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Important transformations of the pectoral girdle are related to the appearance of ûight
capabilities in the Dinosauria. Previous studies on this topic focused mainly on paravians
yet recent data suggests ûight evolved in dinosaurs several times, including at least once
among non-avialan paravians. Thus, to fully explore the evolution of ûight-related avian
shoulder girdle characteristics, it is necessary to compare morphology more broadly. Here,
we present information from pennaraptoran specimens preserving pectoral girdle
elements, including all purportedly volant taxa, and extensively compare aspects of the
shoulder joint. The results show that many pectoral girdle modiûcations appear during the
evolution from basal pennaraptorans to paravians, including changes in the orientation of
the coracoid body and the location of the articulation between the furcula and scapula.
These modiûcations suggest a change in forelimb range of motion preceded the origin of
ûight in paravians. During the evolution of early avialans, additional ûight adaptive
transformations occur, such as the separation of the scapula and coracoid and reduction of
the articular surface between these two bones, reduction in the angle between these two
elements, and elongation of the coracoid. The diversity of coracoid morphologies and
types of articulations joining the scapula-coracoid suggest that each early avialan lineage
evolved these features in parallel as they independently evolved more reûned ûight
capabilities. In early ornithothoracines, the orientation of the glenoid fossa and location of
the acrocoracoid approaches the condition in extant birds, suggesting a greater range of
motion in the ûight stroke, which may represent the acquisition of improved powered ûight
capabilities, such as ground take-oû. The formation of a new articulation between the
coracoid and furcula in the Ornithuromorpha is the last step in the formation of an osseous
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triosseal canal, which may indicate the complete acquisition of the modern ûight
apparatus and the ability to perform sustained ûight over large distances. These
morphological transitions equipped birds with a greater range of motion, increased and
more eûcient muscular output and while at the same time transmitting the increased
pressure being generated by ever more powerful ûapping movements in such a way as to
protect the organs. The driving factors and functional adaptations of many of these
transitional morphologies are as yet unclear although ontogenetic transitions in forelimb
function observed in extant birds provide an excellent framework through which we can
explore the behavior of Mesozoic pennaraptorans.
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20 Abstract

21 Important transformations of the pectoral girdle are related to the appearance of flight 

22 capabilities in the Dinosauria. Previous studies on this topic focused mainly on paravians yet 

23 recent data suggests flight evolved in dinosaurs several times, including at least once among non-

24 avialan paravians. Thus, to fully explore the evolution of flight-related avian shoulder girdle 

25 characteristics, it is necessary to compare morphology more broadly. Here, we present 

26 information from pennaraptoran specimens preserving pectoral girdle elements, including all 

27 purportedly volant taxa, and extensively compare aspects of the shoulder joint. The results show 

28 that many pectoral girdle modifications appear during the evolution from basal pennaraptorans to 

29 paravians, including changes in the orientation of the coracoid body and the location of the 

30 articulation between the furcula and scapula. These modifications suggest a change in forelimb 

31 range of motion preceded the origin of flight in paravians. During the evolution of early avialans, 

32 additional flight adaptive transformations occur, such as the separation of the scapula and 

33 coracoid and reduction of the articular surface between these two bones, reduction in the angle 

34 between these two elements, and elongation of the coracoid. The diversity of coracoid 

35 morphologies and types of articulations joining the scapula-coracoid suggest that each early 

36 avialan lineage evolved these features in parallel as they independently evolved more refined 

37 flight capabilities. In early ornithothoracines, the orientation of the glenoid fossa and location of 

38 the acrocoracoid approaches the condition in extant birds, suggesting a greater range of motion 

39 in the flight stroke, which may represent the acquisition of improved powered flight capabilities, 

40 such as ground take-off. The formation of a new articulation between the coracoid and furcula in 

41 the Ornithuromorpha is the last step in the formation of an osseous triosseal canal, which may 

42 indicate the complete acquisition of the modern flight apparatus and the ability to perform 

43 sustained flight over large distances. These morphological transitions equipped birds with a 

44 greater range of motion, increased and more efficient muscular output and while at the same time 

45 transmitting the increased pressure being generated by ever more powerful flapping movements 

46 in such a way as to protect the organs. The driving factors and functional adaptations of many of 

47 these transitional morphologies are as yet unclear although ontogenetic transitions in forelimb 

48 function observed in extant birds provide an excellent framework through which we can explore 

49 the behavior of Mesozoic pennaraptorans. 
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50 INTRODUCTION

51 The pectoral girdle, formed by the scapula, coracoid, and furcula, connects the forelimbs and 

52 trunk of tetrapods and provides the attachment point (origin) for the muscles involved in 

53 forelimb locomotion; thus, its morphology is crucial for forelimb function (McGonnell, 2001; 

54 Benton, 2014). There have been many transformations in the morphology of the pectoral girdle 

55 that occurred during the evolution from non-avialan maniraptoran theropod dinosaurs (hereafter 

56 simply maniraptorans or theropods) to birds (Avialae) as summarized by previous studies, such 

57 as the elongation of the coracoid body from a quadrangular (often described as trapezoidal) to 

58 strut-like morphology, the separation of the scapula and coracoid from a fused (or connected by 

59 long suture prior to fusion) scapulocoracoid to separate bones articulating through a ball and 

60 socket joint, the change in the angle demarcated by the scapulocoracoid from obtuse to acute, the 

61 orientation of the glenoid fossa from caudoventral to dorsolateral, the elongation of the 

62 acrocoracoid process (homologous to �coracoid tubercle� or �biceps tubercle� of theropods) and 

63 the rotation of the coracoid body from laterally facing to craniocaudally then ventrally facing 

64 (Turner, Makovicky & Norell, 2012; Lü et al., 2016; Wang, Stidham & Zhou, 2018; Novas et al., 

65 2021b). The osseous triosseal canal is an important feature of extant birds that was absent in non-

66 avialan theropods, forming a pulley-like passage that guides the motion of the main muscle 

67 responsible for the upstroke, the m. supracoracoideus (Mayr, 2021; Wang et al., 2022b). This 

68 canal is formed by the acromion process of the scapula, the acrocoracoid process of the coracoid 

69 and the epicleideal process of the furcula, mainly through the coracoscapular joint, the 

70 scapuloclavicular joint and the acrocoracoclavicular joint (Baumel et al., 1993; Ando & Fukata, 

71 2018). These changes of the scapula-coracoid were accompanied by the appearance of medial 

72 fusion of the sternal plates forming a sternum and a decrease in the interclavicular angle of the 

73 furcula. 

74 Traditionally, birds were considered the only volant dinosaurian lineage and research 

75 seeking to understand flight related transformations focused on birds and their closest relatives, 

76 the Troodontidae and Dromaeosauridae, which all together form the clade Paraves. The 

77 Troodontidae and Dromaeosauridae together form the Deinonychosauria, which is commonly 

78 resolved as the sister group to Avialae (Turner, Makovicky & Norell, 2012; Sullivan, Xu & 

79 O�Connor, 2017). However, recent discoveries suggest that some form of volant ability likely 

80 evolved several times independently in the Maniraptora: in the Scansoriopterygidae, 
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81 Microraptorinae (Dromaeosauridae), Unenlaginae (Dromaeosauridae), and Avialae (Sullivan, Xu 

82 & O�Connor, 2017; Pei et al., 2020). All maniraptorans considered to have some volant 

83 capabilities belong to the plesiomorphically terrestrial clade Pennaraptora (Fig.1) (Pol & 

84 Goloboff, 2020; Pei et al., 2020). Pennaraptora is a node-based clade, defined as the last common 

85 ancestor of Oviraptor philoceratops Osborn, 1924, Deinonychus antirrhopus Ostrom, 1969, and 

86 Passer domesticus Linnaeus, 1758, and all its descendants (Foth, Tischlinger & Rauhut, 2014). 

87 The Pennaraptora consists of Paraves together with the Oviraptorosauria and 

88 Scansoriopterygidae, the latter commonly regarded as a basal lineage of the former (Gianechini 

89 et al., 2018; Pittman & Xu, 2020). Pennaceous feathers, which are crucial for flight in at least the 

90 Microraptorinae and Avialae, are only found in pennaraptorans (Lefèvre et al., 2020; Pittman & 

91 Xu, 2020). 

92 In light of the recent discovery of volant abilities in scansoriopterygids, to fully understand 

93 the evolution of flight-related pectoral girdle characters we must explore the pectoral girdle 

94 morphology beyond Paraves to include a wider range of taxa across all of Pennaraptora. 

95 Furthermore, the continuous discovery of new taxa and specimens means that summaries of 

96 morphology and disparity pertaining to particular anatomical regions need to be regularly 

97 updated, especially in light of the increasing availability of computed tomographic (CT) data that 

98 reveals anatomical features in 3D and greater clarity. For example, reduction of the angle 

99 between the scapula and coracoid was once thought to be an avialan feature but recently was 

100 reported to be also less than 90Ú in the troodontid Liaoningvenator (Shen et al., 2017). In order to 

101 better understand flight related morphological transformations of the shoulder girdle features, 

102 here we utilize available data concerning the morphology of the pectoral girdle across 

103 pennaraptorans to summarize the variation, make comparisons between clades and taxa, and 

104 discuss the possible relationship between these transformations and changes in forelimb function 

105 as it pertains to the evolution of flight. This study will provide detailed information about the 

106 morphological and functional comparation of the shoulder girdle of pennaraptors for 

107 paleontologist who are interested in the evolution of pennaraptors and the origin of flight in early 

108 birds. 

109
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110 SURVEY METHODOLOGY

111 We collect specimens of pennaraptors reported in literatures and focus on those preserved 

112 shoulder girdle elements. The characters of shoulder girdle of different taxa of pennaraptors are 

113 re-evaluated and compared based on text and figures from the origin literatures, and listed in 

114 Table S1. We further listed those charectors that are considered to be closely related to flight 

115 evolution in table 1.

116 Phylogenetic framework

117 We follow the recent phylogeny by Pol and Goloboff (2020), in which Pennaraptora is formed 

118 by Oviraptorosauria, Scansoriopterygidae, Dromaeosauridae, Troodontidae and Avialae (Fig. 1). 

119 �Scansoriopteryx� is interpreted as a junior synonym of Epidendrosaurus (Padian, 2004; 

120 Feduccia, Lingham-Soliar & Hinchliffe, 2005). Ingenia yanshini (Barsbold, 1981) was renamed 

121 as Ajancingenia yanshini (Easter, 2013), and later the genus name �Ajancingenia� is considered 

122 to be synonym of Heyuannia (Funston et al., 2018), which is also accepted here. Anchiornithidae 

123 is interpreted as early diverging members of Avialae (Pol & Goloboff, 2020). �Aurornis� is 

124 considered a junior synonym of Anchiornis (Pei et al., 2017). As part of the extant phylogenetic 

125 bracket, additional comparative morphological data comes from extant crocodilians, which like 

126 dinosaurs are archosaur reptiles.

