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Osteohistology of the Scapulocoracoid of Confuciusornis and Preliminary Analysis of the Shoulder Joint in Aves
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As key components of the tetrapod pectoral girdle, the scapula and coracoid have played a significant role in the evolution of forelimb locomotion among terrestrial vertebrates. The transition from a rigid fused scapulocoracoid in ancestral non-avian theropods to a presumably more flexible separated scapula-coracoid in early birds is considered to be one of the key morphological transitions related to the rapid refinement of flight. In most Mesozoic birds (e.g., Enantiornithes and Ornithuromorpha) and crown birds the scapula and coracoid are separate (unfused), with few exceptions (e.g., flightless paleognaths). In contrast, in Confuciusornis, a basal pygostylian from the Early Cretaceous Jehol Biota known from thousands of specimens, the scapula and coracoid remain plesiomorphically fused. This raises questions regarding the influence of shoulder girdle architecture on the early evolution and refinement of avian flight. The paravian scapula-coracoid joint has never previously been investigated using histology, and thus joint morphology has only been inferred superficially. In order to better understand the evolution of this joint in Mesozoic birds, we make the first histological study of the scapulocoracoid glenoid joint in Confuciusornis. The results demonstrate that the scapula and coracoid both consist of cancellous and compact bone, with both fibrolamellar and parallel-fibered structure. A thin layer of calcified cartilage is present on the glenoid fossa surface, representing remnants of the articular surface for the humerus. Both histology and computed tomography reveal that the scapulocoracoid of Confuciusornis is fully fused, forming a synostosis. Humeral histology suggests the studied individual was nearing completion of its first year of growth, suggesting the Confuciusornis scapulocoracoid fused before skeletal maturity was achieved, as in flightless paleognaths, whereas in the plesiomorphic condition fusion occurs late in ontogeny. We hypothesize the fused scapulocoracoid of Confuciusornis is secondarily evolved and suggest the primary factor responsible for this morphology may have been a decrease in mechanical stimulation at the glenoid of Confuciusornis relative to other volant birds, linked to the unique flight style of this taxon. Further investigation into the histology of the glenoid joint in other Mesozoic paravians and extant birds will help to clarify the morphological transition of the scapula-coracoid joint in early avian evolution.
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INTRODUCTION

Structural modifications of the scapula and coracoid during the early evolution of Aves are often described as being among the key morphological changes in the early evolution of birds (Chatterjee, 1997; Chiappe and Witmer, 2002; O’Connor et al., 2011). In Archaeopteryx the scapula and coracoid are generally regarded as synostosed elements that form a single immobile unit called the scapulocoracoid, a morphology inherited from non-avian dinosaurs (Chiappe and Witmer, 2002). However, these two bones became distinct at an early stage of avian evolution, being already separate in the long boney tailed bird Jeholornis, a taxon commonly resolved in cladistic analyses as only more derived than Archaeopteryx (Figure 1; Zhou and Zhang, 2002a; O’Connor and Zhou, 2019). The scapula and coracoid to form the glenoid surface for the articulation of the humerus in all tetrapods (Benton, 2014). These elements are key components of the pectoral girdle and have played an important role during the evolution of locomotion in terrestrial vertebrates (Benton, 2014). Therefore, it follows that the change early in avian evolution from fusion between the scapula and coracoid to complete separation of these elements most likely represents a flight adaptation, presumably facilitating greater mobility and more advanced forms of powered flight.
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FIGURE 1. A simplified cladogram of Paraves indicating the condition of the joint state between the scapula and coracoid, along with ontogenetic stage. Modified from O’Connor and Zhou (2019).


However, as new specimens of Archaeopteryx have recently become available, this dichotomy between fused and separate has been shaken, as in most specimens the scapula and coracoid appear to be only sutured [e.g., the Eichstätt specimen (the smallest), Solnhofen specimen (the largest), Munich specimen (Elzanowski, 2001), Daiting specimen (Kundrát et al., 2019), Thermopolis specimen (Mayr et al., 2005), and 12th specimen (Rauhut et al., 2018)]. Synchrotron radiation based computed tomography (CT) scans of the Daiting Archaeopteryx, a relatively small specimen, revealed that the scapula and coracoid were closely connected but not fully fused, and the two bones were interpreted as forming a sutural contact (Kundrát et al., 2019). The scapulocoracoid is described as fused (or apparently co-ossified) in the London, Berlin, and Maxberg specimens (Ostrom, 1976), suggesting complete fusion occurred late in the ontogeny of Archaeopteryx (Chiappe and Witmer, 2002). Although the specific joint morphology apparently changes with ontogeny, these two bones are firmly articulated and immobile in Archaeopteryx, forming a scapulocoracoid complex (Chiappe and Witmer, 2002).

