edge of scapular blade Insertion: sulcus on anteromedial edge 

muscles (non-coelurosaurs: Ceratosaurus, 
Megalosaurus, Sinraptor [Currie and 
Zhou, 1993]) 

TP Fascia of cerival muscles Anterior edge of acromion No scars 
LD Neural spines of cervical/dorsal Dorsal side of the humerus posterior Insertion: rugose linear sulcus 

vertebrae or from muscles in thoracic and distal to the deltopectoral crest ( dromaeosaurids, troodontids 
area omithomimids) 

SBS Posteromedial aspect of scapular SBS and SBC coalesce and insert on No scars 
blade, just dorsal of glenoid posterior tuberosity 



SBC Posteromedial surface of coracoid SBS and SBC coalesce and insert on No scars 
directly opposite of the coracoid posterior tuberosity 
foramen 

DC Acromion process and the epicleideum Anterodorsal aspect of humerus near Origin: acromial depression. 
of furcula ( if present) apex of deltopectoral crest Insertion: small oval depression 

( dromaeosaurids, omithomimids ); rugose 
depression (Ceratosaurus) 

DS Anterodorsal aspect of scapular blade Dorsal side of the deltopectoral crest, Insertion: large, shallow depression 
posterior to the insertion of M. ( eumaniraptorans ); slight depression with 
deltoideus clavicularis rugosities ( Ceratosaurus, Allosaurus, 

tyrannosaurids, omithomimids) 
SHCR Posteroventral aspect of scapular blade Posterodorsal aspect of the proximal Origin: oval depression in dromaeosaurids 

just dorsal to glenoid and origin of end of the humerus 
TBS 

SHCA Posterolateral part of scapular blade Proximal part of humerus, distal to Insertion: longitudinal striations in slightly 
posterior tuberosity, dorsal side depressed area (Velociraptor, Troodon, 

oviraptorids, tyrannosaurids, Al I osaurus) 
TBS Posterior edge of the scapula, dorsal to Olecranon process of the ulna Origin: oval depression (most theropods). 

the glenoid Insertion: rugosities on olecranon 
TBM Posterodorsal edge of the humeral shaft Olecranon process of the ulna Insertion: rugosities on olecranon 
TBC Scapulostemal ligament Olecranon process of the ulna Insertion: rugosities on olecranon 

p Ventral surface of the sternum Ventral aspect of deltopectoral crest No scars 
SC Anteroventral area of the lateral face Anterior tuberosity of the humerus Insertion: depression on anterior tuberosity 

of the coracoid (Velociraptor) 
CBB Subglenoid region of coracoid, Proximoventral aspect of the humerus Origin: trough-like depression 

posterior to the biceps tubercle just posterior to the deltopectoral crest ( dromaeosaurids, Chirostenotes, 
omithomimids) 



CBL Posterior coracoid process Anterodorsal aspect of proximal end of No scars 
the humerus 

BB Biceps tubercle, second origin from Anteroproximal part of the radius and Origin: biceps tubercle (most theropods), 
posteroventral aspect of the proximal ulna rugosities on posteroventral aspect of 
humerus humerus ( dromaeosaurids, troodontids ). 

Insertion: tubercle on ulna ( Velociraptor, 
Norell and Makovicky, 1999). 

BRI Anterior edge of the humerus, distal to Anteroproximal part of the radius and Insertion: tubercle on ulna (Velociraptor, 
the deltopectoral crest ulna Norell and Makovicky, 1999) 

HR Rugose tuberosity distal to the Proximal part of the radius Origin: small rugose tuberosity 
deltopectoral crest (maniraptorans); rugose oval scar 

(tyrannosaurids, carnosaurs, Torvosaurus). 

Appendix: Attachments of the theropod shoulder girdle musculature. The theropod taxa for which the osteological correlates have 
been observed are indicated in brackets. These theropod specimens are listed in Table 2.1. See Chapter 4, section 4.4.2, and Table 
4.1 for muscle abbreviations. 