127 Nomenclature

128 The anatomical nomenclature primarily follows Baumel et al. 1993, and osteological structures 

129 are described using the English equivalents of Latin terms. The �coracoid tubercle� (or coracoid 

130 tuber) or �biceps tubercle� in theropods is considered homologous with the modern avian 

131 �acrocoracoid process� (Ostrom, 1976). For convenience, this feature is referred to as the 

132 �acrocoracoid process� throughout; similarly, the posteroventral process of the coracoid in 

133 dinosaurs is homologous with and here referred to as the sternolateral process, as it is called in 

134 birds. The main surface of the coracoid is here referred to as the coracoid body. The orientation 

135 of the coracoid in birds is described as dorsoventral; we adopt this nomenclature for non-avialan 

136 pennaraptorans in which the coracoid has rotated from lateral facing to �anterior� facing.
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137 Institutional Abbreviations

138 AMNH, American Museum of Natural History, New York, USA; BMNHC, Beijing Museum of 

139 Natural History, Beijing, China; BPM, Beipiao Paleontological Museum, Liaoning, China; 

140 CAGS, China Academy of Geological Sciences, Beijing, China; DNHM, Dalian Natural History 

141 Museum, Dalian, China; GMNH, Ganzhou Museum of Natural History, Ganzhou City, Jiangxi 

142 Province, China; GMV, Geological Museum of China, Beijing, China; GSGM, Gansu 

143 Geological Museum, Lanzhou, China; HGM, Henan Geological Museum, Henan, China; 

144 HYMV, Heyuan Museum, Guangdong, China; IGM, Institute of Geology, Ulaan Battar, 

145 Mongolia; IVPP, Institute of Vertebrate Paleontology and Paleoanthropology, Beijing, China; 

146 MACN, Sección Paleontología de Vertebrados, Museo Argentino de Ciencias Naturales, Buenos 

147 Aires, Argentina; MCCM, Museo de Cuenca, Cuenca, Spain; MCF, Museo Carmen Funes, Plaza 

148 Huincul, Argentina; MCPA, Museo Provincial �Carlos Ameghino,� Cipolletti, Patagonian, 

149 Argentina; MNU, Mongolian National University, Mongolia; MPC, Institute of Paleontology 

150 and Geology, Mongolian Academy of Sciences, Ulaanbaatar, Mongolia; MPC-NEE, Nemegt 

151 Educational Expedition field number, specimens housed at the Institute of Paleontology and 

152 Geology, Mongolian Academy of Sciences, Ulaanbaatar, Mongolia; MPD, Mongolia 

153 Palaeontological Centre, Mongolia; MTM, Hungarian Natural History Museum, Budapest, 

154 Hungary; LPM, Liaoning Paleontology Museum,. Shenyang Normal University, Shenyang, 

155 China; PIN, Paleontological Institute, Russian Academy of Sciences, Moscow, Russia; PMOL, 

156 Palaeontological Museum of Liaoning, China; PVL, Paleontologia de Vertebrados Lillo, 

157 Universidad Nacional de Tucuman, Tucman, Argentina; SMM, Sternberg Memorial Museum, 

158 Kansas, USA; STM, Shandong Tianyu Museum of Nature, Shandong, China; TMP, Royal 

159 Tyrrell Museum of Palaeontology, Drumheller, Alberta, Canada; UA, Université 

160 d�Antananarivo, Antananarivo, Madagascar; YGFP, Yizhou Fossil and Geology Park, Yizhou, 

161 China; YPM, Yale Peabody Museum, New Haven, Connecticut, USA.
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162 COMPARE OF PENNARAPTORAN PECTORAL GIRDLE

163 1. Oviraptorosauria

164 In oviraptorosaurs, the scapula and coracoid are fused or tightly articulated through a long 

165 synchondrosis (Osmólska, Currie & Barsbold, 2004), with the angle between the scapula and 

166 coracoid exceeding 90° as observed in Tongtianlong DYM-2013-8, Heyuannia HYMV1-2 and 

167 1-5, and Avimimus PIN 3907-1 (Table S1) (Kurzanov, 1981). Previously, this articulation was 

168 described as a �suture� in some specimens (Makovicky & Sues, 1998; He, Wang & Zhou, 2008; 

169 Funston et al., 2018). However, this is a misapplication of the term. In anatomy, a �suture� 

170 indicates the rigid fibrous joint between membranous bones, such as the sutures in the skull 

171 (Hall, 2005; Ding & Liu, 2018). Since both the scapula and coracoid are endochondral bones, the 

172 appropriate term for such a tight articulation through cartilage should be �synchondrosis�, as in 

173 extant crocodilians (Brochu, 1995). 

174 Most oviraptorosaur specimens identified as adults have fused scapulocoracoids (Table S1), 

175 except for one specimen of Caudipteryx IVPP V12430 (Zhou & Wang, 2000) which is a small 

176 individual and may in fact be immature. The scapula and coracoid are unfused (including fully 

177 separated and joined through synchondrosis) in 16 out of 27 reported oviraptorosaur species 

178 (Table S1), all of which are based on material that is inferred to be ontogenetically immature 

179 (juvenile or subadult) (Table S1), as in Yulong HGM 41HIII-0107 (Lü et al., 2013a), Rinchenia 

180 MPC-D 100/32A (Funston et al., 2018) and Gobiraptor MPC-D 102/111 (Lee et al., 2019). This 

181 evidence strongly suggests that fusion of the synchondrosis joint of the scapulocoracoid is 

182 related to ontogeny in oviraptorosaurs as in extant crocodilians (Brochu, 1995), and that the 

183 scapulocoracoid is fused in adults (Funston et al., 2021). 

184 The glenoid fossa of oviraptorosaurs is described as caudoventrally oriented (Osmólska, 

185 Currie & Barsbold, 2004), as in Oksoko MPC-C 102/110 (Funston, 2020), Avimimus MPC-

186 NEE.2016-257 (Funston et al., 2018), Anzu CM 78000 (Lamanna et al., 2014) and others (Table 

187 S1). Recently, the glenoid was described as laterally oriented in some oviraptorids, such as 

188 Heyuannia HYMV1-2 (Lü, 2003; Lü, Huang & Qiu, 2005), Khaan IGM 100/1002 (Balanoff & 

189 Norell, 2012), and Apatoraptor TMP 1993.051.0001 (Funston & Currie, 2016). Although the 

190 glenoid fossa of Khaan is indeed oriented more laterally than other oviraptorosaurs, being 

191 ventrolaterally rather than caudoventrally oriented (Fig. 2A) (Balanoff and Norell, 2012), the 2D 
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192 preservation of Apatoraptor makes interpretations equivocal for this taxon. The figure of 

193 Heyuannia HYMV1-2 in the original publication does not show the glenoid fossa since it is 

194 shield by the humerus, and in Heyuannia MPC-D 100/30 the glenoid fossa appears to be 

195 caudoventrally oriented (Fig. 2D). In light of such equivocal evidence, we prefer to be 

196 conservative about the orientation of glenoid fossa in oviraptorosaurs in which preservation is 

197 not clear and consider that the glenoid is caudoventrally oriented in the majority of taxa with the 

198 possible exception of the Late Cretaceous oviraptorid Khaan, in which changes in orientation are 

199 clearly apomorphic. Clearly, caudoventral orientation of the glenoid represents the plesiomorphic 

200 condition although a shift in the orientation of this articular surface may have evolved 

201 independently in some derived oviraptorid lineages by the Late Cretaceous.

202 The acromion process of the scapula is well developed and inflected craniolaterally in 

203 oviraptorosaurs (Fig. 2) (Osmólska, Currie & Barsbold, 2004; Balanoff & Norell, 2012), as in 

204 Khaan IGM 100/1002 (Balanoff & Norell, 2012), Oksoko MPC-D 102/110 (Funston et al., 2020) 

205 and Heyuannia MPC-D 100/30 (Osmólska, Currie & Barsbold, 2004), providing a sizeable 

206 articular surface along the dorsal edge of the scapula for the furcula (Balanoff & Norell, 2012). 

207 The joint between the acromion and furcula is clearly visible in Rinchenia and Nankangia, 

208 whose acromion and furcula are preserved in articulation (Fig 2) (Lü et al., 2013b; Funston et al., 

209 2018). Caudipteryx was previously described as without a prominent acromion process (Zhou et 

210 al., 2000), but re-examination reveals that its acromion process is similar to other oviraptorosaurs 

211 (Fig. 2F). The acromion process is close to but still caudal to the articular surface of scapula and 

212 coracoid in oviraptorosaurs (Fig. 2), with the exception of Elmisaurus which has an acromion 

213 located a significant distance caudal to the scapula and coracoid articulation (Funston et al., 

214 2021). Accordingly the acromion and furcula articulation may also be more caudally located in 

215 Elmisaurus. 

216 In most oviraptorosaurs, the scapulocoracoid is axe-like in shape (with the scapula 

217 representing the handle of the axe and the coracoid representing the blade). The coracoid itself is 

218 mediolaterally  oriented and trapezoidal, with relatively short and straight cranial and omal 

219 margins, a concave caudal margin and a convex sternal margin (Fig. 2) (Osmólska, Currie & 

220 Barsbold, 2004). A prominent acrocoracoid process (coracoid tubercle) is located on the 

221 craniolateral surface of the coracoid (fig. 2) (Osmólska, Currie & Barsbold, 2004), generally 

222 located below the coracoid foramen, if the latter is present, as in Heyuannia MPC-D 100/30 
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223 (Osmólska, Currie & Barsbold, 2004), Oksoko MPC-D 100/30 (Funston et al., 2020), 

224 Chirostenotes TMP 1979.020.0001 (Funston, 2020) and Microvenator AMNH 3041 (Makovicky 

225 & Sues, 1998). The sternal end of the coracoid is craniocaudally expanded with a sternolateral 

226 process, and articulated with the transverse groove on the craniodorsal edge of the sternum in 

227 oviraptorids (Osmólska, Currie & Barsbold, 2004). While in Caudipteryx the sternal plates are 

228 oval and separate, and as preserved they lack sternal processes, as in BPM001 and IVPP V 

229 12344, so the coracoid and sternal plates may connect in a different way like by soft tissue, 

230 which needs further investigation on previous specimens to reveal (Ji et al., 1998; Zhou et al., 

231 2000; Zhou & Wang, 2000).

232 The coracoid in Avimimus was originally described as elongated based on specimen PIN 

233 #3907/1 (Kurzanov, 1981) and later described as triangular (MPC-NEE.2016-257) (Funston et 

234 al., 2018). Funston et al. states that the triangular shape of the coracoid in Avimimus is due to the 

235 enlargement of the cranioventral part (Funston et al., 2018). However, given the morphological 

236 difference between the coracoid in these two specimens, and the poor preservation of Avimimus 

237 specimens, it cannot be ruled out that this unusual morphology is a preservational artifact.

238 2. Scansoriopterygidae

239 Scansoriopterygids are hypothesized to have a unique form of gliding flight utilizing a forelimb 

240 membrane supported by the apomorphic elongate third digit and styliform process (Xu et al., 

241 2015; Wang et al., 2019; Dececchi et al., 2020). There is no consensus as to their phylogenetic 

242 position. They have been regarded as members of the Oviraptorosauria (Agnolín & Novas, 2013; 

243 O�Connor & Sullivan, 2014; Brusatte et al., 2014; Pittman & Xu, 2020; Pei et al., 2020), early-

244 diverging paravians (O�Connor & Sullivan, 2014; Wang et al., 2019), or even avialans (Senter, 

245 2007; Zhang et al., 2008; Xu et al., 2011). Unlike the abundant remains available for other 

246 pennaraptoran clades, scansoriopterygids are exceedingly rare, with only four species, 

247 Epidendrosaurus (Zhang et al., 2002; Czerkas and Yuan, 2002), Epidexipteryx (Zhang et al., 

248 2008), Yi (Xu et al., 2015) and Ambopteryx (Wang et al., 2019), each known from a single 

249 specimen with the exception of Epidendrosaurus (known from two immature specimens). The 

250 scansoriopterygid affinity of Zhongornis is controversial (Gao et al., 2008; O�Connor & 

251 Sullivan, 2014), hence it will not be considered here.
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252 The scapula and coracoid are unfused in Epidendrosaurus IVPP V12653, Epidexipteryx 

253 IVPP V15471, and Ambopteryx IVPP V24192 (Fig. 3, table S1), but all these specimens 

254 represent individuals that are interpreted as juvenile or subadult (Czerkas & Yuan, 2002; Zhang 

255 et al., 2002, 2008; Wang et al., 2019). The holotype of Yi is considered to be an adult, but only 

256 the scapula is preserved (Xu et al., 2015). Therefore, additional specimens are needed to 

257 determine if the scapula and coracoid fuse in adult scansoriopterygids.