Paraves is the clade of maniraptoran theropods that includes Aves and its closest relatives, the Troodontidae and Dromaeosauridae (Brusatte et al., 2014). In these non-avian paravian clades the morphology of the scapulocoracoid joint appears similar to that observed in Archaeopteryx, in which fusion of the scapulocoracoid unit is only found in adult individuals. In the probable troodontid Anchiornis, sub-adult specimens (e.g., BMNHC PH822 and IVPP V14378) have an unfused scapula and coracoid (Xu et al., 2009; Pei et al., 2017), whereas these elements are apparently fused in other, presumably adult specimens (LPM-B00169) (Hu et al., 2009). The only known specimen of the probable troodontid Xiaotingia (STM 27-2), a presumed adult, has a fused scapulocoracoid (Xu et al., 2011) and this condition is also reported in the troodontid Jinfengopteryx (CAGS-IG-04-0801) (Ji et al., 2005).

Among the Dromaeosauridae, subadult to adult specimens of Deinonychus (MOR 1178) (Parsons and Parsons, 2009), Velociraptor (IGM 100/986; Parsons and Parsons, 2009), and Microraptor (CAGS 20-7-004 and CAGS 20-8-001) (Hwang et al., 2002) reportedly possess fused scapulocoracoids, whereas the two elements are only sutured in obvious juveniles (Deinonychus MCZ 8791; Parsons and Parsons, 2015). However, the scapula and coracoid remain connected by a suture in putatively adult specimens of some taxa, including in Buitreraptor (MPCA-245) (Makovicky et al., 2005) and Sinornithosaurus (IVPP V12811) (Xu et al., 1999). This may suggest that some specimens identified as adults, such as Deinonychus (YPM 5236; Parsons and Parsons, 2015), are in fact not fully mature, or that the scapula and coracoid did not become fused in all lineages of dromaeosaurids. It is impossible to differentiate between these hypotheses without relevant histological or CT data, combined with the careful use of suture patterns to assess maturity in these specimens (Bailleul et al., 2016).

Among basal (non-ornithothoracine) lineages of Mesozoic birds, the scapula and coracoid are completely separate in the holotype of Jeholornis (Zhou and Zhang, 2002a, b), but in some specimens these bones are preserved firmly articulated (e.g., STM2-19) (O’Connor et al., 2018b) or appear sutured (YFGP-yb2) (Lefèvre et al., 2014). Similarly, in Sapeornis (Figure 2) the two elements are tightly joined in the holotype IVPP V12698 (Zhou and Zhang, 2002b, 2003a), but are separate in the subadult specimens DNHMD3078 (Gao et al., 2012), IVPP V13396 (Provini et al., 2008), and HGM-41HIII0405 (Pu et al., 2013).
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FIGURE 2. Scapulae and coracoids of basal avialans. (A) Archaeopteryx Munich specimen; (B) Jeholornis IVPP V13886 (unpublished specimen); (C) Sapeornis IVPP V13698 (holotype); (D) Confuciusornis IVPP V14385; (E) Chongmingia STM9-9; (F) Jinguofortis IVPP V24194. Scale bar 1 cm.


Confuciusornis is the most common bird in the Jehol Biota, with thousands of specimens reported, mostly from the Yixian Formation (Wang et al., 2019c). Specimens range considerably in size although no clear juveniles are known (humerus length ranging from 41.01 to 78.5 mm; Chiappe et al., 1999, 2008; Zhang et al., 2009; Wang and O’Connor, 2017; Wang et al., 2019c). In all reported specimens of the basal pygostylian Confuciusornis the scapulocoracoid is described as fused (Hou, 1997; Chiappe et al., 1999; Ji et al., 1999; Hou et al., 2002; Dalsätt et al., 2006; Zhang et al., 2009; Wang and Zhou, 2018; Wang et al., 2019c), in contrast to the condition in other non-ornithothoracine avians. In the subadult holotype of Eoconfuciusornis zhengi IVPP V11977, the oldest and basal-most member of Confuciusornithidae from the Huajiying Formation, the scapula and coracoid are reportedly only sutured (Zhang et al., 2008a). However, in BMNHC-PH870, an osteologically mature specimen also from the Huajiying Formation, the scapula and coracoid are reportedly fused (Navalón et al., 2017). This and other potentially ontogenetic differences make it impossible to determine if BMNHC-PH870 is referable to Eoconfuciusornis or if it represents another currently unnamed taxon (Navalón et al., 2017).