258 Although described simply as subquadrilateral (Czerkas & Yuan, 2002; Zhang et al., 2008), 

259 the scansoriopterygid coracoid varies in shape. The coracoids of the young juvenile represented 

260 by Epidendrosaurus IVPP V12653 and CAGS02-IG-gausa-l/DM 607 are unusual small. 

261 Ambopteryx IVPP V24192 has a trapezoidal coracoid with concave lateral margin (Fig. 3A) 

262 (Wang et al., 2019), while the coracoid of Epidexipteryx IVPP V15471 is polygonal (Fig. 3C) 

263 (Zhang et al., 2008). Given the poor preservation of these specimens, it is impossible to 

264 determine from the currently available evidence whether or not these morphological differences 

265 are genuine. Due to the two-dimensional preservation of available specimens, there is 

266 insufficient data to make further comparison of the shoulder girdle joint in this clade.

267 3. Troodontidae

268 In troodontids the scapula and coracoid are connected through a long synchondrosis (Fig. 3D-K), 

269 which may become fused in adults, as in Jinfengopteryx CAGS-IG-04-0801 (Ji et al., 2005) and 

270 Pneumatoraptor V.2008.38.1 (Qsi, Apesteguía & Kowalewski, 2010). These two elements are 

271 separate in juvenile specimens, e.g., Mei IVPP V12733 (Xu & Norell, 2004). This suggests the 

272 fusion of the scapula and coracoid in troodontids is also influenced by ontogeny, as in 

273 oviraptorosaurs. The angle between the scapula and coracoid are equal to or slightly less than 90Ú 

274 (Fig. 3D-K and Table S1), forming a smaller angle than observed in oviraptorosaurs. The glenoid 

275 is oriented caudoventrally, as in Gobivenator MPC-D 100/86, Linhevenator LHV0021 and 

276 Liaoningvenator DNHM D3012 (Fig. 3D), but is also weakly oriented laterally in some species, 

277 e.g., Sinovenator (Wang et al., 2022b). As in oviraptorosaurs, it is unclear to what degree this 

278 variation is an artifact of preservation.

279 The acromion of troodontids is well developed (Fig. 3). In Gobivenator (Tsuihiji et al., 

280 2014), Troodon (Gilmore, 1924), and Sinovenator (Wang et al., 2022b), the acromion is located 

281 dorsally at the same level as the articular surface for the coracoid, which is cranial to its position 
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282 in oviraptorosaurs (Fig. 2). The acromion and furcula of Sinornithoides IVPP V9612 are 

283 preserved in articulation (Currie & Dong, 2001), which shows that the articular surface for the 

284 furcula is at the cranial tip of the acromion (Fig. 3), whereas in oviraptorosaurs it is located on 

285 the dorsal edge (Fig. 1, 2). 

286 Different from the lateral facing coracoid in oviraptorosaurs, Mei IVPP V12733 and DNHM 

287 D2514, which are three-dimensionally preserved in articulation, and Sinovenator (Wang et al., 

288 2022b) show that the body of the coracoid is rotated so that it is facing cranial (Xu & Norell, 

289 2004; Gao et al., 2012). As a result, when the tightly articulated or fused scapulocoracoid is 

290 preserved in lateral view, only the narrow lateral margin of the coracoid is visible, showing a 

291 cranially projecting acrocoracoid process that forms an L-shaped scapulocoracoid, as in 

292 Sinovenator IVPP V12615 (Xu et al., 2002), Liaoningvenator DNHM D 3012 (Shen et al., 

293 2017), and Pneumatoraptor MTM 2008.38.1 (Qsi, Apesteguía & Kowalewski, 2010). As in 

294 oviraptorosaurs, in troodontids the coracoid body is trapezoidal in cranial view, with the omal 

295 and medial margins relatively straight, a lateral margin concave, and convex sternal margin (Fig. 

296 3D-K), and well-developed sternolateral and acrocoracoid processes, e.g., in Mei IVPP V12733 

297 (Xu & Norell, 2004; Gao et al., 2012), Gobivenator MPC-D 100/86 (Tsuihiji et al., 2014), and 

298 Sinovenator IVPP V12615 (Wang et al., 2022b). The coracoid of Sinovenator IVPP V12615 

299 possesses an acrocoracoid process nearly at the same level as the coracoid foramen (Wang et al., 

300 2022b), more dorsally located than that in the oviraptorosaurs.

301 4. Dromaeosauridae

302 The pectoral girdle of non-volant dromaeosaurids such as Velociraptor IGM 100/986, 

303 Deinonychus AMNH 3015, Achillobator MNU FR-15, and other velociraptorines is quite similar 

304 to that of oviraptorosaurs (Fig. 4A-C) (Ostrom, 1974; Norell & Mackovicky, 1999; Perle, Norell 

305 & Clark, 1999). Their fused scapulocoracoids preserve a similar axe-like morphology to that 

306 observed in oviraptorosaurs (Fig. 2), but differ from troodontids (Fig. 3D-K), indicating that the 

307 coracoid may still be laterally facing as in oviraptorosaurs. The angle between the scapula and 

308 coracoid is also obtuse (from 120° to 135°) as in oviraptorosaurs (Fig. 2; Fig. 4A-C). The glenoid 

309 fossa of Deinonychus AMNH 2013 shows a similar caudoventral orientation to that of more 

310 basal theropods (Ostrom, 1974), as does that of Velociraptor whose osseous floor of the glenoid 

311 fossa is mostly visible in caudal view in specimen IGM 100/986 (Norell & Mackovicky, 1999). 
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312 The Boomerang-shaped furcular of the Velociraptor IGM 100/976 was preserved attach with the 

313 well developed acromion, as in troodontids(Norell & Mackovicky, 1999). 

314 As in oviraptorosaurs, the coracoid of non-volant dromaeosaurids is trapezoidal in lateral 

315 view, with the cranial and sternal margins slightly convex, and the caudal margin concave with a 

316 hooked sternal lateral process in Velociraptor IGM 100/986 and Deinonychus AMNH 3015 (Fig. 

317 4A, B) (Ostrom, 1974; Norell & Mackovicky, 1999). The acrocoracoid process is not very 

318 pronounced and is located near the caudal margin of the coracoid in Velociraptor IGM 100/986 

319 and Deinonychus AMNH 3015 (Fig. 4A, B) (Ostrom, 1974; Norell & Mackovicky, 1999). These 

320 Velociraptor specimens are relatively derived in the phylogeny, as indicated by their long and 

321 curved claws and enlarged semilunate carpal bones. These features may be secondary 

322 adaptations related to their forelimb function, such as grasping prey or climbing trees. 

323 Velociraptorines are relatively derived dromaeosaurids in the phylogenic analysis (Fig. 1). These 

324 features may be secondary adaptations related to their forelimb function.

325 In contrast, dromaeosaurids with flight potential (e.g., the Unenlagiinae, Microraptor, and 

326 Bambiraptor) ( show significant changes in the morphology of the pectoral girdle (Fig. 4). In 

327 species of the Microraptorinae, the scapulocoracoid is fused in adult specimens of Microraptor, 

328 e.g. CAGS 20-7-004 (Hwang et al., 2002), but unfused in the juvenile holotype of Wulong 

329 DNHM D2933 (Poust et al., 2020). This pattern is consistent with the oviraptorosaurs and 

330 troodontids. Although the scapula and coracoid are unfused in Sinornithosaurus IVPP V12811, 

331 whose relatively large size suggests it may be an adult individual (Xu, Wang & Wu, 1999), its 

332 scapula and coracoid are tightly articulated, and preserved in a state similar to Microraptor IVPP 

333 V13352 (Xu et al., 2003), indicating the individual may have died just prior to fusion. In 

334 Buitreraptor MCPA 245 and MPCN-PV-598, the scapula and coracoid are tightly articulated as 

335 in Sinornithosaurus IVPP V12811, with marked rugosities that indicate ongoing fusion on the 

336 coracoidal articular surface (Brochu, 1995; Parsons & Parsons, 2015; Gianechini et al., 2018; 

337 Novas et al., 2018). A similarly rugose articular surface is also observed on the scapula of 

338 Unenlagia MCF PVPH 78 (Novas et al., 2021a). The only exception is the smooth coracoid facet 

339 on the scapula of Rahonavis UA 8656 (Forster et al., 2020), which suggests a derived avian-like 

340 coracoscapular joint that is apomorphic in Rahonavis and may be related to flight capabilities in 

341 this taxon. 
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342 In these potentially volant dromaeosaurids, the articular surface between the scapula and 

343 coracoid is shortened from the long condition in oviraptorosaurs, troodontids, and 

344 velociraptorine dromaeosaurids, to a more localized facet, as in Bambiraptor AMNH FR 30554, 

345 Rahonavis UA 8656 (Forster et al., 1998) and Wulong D2933 (Poust et al., 2020). When 

346 preserved in lateral view, only the narrow lateral margin of the cranially facing coracoid is 

347 visible, as in Buitreraptor (MPCN-PV-598), Microraptor IVPP V13353 and Sinornithosaurus 

348 IVPP V12811 (Fig. 4) (Xu, Wang & Wu, 1999; Xu et al., 2003; Novas et al., 2018), which 

349 confirms the cranial rotation of the coracoid body as in troodontids. The angle between the 

350 scapula and coracoid ranges from 90 to 100Ú, smaller than in oviraptorosaurs and non-volant 

351 dromaeosaurids (Fig. 2; Fig. 4A-C). The glenoid fossa of potentially volant dromaeosaurids is 

352 oriented laterally, as in Bambiraptor AMNH FR 30554 (Burnham, 2004), Sinornithosaurus 

353 IVPP V12811 (Xu, Wang & Wu, 1999), Microraptor IVPP V13353 and LHV 0026 (Xu et al., 

354 2003; Gong et al., 2012), and Changyuraptor HG B016 (Han et al., 2014), which more closely 

355 approaches the condition in birds than that of velociraptorine dromaeosaurids and most 

356 troodontids, whose glenoid fossa oriented to caudoventrally as mentioned previously (Table S1 

357 and Fig. 4).

358 The acromion process of the scapula of these potentially volant dromaeosaurids is very well 

359 developed, and is elongated cranially, extending over the articular surface to the coracoid, as 

360 clearly preserved in Bambiraptor AMNH FR 30554, Sinornithosaurus IVPP V12811, Rahonavis 

361 UA 8656 and Unenlagia MCF PVPH 78 (Fig. 4). In volant dromaeosaurids, the coracoid is 

362 mediolaterally narrow forming a distinct neck below the glenoid fossa and scapula articular 

363 surface that separates the omal articular surface from the coracoid body, as observed in 

364 Bambiraptor AMNH FR 30554, Wulong D2933 and Sinornithosaurus IVPP V12811 (Fig. 4) 

365 (Burnham, 2004). This neck of the coracoid of Bambiraptor was considered to be the caused by 

366 loss of the medial margin of the coracoid which also occurs in Buitreraptor MPCN-PV-598 and 

367 MPCA 245 (Gianechini et al., 2018; Novas et al., 2018). However, in previous description the 

368 author stated that the left coracoid of Bambiraptor is complete (Burnham, 2004), and similar 

369 morphology is also observed in microraptorines. Then the neck of the coracoid is probably not a 

370 preservation artifact but a feature that occurs in the common ancestor of Bambiraptor and 

371 microraptorines and lost in velociraptorines, or equally parsimonily a homoplasy of these two 

372 taxa, independent of similar modifications observed in the avialan lineage. 
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373 The acrocoracoid process is well developed and located close to the glenoid fossa, as 

374 preserved in Bambiraptor MNH FR 30554 (Burnham, 2004), Zhongjianosaurus IVPP V22775 

375 (Xu, Qin & Palasiatica, 2017), Tianyuraptor STM1-3 (Zheng et al., 2010), Wulong D2933 (Poust 

376 et al., 2020), and Sinornithosaurus IVPP V12811 (Xu, Wang & Wu, 1999). When the coracoid 

377 foramen is present, the acrocoracoid process is located between the foramen and the glenoid 

378 fossa, as in Sinornithosaurus IVPP V12811 (Xu, Wang & Wu, 1999).

379 5. Anchiornithidae 

380 Anchiornithidae includes the most basal know clade of avialan, such as Anchiornis, 

381 Eosinopteryx, Xiaotingia and Serikornis (Pol & Goloboff, 2020). The phylogenetic placement of 

382 the Anchiornithidae has been contentious. It has been placed within Troodontidae (Xu et al., 

383 2011; Lee & Worthy, 2012; Brusatte et al., 2014; Gianechini, Ercoli & Díaz-Martínez, 2020), or 

384 resolved as an early diverging lineage of avialans (Pittman & Xu, 2020). One recent study found 

385 that anchiornithids have potential for partially powered flight similar to that inferred for 

386 Microraptor, Rahonavis, Jeholornis, and Confuciusornis (Pei et al., 2020).

387 Hundreds of specimens of Anchiornis have been reported (Xu et al., 2009; Hu et al., 2009; 

388 Pei et al., 2017; Guo, Xu & Jia, 2018). Among them, the scapula and coracoid of the relative 

389 smaller specimen BMNHC PH 804 (humerus length 44.5-45.7 mm) are connected but unfused 

390 (Pei et al., 2017), while a larger specimen LPM-B00169 (humerus length 69.0 mm ) is described 

391 as having a fused scapulocoracoid (Hu et al., 2009). In other anchiornithids known from single 

392 specimens the two elements are separate (Fig. 5A-D), e.g., in Eosinopteryx YFGP-T5197, 

393 Xiaotingia STM 27-2, and Serikornis PMOL-AB00200 (Xu et al., 2011; Godefroit et al., 2013; 

394 Lefèvre et al., 2017). Claims that the holotypes of Eosinopteryx and Xiaotingia are based on 

395 adult material are equivocal (Xu et al., 2011; Godefroit et al., 2013), and the only known 

396 specimen of Serikornis is considered by some to be a subadult (Lefèvre et al., 2017). Therefore, 

397 we suggest that the synchondrosis between the scapula and coracoid in anchiornithids fuses late 

398 in ontogeny, as in oviraptorosaurs and other non-avialan paravians.

399 Anchiornithids have a smaller articular surface between the scapula and coracoid than 

400 observed in oviraptorosaurs and troodontids (as in Xiaotingia STM 27-2 and Serikornis PMOL-

401 AB00200), a laterally oriented glenoid fossa as in Anchiornis IVPP V14378 (Fig. 5A), an 

402 approximate right angle formed by the scapula and coracoid in lateral view (Fig. 5A) (Hu et al., 
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403 2009). In lateral view, the fused scapulocoracoid of Anchiornis LPM-B00169 is �L-shape�, 

404 indicating the cranial orientation of the coracoid body (Fig. 5A). However, in contrast to 

405 Microraptor, the acromion of anchiornithids is not elongated cranially over the coracoid articular 

406 surface (Fig. 5A-D), resembling the condition in oviraptorosaurs (Fig. 2). The coracoid of 

407 Anchiornis BMNHC PH804 and Eosinopteryx YFGP-T5197 is trapezoidal in cranial view with 

408 expanded sternal ends and concave lateral margin (Xu et al., 2009; Hu et al., 2009; Godefroit et 

409 al., 2013), resembling the plesiomorphic pennaraptoran condition. While in Serikornis PMOL-

410 AB00200, the concave medial margin of the coracoid resembling that of the volant 

411 dromaeosaurids is probably a preservational artifact since the coracoid is overlapped by the 

412 furcula (Lefèvre et al., 2017).

413 Thus, it is not strictly correct to say that condition in anchiornithids is closer to birds than 

414 that of volant dromaeosaurids like Microraptor. Some characters but not all are consistent with 

415 birds whereas others resemble more basal pennaraptorans. This is consistent with the limited 

416 powered flight capacity inferred from their feather structure, forelimb proportions, and 

417 homoplasy related to the repeated evolution of flight in pennaraptorans (Pei et al., 2020), and 

418 suggests acquisition of some flight adaptive skeletal features in volant dromaeosaurids or the 

419 common ancestor of dromaeosaurids independent and in parallel to avialans.

420 6. Basal birds (non-ornithothoracine avialans)

421 Basal birds here representative non-ornithothoracine avialans, including long tail birds such as 

422 the Archaeopteryx (here regards as the most basal birds) and Jeholornis, basal pygostylians 

423 Sapeornis, as well as confuciusornithids and jinguofortisids, clades that are interpreted as 

424 crownward of Jeholornis and Sapeornis (Wang, Stidham & Zhou, 2018; Wang, O�Connor & 

425 Zhou, 2019; Wu et al., 2021b). The body plan of basal birds is highly diverse, differing in the 

426 morphology of the skull, tail, and the pectoral girdle (O�Connor, Chiappe & Bell, 2011). All 

427 birds possess a localized articular surface between the scapula and coracoid (Fig. 5E-H), e.g., 

428 Archaeopteryx 10th specimen (Ostrom, 1976; Elzanowski, 2001; Chiappe & Witmer, 2002; 

429 Rauhut, Foth & Tischlinger, 2018), Jeholornis IVPP V13274 and V13886 (Zhou & Zhang, 2002; 

430 Wang et al., 2022b), Sapeornis IVPP V13276 (Zhou & Zhang, 2003a; Wang et al., 2022b), and 

431 Confuciusornis IVPP V16066 (Fig. 5H) (Li, 2010), but the joint type between the scapula and 

432 coracoid is unclear.
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433 Although these two elements were thought to be separate in most basal birds, like 

434 Archaeopteryx, Jeholornis and Sapeornis (Zhou & Zhang, 2003a; Mayr, Pohl & Peters, 2005; 

435 Wang, Stidham & Zhou, 2018), fusion of the scapulocoracoid was also reported in the Maxberg, 

436 Solnhofen, and Munich specimens of Archaeopteryx (Wellnhofer, 2009), as well as in the 

437 Confuciusornithidae and Jinguofortisidae (Wang, Stidham & Zhou, 2018; Wang, O�Connor & 

438 Zhou, 2019; Wu et al., 2021b). Hence, the scapula and coracoid may evolve to be unfused in 

439 basal birds crownward of Archaeopteryx, with that in the Confuciusornithidae and 

440 Jinguofortisidae being secondarily fused (Fig. 1) (Wu et al., 2021a). Alternatively, separation 

441 between the scapula and coracoid evolved independently in Jeholornis, Sapeornis and 

442 Ornithothoraces or in a clade formed by Sapeornis and Ornithothoraces (the sister taxon to 

443 Ornithothoraces is alternatively resolved as either Sapeornis or the Confuciusornithidae in 

444 various published phylogenetic analyses) (Gianechini et al., 2018; Wang, Stidham & Zhou, 

445 2018; Agnolin et al., 2019; Wang et al., 2022a) � both interpretations are equally parsimonious.

446 However, a tightly connected scapula and coracoid forming an L-shape in lateral view are 

447 present in all non-ornithothoracines basal birds [e.g., Jeholornis YGFP-yb2 (Lefèvre et al., 

448 2014), Sapeornis IVPP V12698 (Zhou & Zhang, 2003a)], resembling the preservation in some 

449 troodontids, dromaeosaurids, and anchiornithids (Fig. 2-5). This is not observed in the 

450 ornithothoracines (Fig. 6, 7). Considering that precise ontogenetic age is unverified through 

451 histology in most specimens, the absence of fusion between these two elements in basal birds 

452 may also be due to somatic immaturity in most specimens, as in non-avialan pennaraptorans, and 

453 the separate, unfused scapula and coracoid may have only evolved in ornithothoracines. 

454 However, even if the scapula and coracoid of basal birds crownward of Archaeopteryx do not 

455 become fused with somatic maturity as in other early pennaraptorans, the joint between these 

456 two elements is still clearly different from that of ornithothoracines, in which the two elements 

457 are clearly preserved free (and not forming the �L-shape� in lateral view). In contrast to other 

458 basal birds, the scapula and coracoid of Confuciusornis become fused early in ontogeny well 

459 before skeletal maturity, forming a synostosis. This is considered an autapomorphy of this 

460 lineage (Wang, O�Connor & Zhou, 2019; Wu et al., 2021a).

461 The angle between the scapula and coracoid of basal birds is less than 90Ú, except for 

462 Archaeopteryx, in which the angle is approximately 90Ú (Fig. 5E). The lateral orientation of the 

463 glenoid fossa in Sapeornis (Wang et al., 2022b), Archaeopteryx (Rauhut, Foth & Tischlinger, 
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464 2018), and Confuciusornis (Martin et al., 1998; Li, 2010) are similar to the condition in volant 

465 dromaeosaurids and anchiornithids (Fig. 4, 5A-D). The glenoid fossa of Jeholornis IVPP 

466 V13353 and YFGP-yb2 was dorsolaterally oriented (Zhou & Zhang, 2003b; Lefèvre et al., 

467 2014), but the humeral articular surface of the scapula is oriented laterally in STM 2-37 and 

468 IVPP V13886 (O�Connor et al., 2013; Wu et al., 2021a; Wang et al., 2022b). Deformation is a 

469 common phenomenon in fossil preservation. Based on the preservation status of majority 

470 specimens, we tend to believe that the glenoid fossa of Jeholornis is laterally oriented, as in other 

471 basal birds (Fig. 5E,G,H).

472 The scapular acromion process in basal birds is elongate and extends cranially over the 

473 coracoid articular surface (Fig. 5E-H) (Chiappe et al., 1999; Zhou and Zhang, 2003; Wellnhofer, 

474 2009; Lefèvre et al., 2014), to articulate with the epicleideal process of furcula along its cranial 

475 tip as in ornithothoracines (Fig. 1) (Wang et al., 2022b). The acromion of Archaeopteryx is 

476 dorsally deflected slightly (Fig. 5E), while that of the Jeholornis and Sapeornis extends cranially 

477 (Fig. 5F, G) (Zhou & Zhang, 2003a; Wang et al., 2022b). The acromion of Confuciusornis 

478 appears to be less developed, developed only as a small bump in lateral view (Fig. 1D). The 

479 epicleideal process of the furcula was proposed to articulate with a small process on the medial 

480 side of the scapulocoracoid of Confuciusornis (Wu et al., 2021b). These two features together 

481 with the fused scapulocoracoid, make Confuciusornis a morphological outlier among basal birds.

482 Reconstructions based on 3D CT data demonstrate that the scapuloclavicular joint moved 

483 from dorsal side of the coracoscapular joint in non-avialan pennaraptorans, to the medial side of 

484 the coracoscapular joint in ornithothoracines, and some basal birds like Sapeornis (Fig. 1, 5G) 

485 (Wang et al., 2022b). Under the latter circumstances, the acromion of the scapula is not visible 

486 when the pectoral girdle is in lateral view (Fig. 1) (Wang et al., 2022b). Hence, the acromion 

487 process of Confuciusornis may extend cranially along the medial side of the pectoral girdle like 

488 more derived ornithothoracines, and the small medial side process in articulation with the furcula 

489 found by Wu et al. (Wu et al., 2021b) may in fact be the cranial end of the acromion process, and 

490 the joint between is the scapuloclavicular joint rather than the coracoclavicular joint.

491 In Jeholornis, the acromion process is visible in dorsally preserved scapula of specimens like 

492 IVPP V13353 and YFGP-yb2 (Zhou & Zhang, 2003b; Lefèvre et al., 2014), but not in lateral 

493 view on either side of the fused scapulocoracoids of STM2-19 (O�Connor et al., 2018). 