Despite the enormous number of specimens of Confuciusornis, the fact that none reveal an earlier stage in which the scapula and coracoid are sutured or separate appears to represent a distinct departure from other early paravians, in which these elements are only fused in mature, adult specimens. In contrast to other non-ornithuromorpha paravians, which grew so slowly that they required several years to reach skeletal maturity (Erickson et al., 2009; Zheng et al., 2014; Prondvai et al., 2018; Shen et al., 2019), Confuciusornis had elevated growth rates, reaching near-adult size in the first year of uninterrupted growth (de Ricqlès et al., 2003) after which they continue to grow more slowly for several years forming an outer circumferential layer (OCL) marked by several lines of arrested growth (LAGs) (Chinsamy et al., 2019). This developmental strategy may partly explain the fact the scapulocoracoid is reportedly fused in all known specimens of Confuciusornis, a morphology which is otherwise only found in the most mature specimens of taxa with more protracted growth rates (e.g., Anchiornis, Microraptor, and Archaeopteryx). A rapid growth strategy has previously been cited as an explanation for the fusion of the scapulocoracoid in the Jinguofortisidae, a clade of basal pygostylians consisting of two taxa (Chongmingia and Jinguofortis) each known from a single specimen (Wang et al., 2016, 2018). Histology indicates these two specimens are mature adults (Wang et al., 2016, 2018) making it impossible to determine if the fusion is due to rapid growth, skeletal maturity, or both.

Among neornithines, the scapula and coracoid are typically separate although they are fused into a single scapulocoracoid in some extant flightless taxa including all flightless members of the Paleognathae (the so-called “ratites”), e.g., Struthio camelus, Apteryx australis (McGowan, 1982), and Dromaius novaehollandiae (Maxwell and Larsson, 2007), and some members of the recently extinct flightless clades the Aepyornithidae, Gastrornithidae, and Dinornithiformes (Worthy et al., 2017). Among extant paleognaths, only the volant tinamous (Tinamidae) have separate scapulae and coracoids (Bertelli et al., 2014). The fossil record clearly demonstrates that these two elements were separate in early paleognaths, such as the Paleocene–Middle Eocene Lithornithidae (Torres et al., 2019), indicating that the fused scapulocoracoid of some paleognaths is a derived feature that probably evolved multiple times in this clade along with flightlessness (Faux and Field, 2017). As the wings and sternal carina of Paleocene and Eocene paleognaths were well-developed (Houde, 1986), flightlessness in extant paleognaths is also a derived condition (McNab, 1994; Torres et al., 2019). This suggests that fusion of the scapulocoracoid in neornithines evolved as a consequence of pectoral reduction related to the loss of flight. Notably, in contrast to observations from extinct pennaraptorans, the scapula and coracoid of the ostrich fuse very early on, not via bone but via unmineralized cartilage during embryonic development (day 21) before any extensive ossification has begun (day 22; Maxwell and Larsson, 2009).

Previous studies of neornithines (crown birds) have revealed the developmental trajectory, ossification sequence, regulatory genes, and growth factors of the scapula in embryonic and early post-hatching growth (Williams, 2003; Sawad et al., 2009; Young et al., 2019). Despite the importance of the scapula-coracoid complex in the pectoral girdle of birds (and in fact in all tetrapods) (Benton, 2014), few histological studies have been conducted on pectoral girdle elements (Russell and Joffe, 1985; Wang et al., 2019a), and the histology of the scapula-coracoid joint has never been reported in any paravian. As a result, the histology of the scapulocoracoid joint is poorly understood even in modern birds. The joint between the separate scapula and coracoid has been reported in some birds as a syndesmosis (bound together by the Lig. coracoscapulare interosseum consisting of elastic cartilage), and in others as an elaborate joint (e.g., Branta, Pelecanus), in which the articulation is partially synovial and partially syndesmotic (Baumel and Witmer, 1993). In such a configuration the synovial parts are more mobile than the syndesmoses, as would be expected (Baumel and Witmer, 1993). However, these reports were not accompanied by supporting illustrations.

In extinct organisms descriptions of fusion between elements should be supported with microanatomical evidence, such as histological data, or–at the least–CT data. Surface morphology may suggest a fused joint (i.e., a bony synostosis) even in specimens whose internal anatomy instead reveal the joint to be incompletly fused, retaining either a fibrous suture or some cartilaginous remnants (Bailleul and Horner, 2016). To date, no microanatomical investigation of an apparently fused scapulocoracoid has been conducted on any extinct paravian. Therefore, previous descriptions of purportedly fused scapulocoracoids require re-examination in order to better assess patterns of fusion between these elements. In cases where the two bones are tightly articulated, in particular, it is difficult to determine whether the bones remain separated or if they are actually sutured without investigation of the internal anatomy, as demonstrated in one specimen of Jeholornis in which X-rays revealed the presence of a suture (Lefèvre et al., 2014). Here we take a step in this direction by examining the osteohistology of the scapulocoracoid joint morphology in Confuciusornis. This joint has never been studied through osteohistology in an extinct theropod until now. We compare the histology to that observed in extant birds in which the scapula and coracoid are fused and unfused, and discuss the underlying factors that may affect fusion of pectoral girdle elements in birds.

Institutional abbreviations. BMNHC, Beijing Museum of Natural History, Beijing, China; CAGS, Chinese Academy of Geological Sciences, Beijing, China; DNHM, Dalian Natural History Museum, Dalian, China; GMV, Geological Museum of China, Beijing, China; HGM, Henan Geological Museum, China; IGM, Mongolian Institute of Geology, Mongolia; IVPP, Institute of Vertebrate Paleontology and Paleoanthropology, Chinese Academy of Sciences, Beijing, China; LPM, Liaoning Paleontological Museum, Liaoning Province, China; MCZ, Museum of Comparative Zoology, Harvard University, Cambridge, MA, United States; MOR, Museum of the Rockies, Bozeman, MT, United States; MPCA, Museo Provincial de Ciencias Naturales, General Roca, Río Negro, Argentina; STM, Shandong Tianyu Museum, Shandong Province, China; YFGP, Yizhou Fossil and Geology Park, Yixian, China; YPM, Yale/Peabody Museum of Natural History, New Haven, CT, United States.



MATERIALS AND METHODS


Specimens

We sectioned the scapulocoracoid through the glenoid of Confuciusornis IVPP V11521, a partial skeleton retaining the sternum, ribs, vertebrae, pectoral girdle, pelvis, femora, and tail (Hou et al., 1999). Although this specimen was originally described as the paratype of Confuciusornis dui (Hou et al., 1999), it is conservatively referred to Confuciusornis indet. After reexamination in the latest analysis concerning the furcula of this same specimen (Wu et al., 2021). The scapulocoracoid is mediolaterally crushed (Figure 3A) and the distal part of the scapula is missing. All elements were previously prepared free from the matrix. The humerus measures 66 mm, which falls within the larger half of the known size range of Confuciusornis specimens (humeral length: 41.01–78.5 mm; Chiappe et al., 1999, 2008; Zhang et al., 2009; Wang and O’Connor, 2017; Wang et al., 2019c). As the scapula is incomplete in this specimen, the length of the scapula was not measured.
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FIGURE 3. Histology (ground-sections) of Confuciusornis (IVPP V11521). (A) Gross morphology of the scapulocoracoid; (B) CT slice of pectoral girdle indicated by the black line in panel (A); (C) Associated histological section indicated by the black line in panel (A), magnified region showing the compact bone connecting the scapula and coracoid is in Supplementary Figure 1A; (D) histological section of the humerus; (E) polarized light image of panel (D). cm, compact bone; cn, cancellous bone; cr, coracoid; ec, erosion cavity; gf, glenoid fossa; icl, inner circumferential layer; ocl, outer circumferential layer; sc, scapula; tb, trabecula; tl, tide line.