494 Additionally, given the similarities between the shoulder girdle of Jeholornis and more 
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495 crownward birds, like the procoracoid process and acrocoracoid process, we believe that the 

496 scapuloclavicular joint is more likely to be medial than the coracoscapular joint, as in the 

497 Confuciusornis and Sapeornis. In contrast, in some other basal birds as Archaeopteryx , the 

498 cranial tip of the acromion (to which the furcula articulates) is clear visible in lateral view of the 

499 fused scapulocoracoid in lateral view (Fig. 5E) (Wellnhofer, 2009; Lefèvre et al., 2014), 

500 indicating the scapuloclavicular joint is still located dorsal than the coracoscapular joint.

501 The morphology of the coracoid in non-ornithothoracine birds varies greatly. Archaeopteryx 

502 has a plesiomorphically subquadrilateral coracoid with a shortened omal end, convex medial 

503 margin and concave lateral margin, and a acrocoracoid process that is located more dorsal than 

504 the supracoracoid foramen and almost level with the glenoid fossa (fig. 5E) (Ostrom, 1976; Mayr 

505 et al., 2005). The coracoid of Sapeornis is similar to that of the Archaeopteryx in shape, but the 

506 acrocoracoid process is more dorsocranially elongated, and located at the same level as the 

507 glenoid fossa (Fig. 5G) (Zhou and Zhang, 2003; Wang et al., 2022), as is the acrocoracoid 

508 process of Jeholornis and Confuciusornis (Fig. 5F, H) (Zhang et al., 2009; Li, 2010; Lefèvre et 

509 al., 2014), which is more dorsally located and prominent compared to non-avialan paravians 

510 (Fig. 3-5).

511 Although elongated relative to more basal taxa and thus described as �strut-like�, the 

512 morphology of the coracoid in Jeholornis and Confuciusornis show some differences to that of 

513 extant birds, having a relative thicker coracoid �neck� (Fig. 5F, H). This fairly robust coracoid 

514 neck is also observed in the stem-most ornithuromorph Archaeorhynchus IVPP V17091 (Zhou et 

515 al., 2013). The coracoid of Jeholornis is unique relative to that in other basal birds with a well-

516 developed procoracoid process (Fig. 5F) (Turner, Makovicky & Norell, 2012; Lefèvre et al., 

517 2014), being the stem-most appearance of this feature but represents a local apomorphy. The 

518 procoracoid process in Jeholornis is located on the omal portion of the medial margin of the 

519 coracoid, directed dorsomedially and at the same level as the large supracoracoid foramen 

520 (Turner, Makovicky & Norell, 2012; Lefèvre et al., 2014; Wang et al., 2022b). The procoracoid 

521 process may participate in the coracoscapular joint of Jeholornis, as in some extant birds 

522 (Baumel et al., 1993; Wang et al., 2022b).
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523 7. Non-neornithine Ornithothoraces

524 Ornithothoraces comprises the sister groups: Enantiornithes and Ornithuromorpha, and the latter 

525 includes crown birds (Neornithes) (Livezey & Zusi, 2007; Wang, Stidham & Zhou, 2018). The 

526 pectoral girdle of non-neornithine ornithothoracines displays the essential morphological 

527 characteristics of extant birds, including an unfused scapula and coracoid, strut-like and ventrally 

528 oriented coracoid body, coracoscapular joint located medial and not dorsal to the glenoid fossa, 

529 glenoid fossa located below the pronounced acrocoracoid process and oriented dorsolaterally, 

530 well-developed acromion process of the scapula elongated cranially over the coracoid articular 

531 surface, and articular surface with the furcula on the cranial tip of the scapular acromion 

532 (Chiappe & Witmer, 2002; Zhou, 2013). Although the disarticulation of the scapula and coracoid 

533 prevent accurate measurement of the scapula-coracoid angle, the morphology of the articular 

534 surfaces and CT reconstructions support an acute angle as in extant birds in both enantiornithines 

535 and ornithuromorphs (Mayr, 2017; Wang et al., 2022b).

536 Except for the presence of an acrocoracoid dorsal to the glenoid fossa, and dorsolaterally 

537 oriented glenoid fossa, other derived characters were already in place in basal birds. Among the 

538 three main joints forming the triosseal canal in extant birds, two have formed a similar state in 

539 non-neornithine ornithothoracines, even in some basal birds, namely the scapuloclavicular joint 

540 between the omal tip of the epicleideal process of the furcula and the cranial tip of the acromion 

541 process of the scapula, as well as the unfused and localized coracoscapular joint between the 

542 scapula and coracoid (see the previous analysis). This indicates that the joint between the 

543 epicleideal process of the furcula and the acrocoracoid process of the coracoid is the last 

544 evolutionary step in the formation of an osseous triosseal canal. Besides these similarities, there 

545 are significant differences between the pectoral girdle of these two clades discussed separately 

546 below.

547 7.1 Enantiornithes

548 The scapular acromion process of the scapula in enantiornithines is well developed and 

549 elongated cranially, extending over the articular surface to the coracoid (Fig. 6). In most 

550 enantiornithines, the acromion is bend medially, except for Concornis and Pengornithidae, which 

551 have a hocked acromion (Fig. 6 B, L) (Zhou, Clarke & Zhang, 2008; Hu, Zhou & O�Connor, 
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552 2014; Wang et al., 2014; Hu, O�Connor & Zhou, 2015; Serrano et al., 2018). Most 

553 enantiornithines, with the exception of some of the Pengornithidae, have a straight acrocoracoid 

554 process that extends dorsally. The acrocoracoid is straight in Eopengornis STM 24-1 (Wang et 

555 al., 2014), slightly medially inclined in Pengornithid indet. IVPP V18632 (Hu, Zhou & 

556 O�Connor, 2014), but very weekly developed in Parapengornis IVPP V18687 (Hu, O�Connor & 

557 Zhou, 2015). The procoracoid process on the coracoid is absent with the exception of the basal 

558 Protopteryx IVPP V11844 and BMNHC Ph 1158 (Fig. 6), which has a small, triangular, 

559 procoracoid-like medial process (Zhang & Zhou, 2000; Chiappe et al., 2019a).

560 The scapular articular surface of the coracoid is weakly convex and the coracoid articular 

561 surface of the scapula is concave, which is opposite the condition in extant birds and considered 

562 to be an autapomorphy and diagnostic feature of enantiornithines. However, recently discoveries 

563 may challenge this view. In Alethoalaornis LPM00009 the coracoid articular surface on the 

564 scapula is reportedly slightly convex (Li et al., 2007) but this cannot be confirmed in the 

565 provided figures and preservation in these specimens is poor making support for this 

566 interpretation unlikely in this taxon. In the basal pengornithids Parapengornis IVPP V18687 and 

567 Pengornithid indet. V18632, the scapular articular surface on the coracoid is shallowly concave 

568 suggesting this feature is not diagnostic of the entire clade or that the condition in pengornithids 

569 is an autapomorphy of this clade (Wang et al., 2022b). The phylogenetic position of the 

570 Pengornithidae is controversial (Zelenkov, 2017), and requires further study.

571 3D reconstructions based on CT data show that the distance between the acrocoracoid 

572 process and the epicleideal process in enantiornithines is relatively far, indicating that both an 

573 articulation between these two elements like that in extant birds and a bony, closed triosseal 

574 canal are absent in this clade (Wang et al., 2022b).

575 7.2 Non-neornithine Ornithuromorpha

576 In contrast to enantiornithines, the articular surface between the scapula and coracoid in non-

577 neornithine ornithuromorphs is convex on the scapula and concave on the coracoid, as in 

578 Yixianornis IVPP V12631, Mengciusornis IVPP V26275, Gansus CAGS-IG-04-CM-003, and 

579 Ichthyornis YPM 1733 (Fig. 7) (Zhou & Zhang, 2001; Clarke, 2002; You et al., 2006; Wang et 

580 al., 2020). This morphology is often described as a �ball and socket� joint (Turner, Makovicky & 

581 Norell, 2012), but this interpretation is debated (Mayr, 2021). Furthermore, a flat articular 
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582 surface for the scapula on the coracoid has evolved in crown birds at least 13 times (Mayr, 

583 2021).

584 Except for Apsaravis IGM 100/1017 (Clarke & Norell, 2002), Patagopteryx MACN-N-11 

585 (Chiappe, 1996; Chiappe & Witmer, 2002), and Baptornis KUVP 2290 (Bell & Chiappe, 2020), 

586 all known Mesozoic ornithuromorphs possess a procoracoid process on the coracoid, including 

587 the Late Cretaceous flightless Hesperornis (Fig. 7). Instead of a well-developed procoracoid 

588 process, Apsaravis IGM 100/1017 possess a very slight bulging on the medial surface of the 

589 coracoid (Clarke & Norell, 2002), which may actually be the residual of a secondarily reduced or 

590 taphonomically lost procoracoid process. The procoracoid process has been lost in flightless 

591 Patagopteryx (Chiappe, 1996; Chiappe & Witmer, 2002), Baptornis KUVP 2290 (Bell & 

592 Chiappe, 2020), and many neornithines as well, such as the volant Pavo muticus (Wang et al., 

593 2022b), and flightless Thambetochen chauliodus (Feduccia, 1981). However, in the coracoid of 

594 some flightless taxa such as the Mesozoic Pasquiaornis RSM P1988.9 (Bell & Chiappe, 2020) 

595 and extant Struthio camelus (Vickaryous & Hall, 2006) the procoracoid process is retained, 

596 hence the relationship between the loss of the procoracoid process and flight in birds is unclear.

597 The acrocoracoid process in volant ornithuromorphs is well developed (Fig. 7) and more 

598 robust than that of enantiornithines (Fig. 6). This process varies from straight [as in 

599 Archaeorhynchus IVPP V17091 (Zhou, Zhou & O�Connor, 2013), Hongshanornis IVPP 14533 

600 (Zhou & Zhang, 2005), and Yanornis IVPP V12558 (Zhou & Zhang, 2001), fig. 7], to medially 

601 inflected [as in Yixianornis IVPP V12631 (Zhou & Zhang, 2001), Gansus CAGS-IG-04 CM-004 

602 (You et al., 2006), and Mengciusornis IVPP V26275 (Wang et al., 2020)], to hooked in some 

603 members of the derived, Late Cretaceous clade Ornithurae [as in Ichthyornis YPM 1733 (Clarke, 

604 2004)]. The �neck� of the coracoid of the basal ornithuromorph Archaeorhynchus IVPP V17091 

605 is broader than that of other ornithuromorphs (fig. 7) (Zhou and Zhang, 2006; Zhou et al., 2013), 

606 but whether the acrocoracoid process has an articular surface for the furcula cannot be 

607 determined from the preservation of currently available specimens. In at least one Early 

608 Cretaceous ornithuromorphs Yixianornis IVPP V13631, the articular surface is clearly visible on 

609 the medial surface of the acrocoracoid process (Clarke, Zhou & Zhang, 2006), resembling the 

610 articular surface in extant birds (Baumel et al., 1993) and indicating the presence of a modern 

611 triosseal canal in Yixianornis.
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612 8. Secondarily flightless birds

613 There are several Mesozoic birds that are interpreted as secondarily flightless, e.g. Patagopteryx, 

614 Elsornis, and Hesperornis (Chiappe & Witmer, 2002; Chiappe et al., 2007). Flightlessness has 

615 also evolved many times in different lineages of crown birds, such as T. chauliodus (Anatidae) 

616 (Olson & Wetmore, 1976), Strigops habroptilus (Psittaciformes) (Livezey, 1992), several 

617 lineages of paleognaths (Houde, 1986), species of Phorusrhacidae (Cariamiformes) (Alvarenga 

618 & Höfling, 2003), and many island rails (Rallidae) (Olson, 1973).