An adult Spilopelia chinensis (Spotted dove) and an 8-day old (post-hatching) S. camelus (Common ostrich) were sampled to allow comparison with the scapula-coracoid joint histology in extant birds. The scapulocoracoid of a more mature Common ostrich specimen IVPP OV586 was CT scanned to provide additional comparison. Based on skull length (18 cm), OV586 is estimated to be approximately 6 months old (Castanet et al., 2000; Cuff et al., 2015).



CT Scan of Confuciusornis and the Common Ostrich

Prior to cutting, the scapulocoracoid of Confuciusornis IVPP V11521 was scanned at Yinghua Testing Co., Ltd., Shanghai, China, using high-resolution micro-computed tomography (μCT) scanning (Phoenix v | x m) with a detector resolution of 6 μm per pixel, and three-dimensional reconstructions were created with the software Avizo (version 8.1).

The ostrich scapulocoracoid IVPP OV586 was CT scanned the at the Key Laboratory of Vertebrate Evolution and Human Origins at the Institute of Vertebrate Paleontology and Paleoanthropology, Chinese Academy of Sciences, using an industrial CT (mi-CT 450ICT, developed by the Institute of High Energy Physics, Chinese Academy of Sciences) with a detector resolution of 160 μm per pixel, and three-dimensional reconstructions were created with the software VG studio (version 2.2).



Confuciusornis Ground Sections

The specimen was then embedded in EXAKT Technovit 7200 one-component resin and allowed to dry for 12 h, cut into slices through the glenoid fossa using the CT scans as a guide, and polished until the desired optical contrast was reached (slice thickness ∼70 μm). In total, five ground sections were made (also see Wu et al., 2021), observed under natural and polarized light using a Nikon eclipse LV100NPOL, and photographed with a DS-Fi3 camera and the software NIS-Element v4.60. The “photomerge” tool in Adobe Photoshop CS6 was used to reconstruct each section.



Paraffin Section and Staining of Extant Specimens

The shoulder joints of the ostrich and dove were extracted from their thawed carcasses with razor blades and fixed in 10% neutral buffered formalin (NBF) for at least 48 h, then demineralized in HCl and EDTA (JYBL-II, Cat DD0017, Leagene). After demineralization, the samples were embedded following the standard protocol for paraffin sections (Bailleul et al., 2017), dehydrated with a graded series of ethanol solutions (in 70, 80, 90, 95, and 100% EtOH for ∼1 h each, and two additional 100% EtOH for ∼1 h each), cleared in xylene (three changes for 30 min each), infiltrated in melted paraffin wax, and embedded manually (Paraplast Plus EMS Cat#19216). Samples were sectioned at 5 μm on a rotary microtome (Leica Biosystems RM2265) and mounted on charged slides (Superfrost Plus, Fisher Scientific).

The selected slices were stained using a modified Masson’s trichrome protocol (Witten and Hall, 2003) as follows: deparaffinized with xylene (2 changes for 5 min each), dehydrated with a graded series of ethanol solution (100, 95, 90, 80, 70, and 50% for 1 min each), rinsed in deionized water for 2 min, stained for 10 min with Mayer’s acid hematoxylin (Ruitaibio), rinsed in deionized water for 1 min, stained with Xylidine Ponceau/Acid Fuchsin for 2 min (equal volumes of 0.5% xylidine ponceau 2R CI no. 16150 in 1% acetic acid and 0.5% Acid Fuchsin CI no. 42685 in 1% acetic acid), rinsed for 1 min in deionized water, stained for 4 min with 1% phosphomolybdic acid, rinsed for 1 min in deionized water, stained with light green for 90 s (2% light green CI 42095 in 2% citric acid, diluted 1:10 with deionized water prior to use) and rinsed in deionized water for 1 min. Sections were then dipped twice in 100% ethanol for 10 s, cleared in xylene for 4 min, mounted in Permount and coverslipped.



Terminology

Histological terminology is following Padian and Lamm (2013) and ontogenetic terminology is following Prondvai et al. (2014).




RESULTS


General Osteohistology of Confuciusornis IVPP V11521

The scapulocoracoid of IVPP V11521 is crushed, collapsing the medullary cavity. Although distorted by compaction, the medullary cavity can still be identified in the bodies of the scapula and coracoid, both from the remnants of the space itself and from the presence of some cancellous tissue between the walls of cortical bone (Figure 3).