619 Among these birds whose flight capability is secondarily reduced, the pectoral girdle shows 

620 some important morphological changes including (Fig. 5I-M): fusion of the scapula and coracoid 

621 in the flightless paleognaths, as in the ostrich (McGowan, 1982); decrease in the relative 

622 proportions of the forelimb and pectoral girdle relative to entire skeleton, as in flightless 

623 paleognaths and flightless rails (Olson, 1973); increase in the scapulocoracoid angle to 90Ú, as in 

624 flightless rails and Strigops (Olson, 1973; Livezey, 1992), or greater, as in flightless paleognaths 

625 (McGowan, 1982); reduction of the scapular acromion and acrocoracoid process of the coracoid, 

626 resulting in the glenoid located at the proximal end of coracoid rather than below it, as in 

627 flightless paleognaths and Patagopteryx (McGowan, 1982; Chiappe & Witmer, 2002); increase 

628 in the space between the left and right sternal articulation of the coracoids, as in Patagopteryx, 

629 Strigops and flightless paleognaths (McGowan, 1982; Livezey, 1992; Chiappe & Witmer, 2002); 

630 degeneration of the furcula, into two separate clavicles as in Strigops (Livezey, 1992), reduced 

631 and unfused clavicles in the ostrich and even the complete loss of the furcula in the kiwi 

632 (McGowan, 1982); as well as the loss of the triosseal canal as in the flightless paleognaths 

633 (McGowan, 1982). These characters represent the complete spectrum of pectoral girdle 

634 degeneration observed in different flightless lineages, though all these features do not 

635 simultaneously co-occur in any single species. Among these pectoral girdle transformations, the 

636 fusion of the scapula and coracoid, obtuse scapulocoracoid angle, degeneration of the scapular 

637 acromion and acrocoracoid processes, and loss of the osseous triosseal canal resemble the 

638 plesiomorphic conditions variably observed in non-avialan pennaraptorans (Fig. 2).
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639 MORPHOLOGY AND FUNCTION TRANSFORMATIONS OF 

640 PENNARAPTORAN PECTORAL GIRDLE ASSOCIATED WITH FLIGHT 

641 EVOLUTION

642 The pectoral girdle morphology changed dramatically during pennaraptoran evolution from 

643 oviraptorosaurs to birds, including (but not limited to) the location and morphology of the 

644 coracoscapular joint and the scapuloclavicular joint, the location and orientation of the glenoid 

645 fossa, the morphology and orientation of the coracoid, procoracoid and acrocoracoid process of 

646 the coracoid, and acromion process of the scapula (Fig. 1, table 1). These can be divided into 

647 three main transformations.

648 First, the change in the orientation of the glenoid fossa, from the caudoventral orientation in 

649 oviraptorosaurs (Osmólska, Currie & Barsbold, 2004), to relatively lateral orientation in volant 

650 dromaeosaurids and basal birds (Pittman & Xu, 2020; Wang et al., 2022b), culminating in the 

651 dorsolateral orientation present in ornithothoracines (Fig. 1) (Baumel et al., 1993). This 

652 transformation allowed the forelimb of ornithothoracines greater range of motion and to be fully 

653 elevated dorsally above the vertebral column to accommodate the extensive wing stroke utilized 

654 in the powered, flapping flight of modern birds.

655 Animals with laterally oriented glenoid fossae can certainly extend the forelimb laterally to 

656 glide as in extant birds, but may not be able to perform effective flapping wing-strokes, being 

657 limited in their dorsal amplitude. The humeral articular surface on the scapula (scapular half of 

658 the glenoid) in the basal bird Sapeornis is concave and possesses a raised lip along the dorsal to 

659 caudal margin (Wang et al., 2022b), which would have been further accentuated in vivo by 

660 cartilage tissue. Thus dorsal movement of the wing of the Sapeornis would likely have been 

661 prevented, limiting the vertical range of its wing-stroke and thus the amount of lift generated by 

662 its flapping motion. This is somewhat consistent with interpretations that Sapeornis would have 

663 relied primarily on soaring flight (Bell & Chiappe, 2011; Serrano & Chiappe, 2017; Serrano et 

664 al., 2020). However, soaring birds must be able to flap to achieve soaring altitude, which may 

665 suggest that Sapeornis instead utilized gliding flight. A reduction in wing loading can offset this 

666 limitation to some extent, but wing loading in basal birds is not considered to be significantly 

667 lower than that of ornithothoracines (Pei et al., 2020). This strongly suggests limits in the 

668 powered flight ability present in some basal birds, specifically the ability for ground take-off and 

669 sustained long distance flight, which require greater lift than passive gliding flight. This is also 
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670 consistent with the presence of claws on the hands of basal birds that can be used for climbing 

671 and resemble those present in juvenile Hoatzins (Abourachid et al., 2019).

672 Thus, extensive flapping motion of the forelimb similar to extant birds probably did not 

673 evolve until the appearance of a laterodorsally oriented glenoid fossa in ornithothoracines. This 

674 coincides with the appearance of a sternal keel, which provided an expanded surface for the 

675 attachment of the m. pectoralis major, the main muscle responsible for the down-stroke of the 

676 wing beat. The appearance of both a glenoid that permits the full range of flapping movement 

677 and increased surface area for the muscle that powers it in ornithothoracines may suggest fully 

678 equipped powered flight is limited to this clade. Further increases in the size of the sternal keel in 

679 ornithuromorphs relative to enantiornithines indicate the ability to generate greater power and lift 

680 through the wing stroke. Enlarged sternal keel likely evolved in parallel in enantiornithines by 

681 the Late Cretaceous, as evidenced by the well developed sternal keel present in Neuquenornis 

682 (Chiappe & Calvo, 1994). This may suggest ornithuromorphs were not only able to take-off from 

683 the ground, but also able to continuously fly for longer distances, which requires continuous 

684 power output from a large m. pectoralis major. This is consistent with interpretations that Early 

685 Cretaceous enantiornithines may be unable to sustain prolonged flight, but prefer to intermittent 

686 flight styles such as bounding or flap-gliding flight (Liu et al., 2017; Serrano et al., 2018; 

687 Chiappe et al., 2019a,b).

688 The second critical transformation is the formation of the triosseal canal. This is the most 

689 complex morphological transformation because of the greater number of elements involved. As 

690 the passage of the tendon of the m. supracoracoideus, the triosseal canal changes the m. 

691 supracoracoideus from protractor in early pennaraptorans to elevator of the humerus in 

692 ornithothoracines (Novas et al., 2020, 2021b), providing the muscular power for the upstroke 

693 during flapping flight. Compared to extant birds, basal pennaraptorans lack the 

694 acrocoracoclavicular joint between the coracoid and furcula and have only two joints between 

695 the three pectoral girdle elements at their omal ends (the long synchondrosis coracoscapular joint 

696 and the scapuloclavicular joint along the dorsal edge of the acromion of the scapula), which 

697 further differ in their morphology compared to extant birds. Hence, the transformation from the 

698 pennaraptoran to ornithothoracine condition involves morphological changes in the 

699 coracoscapular and the scapuloclavicular joints, as well as the formation of the 

700 acrocoracoclavicular joint.
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701 This transformation involves: 1) a reduction in the articular surface between the scapula and 

702 coracoid from the long synchondrosis (which may fuse in adults) in oviraptorosaurs (as in 

703 Khaan) to localized articular surfaces in potential volant dromaeosaurids (as in Rahonavis) and 

704 avialans (as in Anchiornis); 2) cranial migration and enlargement of the acromion process of the 

705 scapula, from caudal to the scapula-coracoid articular surface in oviraptorosaurs (e.g., Khaan and 

706 Heyuannia) to elongate and cranially oriented in potential volant dromaeosaurids (as in 

707 Bambiraptor) and avialans crownward of anchiornithids; 3) change in the articulation between 

708 the scapula and furcula from contacting along the dorsal edge of the scapular acromion (as in 

709 oviraptorosaurs) to the cranial tip of this process (as in paravians) which freed the remainder of 

710 the furcular epicleideal process; and 4) the migration of the acrocoracoid process from below the 

711 supracoracoid foramen (as in oviraptorosaurs) to above (dorsal) the glenoid fossa (as in 

712 ornithothoracines). The last two morphological transformations facilitated the appearance of the 

713 acrocoracoclavicular joint between the furcular epicleideal process and the coracoid acrocoracoid 

714 process in the Ornithuromorpha. Notably, some of these transformations (e.g., 1, 2) evolved 

715 multiple times independently with the repeated evolution of flight in pennaraptorans.

716 The fully closed, bony triosseal canal was present in at least some early Cretaceous basal 

717 ornithuromorphs, such as Yixianornis, as indicated by the articular surface for the furcula visible 

718 on the acrocoracoid process. Further research on early diverging ornithuromorphs will help 

719 clarify the appearance of this feature. However, it is worth noting that a bony, closed triosseal 

720 canal may not be necessary to achieve the pulley function of the m. supracoracoideus (Novas et 

721 al., 2021b; Wang et al., 2022b). Soft tissues like the acrocoraco-acromial ligament may also help 

722 to close the supracoracoid canal for the passage of the m. supracoracoideus (Ando & Fukata, 

723 2018; Novas et al., 2021b). In this regards, although enantiornithines do not possess a bony 

724 closed triosseal canal, the morphology of the pectoral girdle may still permit the m. 

725 supracoracoideus to function as a pulley as in extant birds (Wang et al., 2022b).

726 This raises questions as to the function of the additional acrocoracoclavicular joint present 

727 in ornithuromorphs, and suggests that the function of the triosseal canal may not be limited to the 

728 pulley-like motion of the m. supracoracoideus. The acrocoracoclavicular joint in extant birds 

729 shows considerable diversity: synovial joint, syndesmosis, and synostosis are all observed 

730 (Baumel et al., 1993; Wu et al., 2021b). The significance of this diversity and how it affects 

731 avian flight is unclear. During the flight stroke in extant birds, the acrocoracoclavicular joint 
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732 shows slight displacement together with the movement of the coracoid and the deformation of 

733 the furcula (Baier, Gatesy & Dial, 2013), suggesting this joint may play a role in the flight 

734 stroke, possibly facilitating the continuous flapping movement in ornithuromorphs. Research 

735 focused on the acrocoracoclavicular joint is limited and further analysis of the anatomy, 

736 histology and function of this joint will help reveal its role in avialan flight evolution.

737 In addition to the acrocoracoid process, acromion process and epicleideal process, the 

738 procoracoid process is also mentioned as an important component of the triosseal canal (Baumel 

739 et al., 1993). Jeholornis is the stem-most appearance of this feature and the only basal bird to 

740 possess a procoracoid process (Zheng et al., 2020). Mesozoic ornithuromorphs and the stem-

741 most enantiornithine Protopteryx all have procoracoid processes, indicating the procoracoid 

742 process evolved at least twice during bird evolution, independently evolving in Jeholornis and 

743 the common ancestor of ornithothoracines (Zheng et al., 2020). Loss of the procoracoid process 

744 in enantiornithines more derived than Protopteryx may be secondary, or this feature may have 

745 evolved independently in Protopteryx. The procoracoid process of certain extant birds is also 

746 reduced, such as in the Phasianidae and Passeriformes (Oswald & Steadman, 2015; Wang et al., 

747 2022b). This questions the contribution of the procoracoid process to the triosseal canal and its 

748 relation to flight ability. The evolution and secondary loss of the procoracoid process warrants 

749 further investigation.

750 The third major aspect of this transformation is the change in morphology and orientation of 

751 the coracoid and the reduction in the angle between the scapula and coracoid. The coracoid 

752 elongates from trapezoidal in early pennaraptorans to narrow and strut-like in birds (Turner, 

753 Makovicky & Norell, 2012). However, elongation of this element has also evolved 

754 independently in other non-avialan volant pennaraptorans and the trapezoidal morphology is 

755 retained in the basal birds Archaeopteryx and Sapeornis. The coracoid body also rotates from 

756 laterally oriented in early pennaraptorans to ventrally oriented in paravians, with only the lateral 

757 margin (caudal margin of more basal pennaraptorans), acrocoracoid process and sternal project 

758 visible in lateral view, forming an L-shaped scapulocoracoid (Fig. 1).

759 During avian flight, the pectoral girdle transmits the lift generated by the wing to the body 

760 (Pennycuick, 1967). A strut-like coracoid effectively resists the pressure of the muscles on the 

761 thorax when flapping, preventing damage to the thoracic and visceral structures (King & 

762 Mclelland, 1984; Gill, 2007), while the coracoid itself experiences great pressure (Samour, 
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763 2015). With the same bone mass, narrow strut-like coracoids can have thicker cortical bone 

764 compared to the wide and flat axe-like coracoid, permitting this bone to withstand higher 

765 pressure without causing damage. This may suggest that elongation of the coracoid indicates 

766 flapping, powered flight.

767 The change in coracoid orientation from lateromedial in early pennaraptorans to 

768 dorsoventral in paravians, including non-volant troodontids (Pei et al., 2020), suggests this 

769 modification may be related to forelimb and pectoral girdle functions other than powered flight, 

770 like sexual display, predation, or nest manipulation. As such, the rotation of the coracoid lay the 

771 foundation for the evolution of powered flight in birds and can be considered as an exaptation for 

772 flight evolution. The same is true for the cranial migration of the scapuloclavicular joint in 

773 paravians (Fig. 1). Alternatively, rotation of the coracoid towards the midline of the body may 

774 indicate some form of volant behavior was plesiomorphic to Paraves (or a more inclusive group), 

775 as has been previously suggested (Xu et al., 2015; Sullivan, Xu & O�Connor, 2017).

776 In paravians with ossified sternal plates the coracoid articulates in a groove on the cranial 

777 margin of the sternum (Burnham, 2004; Zheng et al., 2014; Cau et al., 2021). During powered 

778 flight in extant birds, the coracoid moves lateromedially within this groove to assist the flapping 

779 movement of the wing (Baier, Gatesy & Dial, 2013; Razmadze, Panyutina & Zelenkov, 2018), 

780 whereas in early pennaraptorans, the laterally oriented coracoid was more likely to move 

781 craniocaudally and a groove-like articulation with the sternal plates was likely absent in basal 

782 taxa, such as Caudipteryx. This morphological change and rotation of the coracoid coincided 

783 with a decrease in the angle formed by the scapula-coracoid from obtuse in early pennaraptorans, 

784 to approximately 90Ú in non-avialan paravians, to an acute angle in basal birds crownward of 

785 Archaeopteryx (Fig. 1). The acute angle reduces the length of the dorsal elevator muscles(Gill, 

786 2007), therefore decreasing the time required for the muscle to contract, allowing the wing to be 

787 uplifted faster. In extant birds, it can be clearly seen that the time required for the upstroke is 

788 shorter than the downstroke, which also experiences greater resistance as it pushes against the air 

789 (Rayner, 1988; Biewener, 2011). Except for the specialized condition in hummingbirds, the 

790 upstroke of extant birds does not generate lift (Biewener, 2011; Chin & Lentink, 2019), thus 

791 reduction of the time required to make the upstroke is beneficial to reduce altitude loss during 

792 powered flight.
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793 It is proposed that flight capacity originated multiple times in pennaraptors (Wang et al., 

794 2019; Pei et al., 2020), especially in paravians, accompanied by occurrence of flight adaptive 

795 features in different volant clades. Several avialian-like features are found in species of 

796 Unenlagiinae, Microraptorinae and the taxon Bambiraptor, which is considered to belong to the 

797 Saurornitholestinae, such as developed acromion process of scapula, reduced articular surface of 

798 coracoscapular joint and lateral facing glenoid fossa. The occurrence of these features in several 

799 dromaeosaurid clades suggests that these features may represent the plesiomorphic 

800 dromaeosaurid condition, which evolved independently from those similar features in avialans.

801 The existence of these avialan-like plesiomorphic dromaeosaurid conditions is consistent 

802 with the evolution of powered flight or nearly powered flight capacity in several dromaeosaurid 

803 clades. This may support the alternative hypothesis that flight was plesiomorphic to Paraves and 

804 secondarily lost, rather than evolved repeatedly or explain the repeated evolution of flight in 

805 dromaeosaurids, because their plesiomorphic morphology provided the framework for potential 

806 flight. Additionally, in microraptorines and Bambiraptor, the narrow neck of the coracoid differs 

807 from the axe-like coracoid of early pennaraptorans, but represents an intermediate morphology 

808 with the strut-like avian-like coracoid. In Rahonavis, the scapula and coracoid are unfused in 

809 adult specimen UA 8656, resembling that of basal birds crownward of Archaeopteryx (expected 

810 Confuciusornis), suggesting further development of powered flight capacity in at least some 

811 unenlagiine dromaeosaurids independent from flight evolution in avialans.

812 However, these volant dromaeosaurids still lack some important flight adaptions of the 

813 pectoral girdle that are found in birds, such as the strut-like coracoid, dorsolaterally oriented 

814 glenoid fossa, and well developed acrocoracoid process dorsal than the glenoid fossa, suggesting 

815 that if they were volant, they had limited flight capacity compared to ornithothoracine birds. 

816 Their wings may have functioned to parachute from heights and glide short distances, but ground 

817 takeoff and long distance continuous flight would have been challenging to these possibly volant 

818 dromaeosaurids.

819 In avialans, the morphology of the pectoral girdle diversifies (e.g., the different coracoid 

820 morphologies) as a product of the parallel refinement of the flight apparatus following the rapid 

821 diversification of avialan lineages in the latest Jurassic. A modern-like pressure transition system 

822 (strut-like coracoid) and glenoid fossa orientation characterizes the Ornithothoraces. The 

823 acrocoracoclavicular joint evolves in the Ornithuromorpha and indicates the earliest appearance 
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824 of a fully closed bony triosseal canal. These transformations suggest that, although flight may 

825 have evolved several times in theropods, flight capabilities comparable to living birds were 

826 restricted to the Ornithuromorpha. The loss of some features (e.g., the acute angle between 

827 scapula and coracoid, well developed acromion of the scapula and acrocoracoid process of the 

828 coracoid, as well as the triosseal canal) in secondarily flightless birds, both Mesozoic and extant, 

829 further support inferences that these features are intrinsically linked to the evolution and 

830 refinement of dinosaurian flight.

831 CONCLUSIONS

832 Through the comparative analysis of pennaraptoran shoulder girdle characteristics, this study 

833 summarizes the major transformations of the pectoral girdle that appeared during the evolution 

834 of dinosaurian flight. These include changes in the orientation and position of the glenoid fossa, 

835 in the orientation and shape of the coracoid and the angle between the scapula and coracoid, the 

836 relative position of the acrocoracoid process of the coracoid, the articulation between the 

837 acromion of the scapula and the epicleideal process of the furcula, and the formation of the 

838 triosseal canal in birds. The three joints that link these pectoral girdle elements all are modified, 

839 including the morphology and position of the scapula-furcula joint, the morphology and type of 

840 the scapula-coracoid joint, and the formation of a new joint between the furcula and the coracoid.

841 Some character changes precede the rise of birds, but appear to be linked to the appearance 

842 of flight potential and the possible independent evolution of volant behavior in some non-avialan 

843 pennaraptorans. The morphology of the pectoral girdle elements becomes further diversified in 

844 avialans, indicating different parallel attempts to refine flight performance in early birds from a 

845 flight apparatus tentatively limited to gliding or weak flapping flight, as in Archaeopteryx, to 

846 powered flight in ornithothoracines and possibly also Jeholornis. The glenoid fossa of the 

847 ornithothoracines could support similar forelimb flapping movement as observed in extant birds, 

848 and marks the appearance of a new joint between the coracoid and furcula, suggesting this clade 

849 had obtained fully equipped powered flight by the Early Cretaceous, only 20 million years after 

850 the appearance of the oldest known probable bird. The function of these morphological changes 

851 have been studied for decades as discussed here, yet some characteristics remain poorly 

852 understood. It is still unclear what is the functional difference between a fused and separate 

853 scapula-coracoid joint, or between the fully formed triosseal canal of ornithuromorphs and that 
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854 open canal present in enantiornithines. Additional fossil material and greater availability of 3D 

855 CT data will hopefully lend answers to these questions in the future.
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Table 1(on next page)

Overview of ûight-related pectoral girdle features in pennaraptorans and the inferred
ûight capacities.

Features similar to condition of Ornithuromorpha are highlighted in Grey. GFO, glenoid fossa
orientation (0: caudoventral; 1: dorsolateral); CSJ, coracoscapular joint (0: long synchondrosis
fused in adult; 1: localized articular surface fused in adult; 2: localized articular surface
unfused but tightly articulated; 3: localized articular surface fused during early ontogeny; 4:
localized articular surface of ûexible joint); PAR, acromion process of the scapula (0: caudal
to coracoscapular articular surface; 1: dorsally at the same level as the coracoscapular
articular surface; 2: cranially over the coracoscapular articular surface); SCJ,
scapuloclavicular joint (0: along the dorsal edge of the scapula; 1: at the cranial tip of the
acromion process of the scapula); PAC, acrocoracoid process (0: ventral to the coracoid
foramen; 1: same level as the coracoid foramen; 2: close to the glenoid fossa; 3: same level
as the glenoid fossa; 4 dorsally over the glenoid fossa); ACJ, acrocoracoid process of the
coracoid articulate with the furcula form the acrocoracoclavicular joint (0: no; 1: yes); PPC,
coracoid with procoracoid process (0: no; 1: yes); SCA, scapula-coracoid angle (0: >110°; 1:
90 - 100°; 2: <90°); CRS, coracoid shape (0: trapezoidal; 1: mediolaterally narrow forming a
distinct neck near the scapular articular surface; 2: strut-like); CBO, coracoid body orientation
(0: mediolateral; 1: dorsoventral); IFC, inferred ûight capacity (0: terrestrial; 1: potential
volant and gliding ûight; 2: weak powered ûight; 3: intermittent powered ûight, 4 continuous
powered ûight)
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1 Table 1 Overview of flight-related pectoral girdle features in pennaraptorans and the 

2 inferred flight capacities. Features similar to condition of Ornithuromorpha are highlighted in 

3 Grey. GFO, glenoid fossa orientation (0: caudoventral; 1: dorsolateral); CSJ, coracoscapular joint 

4 (0: long synchondrosis fused in adult; 1: localized articular surface fused in adult; 2: localized 

5 articular surface unfused but tightly articulated; 3: localized articular surface fused during early 

6 ontogeny; 4: localized articular surface of flexible joint); PAR, acromion process of the scapula 

7 (0: caudal to coracoscapular articular surface; 1: dorsally at the same level as the coracoscapular 

8 articular surface; 2: cranially over the coracoscapular articular surface); SCJ, scapuloclavicular 

9 joint (0: along the dorsal edge of the scapula; 1: at the cranial tip of the acromion process of the 

10 scapula); PAC, acrocoracoid process (0: ventral to the coracoid foramen; 1: same level as the 

11 coracoid foramen; 2: close to the glenoid fossa; 3: same level as the glenoid fossa; 4 dorsally 

12 over the glenoid fossa); ACJ, acrocoracoid process of the coracoid articulate with the furcula 

13 form the acrocoracoclavicular joint (0: no; 1: yes); PPC, coracoid with procoracoid process (0: 

14 no; 1: yes); SCA, scapula-coracoid angle (0: >110°; 1: 90 - 100°; 2: <90°); CRS, coracoid shape 

15 (0: trapezoidal; 1: mediolaterally narrow forming a distinct neck near the scapular articular 

16 surface; 2: strut-like); CBO, coracoid body orientation (0: mediolateral; 1: dorsoventral); IFC, 

17 inferred flight capacity (0: terrestrial; 1: potential volant and gliding flight; 2: weak powered 

18 flight; 3: intermittent powered flight, 4 continuous powered flight) 

19

GFO CSJ PAR SCJ PAC ACJ PPC SCA CRS CBO IFC

Early pennaraptorans 0 0 0 0 0 0 0 0 0 0 0

Troodontidae 0 0 1 1 1 0 0 1 0 1 0

Buitreraptor 1 1 2 1 2 0 0 1 0 1 1

Rahonavis 1 2 2 1 ? ? ? ? ? ? 2

Microraptorinae 1 1 2 1 2 0 0 1 1 1 1

Bambiraptor 1 1 2 1 2 0 0 1 1 1 1

Velociraptorinae 0 0 1 1 0 0 0 0 0 0 0

Anchiornithidae 1 1 0 1 2 0 0 2 0 1 1

Archaeopteryx 1 1 2 1 2 0 0 1 0 1 2

Jeholornis 1 2 2 1 3 0 1 2 2 1 2

Sapeornis 1 2 2 1 3 0 0 2 0 1 2

Confuciusornis 1 3 2 1 3 0 0 2 2 1 2

Enantiornithes 2 4 2 1 4 0 0 2 2 1 3

Ornithuromorpha 2 4 2 1 4 1 1 2 2 1 4

20
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Figure 1
Simpliûed phylogeny of Pennaraptora with reconstructions of pectoral girdle, the
orientation of coracoid body in the skeleton, and the main characters transition.