The scapulocoracoid consists of both compact and cancellous bone. The compact bone is mainly distributed in the bodies of the scapula and coracoid, while the cancellous bone is primarily located in the glenoid region (Figures 3B,C). A layer of compact bone connects the bodies of the scapula and coracoid opposite the glenoid on the medial (costal) side of the scapulocoracoid junction (Figures 3B,C and Supplementary Figure 1). The cancellous bone consists of erosion cavities of various sizes separated by trabeculae, similar to the epiphyseal structures and metaphyseal regions of limb bones (de Ricqlès et al., 2003). These features are also visible in the CT scans (Figure 3B).

The cancellous bone in the Confuciusornis scapulocoracoid consists of incipient fibrolamellar bone (FLB), and contains reticular to obliquely oriented vascular canals with frequent anastomoses (Figure 4A and Supplementary Figure 2). Densely arranged, plump, oval, haphazardly aligned osteocyte lacunae predominate, although some flatter osteocyte lacunae are aligned parallel to the margins of the erosion cavities (Figure 4B). The compact bone of the scapula and coracoid bodies comprises two layers: a thick inner layer of incipient FLB and a much thinner outer layer of parallel-fibered bone (PFB) (Figures 4C,D and Supplementary Figure 3). There is no clear boundary between the FLB and PFB tissue (Figures 4C,D and Supplementary Figure 3), but polarized light reveals obvious differences in collagen fiber orientation between them (Figure 4D and Supplementary Figure 3). The vascular canals in the FLB are primarily obliquely oriented, and anastomoses can be observed between several canals (Figure 4C). The inner osteocyte lacunae are plump, but the lacunae become progressively flatter and increasingly more arranged in parallel to each other toward the periosteum (Figure 4C and Supplementary Figure 4). The PFB is nearly avascular, with a low density of flat osteocyte lacunae arranged parallel to the periosteal surface (Figure 4C and Supplementary Figure 4). Because the specimen is broken and not a typical long bone mid-shaft section, it is difficult to identify primary osteons in either the cancellous or the compact bone of the scapulocoracoid, but the absence of secondary osteons is clear.
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FIGURE 4. Close up histology (ground-section) of Confuciusornis IVPP V11521. (A) Osteohistology beneath the glenoid fossa, showing that the cancellous bone consists of fibrolamellar tissue and the compact bone consists of parallel-fibered tissue; (B) Osteohistology around the trabeculae and erosion cavities; (C) osteohistology of the scapula blade; (D) osteohistology of the scapular blade under polarized light; (E) brace indicates dark layer without celluar structures, comprising diagenetically altered calcified cartilage, with potential remnants of hyaline cartilage mixed with sediment, location of the section is indicated in Supplementary Figure 2B; (F) highly diagenetically altered calcified cartilage under polarized light; (G) osteohistology of the humerus; (H) osteohistology of the humerus under polarized light. cl, chondrocyte lacunae showing a cell-doublet organization; cn, cancellous bone; cr, coracoid; ec, erosion cavity; flb, fibrolamellar bone; gf, glenoid fossa; ol, osteocyte lacunae; pfb, parallel-fibered bone; po, primary osteon; sc, scapula; vc, vascular canals; va, vascular canals anastomose.


The humerus of Confuciusornis IVPP V11521 is also crushed. The midshaft of the humerus consists of compact bone (Figure 3D). An inner circumferential layer (ICL) lines the medullary cavity, consisting of PFB. The ICL is separated from the thicker FLB layer by a tide line (Figures 3D,E). The majority of the compacta consists of FLB, which gradually transitions into PFB toward the periosteum as the vascular canals and osteocyte lacunae decrease in numbers. As in the scapulocoracoid, no clear boundary between the FLB and PFB layers exists (Figure 3D). The PFB of the ICL is avascular, and the flat osteocyte lacunae and collagen fibers are oriented parallel to the endosteum. The FLB layer is richly vascularized by longitudinal canals, among which are numerous anastomoses (Figure 4G). The outer PFB layer is avascular, and is interpreted as the OCL. This layer is more continuous than in the scapulocoracoid (Figure 3D). LAGs are absent in the OCL (Figures 4G,H) and the FLB mid-cortical bone. In the OCL the osteocyte lacunae are flat and the dense collagen fibers are arranged parallel to the periosteum (Figure 4H), as in the ICL. Primary osteons are abundant in the FLB (Figure 4G and Supplementary Figure 5), but no secondary osteons are visible.