Phylogenetic framework followin g Pol and Goloboû, 2020 . Left in lateral view and middle in
cranial view. Right in lateral view showing the orientation of the coracoid body. coracoid
facing laterally as in oviraptorosaurs and velociraptorines (top right), facing cranially as in
troodontids, potential volant dromaeosaurids, anchiornithids and Archaeopteryx (middle
right), and facing ventrally as in avialans crownward of Archaeopteryx (bottom right). Yellow
indicates the scapula, green indicates the coracoid, and red indicates the furcula. Not to
scale. 1, rotation of coracoid body, and furcular articulated with cranial tip of acromion
process of scapula; 2, localized scapula and coracoid articular surface and lateral oriented
glenoid fossa; 3, well develop acromion process of the coracoid; 4 acute angle between
scapula and coracoid, and unfused coracoscapular joint; 5, glenoid fossa oriented
dorsolaterally, acrocoracoid process dorsally than glenoid fossa, and occurrence of
procoracoid process; 6 new joint between coracoid and furcula and the formation of bony
closed triosseal canal; 7, lateral oriented glenoid fossa, localized scapula and coracoid
articular surface, and well develop acromion process of the coracoid; 8, unfused
coracoscapular joint in Rahonavis; 9, neck of coracoid body; 10, procoracoid process and
strut-like coracoid; 11 strut-like coracoid. 7-9 show the independent evolution of ûight
adaptive features in several paravian clades.
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Figure 2
Comparison of the pectoral girdle of oviraptorosaurs.

A, Khaan based on IGM 100/1002 and IGM 100/1127 (Balanoû & Norell, 2012); B, Oksoko

based on MPC-C 102/110 (Funston et al., 2020); C, Oviraptor based on IGM 100/36 and
100/42 modiûed after Barsbold, 1983; D, Heyuannia based on MPC-D 100/30 modiûed after
Osmólska et al., 2007; E, Rinchenia based on MPC-D 100/32-A (Funston et al., 2018); F,
Caudipteryx based on BPM 001 modiûed after Zhou et al., 2000; G, Nankang based on GMNH
F10003 (Lü et al., 2013b); H, Elmisaurus based on MPC-D 102/113 (Funston et al., 2021); I,
Microvenator celer based on AMNH 3041 modiûed after Makovicky and Sues, 1998; J,
Chirostenotes based on TMP 1979.020.0001 (Funston, 2020). Reconstructed portion marked
with dash line; gray color indicates the articular surface for humerus when identical from the
specimen during reconstruction. Scapula and coracoid in lateral view, and furcula in cranial
view. Abbreviations: cf, coracoid foramen; fc, furcula; gf, glenoid fossa; lc, left coracoid, ls,
left scapula; rc, right coracoid; rs, right scapula; pac, acrocoracoid process; par, acromion
process; ppc, procoracoid process. Scale bar = 1cm.
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Figure 3
Comparison of the pectoral girdle of Scansoriopterygidae and Troodontidae.

A, Ambopteryx based on IVPP V24192 modiûed from Wang et al., 2019a; B, Epidendrosaurus

based on IVPP V12653 modiûed from Zhang et al., 2002; C, Epidexipteryx based on IVPP
V15471 modiûed from Zhang FC 2008; D, Gobivenator based on MPC-D 100/86 (Tsuihiji et
al., 2014); E, Yixianosaurus based on IVPP V12638 (Dececchi, Larsson & Hone, 2012); F,
Sinornithoides based on IVPP V9612, modiûed from Currie and Dong, 2001; G, Troodon based
on specimen from University Alberta Collections (Gilmore, 1924); H, Mei based on IVPP
V12733 (Xu & Norell, 2004); I, Pneumatoraptor based on MTM V 2008.38.1 (Qsi, Apesteguía &
Kowalewski, 2010); J, Sinovenator based on IVPP V12615 (Xu et al., 2002); K, Liaoningvenator

based on DNHM D3012 (Shen et al., 2017). Reconstructed portion marked with dash line;
gray color indicates the articular surface for humerus when identical from the specimen
during reconstruction. Right scapulocoracoid in lateral view, left coracoid and furcula (H) in
cranial view. Abbreviations as in previous ûgure. Scale bar = 1cm.
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Figure 4
Comparison of the pectoral girdle of Dromaeosauridae.

A, Velociraptor based on IGM 100/986 and 976 modiûed after Norell & Mackovicky, 1999; B,
Deinonychus based on AMNH 3015 modiûed after Ostrom, 1974; C, Achillobator based on
MNU FR-15 modiûed after Perle et al., 1999 ; D, Bambiraptor based on AMNH FR 30554
modiûed from Burnham, 2004; E, Wulong based on D2933 modiûed from Poust et al., 2020;
F, Sinornithosaurus based on IVPP V12811 modiûed from Xu et al., 1999; G, Buitreraptor

based on MPCN-PV-598 modiûed after (Novas et al., 2018); H, Rahonavi s based on UA 8656
modiûed after Forster et al., 2020; I, Unenlagia based on MCF PVPH 78 modiûed from Novas
and Puerta, 1997 . Reconstructed portion marked with dash line; gray color indicate the
articular surface for humerus when identical from specimen during reconstruction. Right
scapulocoracoid in lateral view, left coracoid and furcula in cranial view. Abbreviations as in
previous ûgure. Scale bar = 1cm.
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Figure 5
Comparison of the pectoral girdle of Anchiornithidae and basal birds, as well as pectoral
girdle morphology change (lateral view) of ûightless terrestrial birds.

A, Anchiornis right scapulocoracoid in lateral view (showing the medial and lateral crash L-
shape), furcula in cranial view based on LPM-B00169 and left coracoid in cranial view
(showing the subaquatic shape) based on BMNHC PH804 (originally right side) modiûed after
Hu et al., 2009 and Pei et al., 2017, and IVPP V14378 based on personal observation; B,
Eosinopteryx based on YFGP-T5197 modiûed after Godefroit et al., 2013; C, Xiaotingia based
on STM 27-2 modiûed after Xu et al., 2011 (originally no scale bar); D, Serikornis based on
PMOL-AB00200 modiûed after Lefèvre et al., 2017. E, Archaeopteryx right scapulocoracoid
based on Mexberg specimen modiûed after Wellnhofer, 2009, and left coracoid and furcula

based on 10th specimen modiûed after Mayr et al., 2005; F, Jeholornis right scapulocoracoid
based on STM after O'Connor et al., 2018, left coracoid based on STM 2-49 and IVPP V13886
modiûed after Wang et al., 2022, furcula based on YFGP-yb2 modiûed after Lefèvre et al.,
2014; G, Sapeornis right scapulocoracoid based on IVPP V12698, furcula and left coracoid
based on IVPP V13276 modiûed after Zhou and Zhang, 2003; H, Confuciusornis right
scapulocoracoid based on IVPP V13168 and GMV-2132 modiûed from Li, 2010 and Chiappe et
al., 1999; furcula based on GMV-2131 modiûed after Chiappe et al., 1999, left coracoid based
on IVPP V16066 modiûed after Li, 2010. I, crown birds based on Gallus; J, Patagopteryx based
on MACN-N-11 modiûed after Chiappe, 2002; Rallus subadult (47 days) (K) and juvenile (17
days) (L) modiûed from Olson, 1973; M, Struthio modiûed from Mcgowan, 1982. In B-D,
scapula in lateral view, coracoid and furcula in cranial view. In E-H, Right scapulocoracoid in
lateral view, left coracoid and furcula in ventral view. Reconstructed portion marked with
dash line; gray color indicates the articular surface for humerus when identical from the
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specimen during reconstruction. Abbreviations: ppc, procoracoid process; other abbreviations
as in previous ûgure . In A-H, Scale bar = 1cm. In I-M, Not to scale.
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Figure 6
Comparison of the pectoral girdle of Enantiornithes.

A, Eoalulavis based on MCCM-LH-13500 modiûed after Sanz et al., 1996; B, Concornis based
on MCCM-LH-1184 (Serrano et al., 2018); C, Elsornis based on MPD-b 100/201 (Chiappe et al.,
2007); D, Enantiornis based on PVL-4035 (coracoid) and PVL-4055 (scapula) (Chiappe &
Witmer, 2002); E, Bohaiornis based on IVPP V17963 modiûed after Li et al., 2014; F,
Dunhuangia based on GSGM-05-CM-030 after Wang et al., 2015; G, Xiangornis based on
PMOL-AB00245 after Hu et al., 2012; H, Eocathayornis based on IVPP V10916 after Zhou,
2002; I, Junornis based on BMNHC PH 919 Liu et al., 2017; J, Protopteryx based on BMNHC Ph
1158 after Chiappe et al., 2019; K, Shangyang based on IVPP V25033 after Wang et al.,
2019a; L, Parapengornis based on IVPP V18687 after Hu et al., 2015; M, Piscivorenantiornis

based on IVPP V22582 (Wang et al., 2022). Reconstructed portion marked with dash line;
gray color indicates the articular surface for humerus when identical from the specimen
during reconstruction. Scapula and coracoid in dorsal view, furcula in ventral view.
Abbreviations: acs; articular surface for the scapula, other abbreviations as in previous
ûgure. Scale bar = 1cm.
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Figure 7
Comparison of pectoral girdle of Ornithuromorpha.

A, Archaeorhynnchus based on IVPP V17091 and IVPP V14287 modiûed from Zhou et al.,
2013; B, Hongshanornis based on IVPP V14533 (Zhou and Zhang, 2005); C, Archaeornithura

based on STM7-145 modiûed from Wang et al., 2015b; D, Abitusavis (Yanornithidae), based
on IVPP V14606 modiûed from Wang et al., 2020a; E, Yixianornis based on IVPP V12631
(Zhou & Zhang, 2001); F, Mengciusornis based on IVPP V26275 modiûed from Wang et al.,
2020b; G, Gansus based on CAGS -IG-04-CM-003 and GSGM-07-CM-006 (You et al., 2006;
Wang et al., 2016) and 05-CM-026; H, Ambiortus based on PIN 3790/271 modiûed from
O9Connor and Zelenkov, 2013; I, Ichthyornis based on SMM 2503, YPM 1755, YPM 1733, YPM
1773 (Clarke, 2004). Reconstructed portion marked with dash line; gray color indicates the
articular surface for humerus when identical from the specimen during reconstruction.
Scapula and coracoid in dorsal view, furcula in ventral view. Abbreviations as in previous
ûgure. Scale bar 1cm. B, E, G, I are drawn by the author.
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