In general, the bone microstructure of the scapulocoracoid and humerus is consistent with observations from previous histological studies of Confuciusornis, with both FLB and PFB present (Zhang et al., 1998; de Ricqlès et al., 2003; Erickson et al., 2009; Chinsamy et al., 2019). de Ricqlès et al. (2003) reported that in adult Confuciusornis the weight bearing femur undergoes the most remodeling, exhibiting numerous secondary osteons, followed by the humerus in which just a few secondary osteons are present, while the non-load-bearing pygostyle and fibula only have primary osteons (de Ricqlès et al., 2003). However, a recent osteohistology analysis of 14 Confuciusornis specimens by Chinsamy et al. (2019) did not report secondary osteons in any element, even in individuals with three to four LAGs and humeral lengths over 65 mm. According to Chinsamy et al. (2019), Confuciusornis grew rapidly from early ontogeny until almost adult size, then experienced at least three to four years slow and episodic growth to reach skeletal maturity, indicated by the LAGs in the OCL. In contrast to long bones, no noticeable ICL is visible in the ground sections of the scapulocoracoid. The presence of an OCL in the humerus suggests growth had slowed down by the time of death in this individual, but the absence of LAGs in the OCL indicates that IVPP V11521 had not finished its first year of growth at the time of death.



Histology of the Pectoral Girdle of the Adult Spotted Dove and the Common Ostrich Hatchling

In the adult Spotted dove, the subchondral bone of the scapula and coracoid is composed of densely arranged secondary osteons (Figure 5C). The collagen fibers are oriented in parallel around the central canal of the Haversian system and along the erosion cavities. In some regions the PFB is nearly avascular (Figure 5D). The ossified scapula and coracoid are connected by fibrocartilage (Figures 5C,D), and covered by a single thick layer of articular cartilage, much thicker than that on the humeral head, together forming the glenoid fossa (Figure 5A). The articular cartilage is also more fibrous than the humeral articular cartilage (Figure 5B), with larger collagen fibers (as indicated by the faintly redder stain; Figure 5D).
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FIGURE 5. Paraffin thin section showing the histology of the pectoral girdle of an adult Spilopelia chinensis (Spotted dove). (A) Thin-section of shoulder joint in Spotted dove, indicated by the white line in panel (E). It shows a synovial joint between the humerus and the scapula and coracoid, the latter two technically “separated” and only linked together by some unmineralized fibrocartilage; (B) Close-up of left black box in panel (A), showing the histology of the humeral head and its articular cartilage, with its multiple zones; (C) Close-up of middle black box in panel (A); (D) Close-up of right black box in panel (A), showing the synchondrosis joint formed by fibrocartilage and calcified cartilage between the scapula and coracoid; (E) 3D reconstruction of shoulder joint of the Spotted dove. cc, calcified cartilage; cr, coracoid; fb, fibrocartilage; hu, humerus; md, middle zone; pfb, parallel-fibered bone; sb, subchondral bone; sc, scapula; sn, synovial cavity; so, secondary osteon; st, superficial tangential zone; te, tear. This slide was stained with a modified Masson’s trichrome.


The humerus and scapulocoracoid are not fully ossified in the 8-day old (post-hatching) ostrich we sampled. These bones are composed mostly of hyaline cartilage with a few cartilage canals in the bodies of the elements, and newly formed bone tissue along the perichondrium (Figure 6). The glenoid fossa is almost completely cartilage at this ontogenetic stage. Invasive cartilage canals indicate the individual is at an early stage of ossification (Figure 6C).


[image: image]

FIGURE 6. Paraffin thin-section showing the histology of pectoral girdle of an 8-day-old Struthio camelus (Common ostrich). (A) Thin-section of the shoulder joint. It shows a synovial joint between the humerus and the already fused (but still mostly unmineralized) cartilaginous scapulocoracoid; (B) Close-up of black box in panel (A), showing the synovial cavity and fibrous capsule of the synovial joint between the humerus and scapulocoracoid, and the hyaline cartilage of the humerals head; (C) Close-up of right black box in panel (A), showing the fibroid surface of the articular surface, hyaline cartilage of the un-ossified scapulocoracoid body, and invasive cartilage canals; (D) Close-up of left black box in panel (A), showing hypertrophic chondrocytes. ac, articular cartilage; ca, cartilage canals; fb, fibrocartilage; fc, fibrous capsule; hc, hyaline cartilage; hp, hypertrophic chondrocytes; sn, synovial cavity. Slide stained with a modified Masson’s trichrome.


The scapulocoracoid of IVPP OV586 measures 22 cm in length. Superficially the scapula and coracoid appear fully fused at the level of the glenoid with the acromion process of the scapula also fused to the sternolateral margin of the coracoid (Supplementary Figure 6A). In the CT scans traversing the glenoid fossa, the joint between the scapula and coracoid is composed of an outer layer of compact bone and an inner layer of cancellous bone. Within the cancellous bone the bony trabeculae have a uniform arrangement, with no trace of any gap, osteoid bridge, rugose digitation or remnant of bone wall that would indicate the presence of a suture or cartilage (Supplementary Figure 6B). In contrast, clear remnants of the bony wall are present between the lateral corner of the sternal margin of the coracoid and the acromion process of scapula indicating fusion between these two parts of the scapula and coracoid was not complete at the time of death (Supplementary Figure 6C). This CT data indicates that the scapula and coracoid at the level of the glenoid fused early in the Common ostrich, well within the first year of postnatal growth, and prior to fusion between the acromion process of scapula and the sternal margin of the coracoid.



Assessment of the Scapulocoracoid Joint of Confuciusornis

Although broken, the FLB and PFB matrix of the cancellous bone and compact bone tissue under the glenoid fossa of Confuciusornis is continuous and uniform in all the CT scan images and ground sections (Figures 3B,C). There is no evidence of a gap to indicate the presence of a suture (Bailleul et al., 2016). Our preliminary data on the Spotted dove show that the two bones in this taxon are linked together by fibrocartilage, making this joint a synchondrosis (Figure 5). No trace of a cartilaginous connection that would indicate a synchondrosis like that in the Spotted dove can be identified in IVPP V11521. The presence of an ongoing fusion, as would be indicated by the existence of a less mineralized osteoid bridge (Funston et al., 2019) or rugose digitation (Brochu, 1995; Parsons and Parsons, 2015), is also not supported by the evidence. Therefore, we confirm that the scapula and coracoid in Confuciusornis IVPP V11521 are completely fused into a bony scapulocoracoid, forming a true synostosis.



Cartilage Histology at the Glenoid of Confuciusornis

A thin amorphous brown layer is preserved along the articular surface of the glenoid fossa (Figure 4 and Supplementary Figure 2B). Viewed under transmitted light, this layer is clearly distinct from the bone tissue beneath it (Figure 4E). Under polarized light, this layer is uniformly dark, with no observable cellular structures (Figure 4F). Near this layer, there are some large globular lacunae, distinct from the small fusiform to oval osteocyte lacunae in the bone tissue. A cell-doublet confirms these are chondrocyte lacunae (Figure 4F), which in turn supports identification of this layer as calcified cartilage, most likely representing a remnant of the articular cartilage of the glenoid fossa. Calcified fibrocartilage was also found on the other side of the glenoid cavity of the same specimen, where it articulates with the furcula (Wu et al., 2021). Calcified cartilage tissue has been previously reported in two specimens of Confuciusornis and one of Yanornis, also from the Jehol Biota (de Ricqlès et al., 2003; Jiang et al., 2017; Bailleul et al., 2019a). The tissue of the darker layer has been deeply altered histologically by diagenetic processes, and may have been invaded by bacteria post-mortem. In the Spotted dove, the fibrocartilaginous component of the articular cartilage occupies the same position above the calcified cartilage (Figure 5). Compared to calcified cartilage, fossilized hyaline cartilage and fibrocartilage are very rare (Schwarz et al., 2007; Schweitzer, 2011). Further investigation is required (e.g., using SEM and EDS analyses) to determine if any remnants of the hyaline cartilage are also fossilized. Preservation of remnants of fossilized fibrocartilage reported in another specimen of Confuciusornis was suggested to be related to pyroclastic flows (Jiang et al., 2014, 2017).




DISCUSSION


Scapulocoracoid Fusion in Confuciusornis

Osteohistology has become widely applied in vertebrate paleontology during the last three decades (e.g., see review by Ray et al., 2010; Padian and Lamm, 2013; Bailleul et al., 2019b). Studying the microstructure of bone can help scientists better understand not only growth-related questions but also functional aspects of the skeleton such as joint morphology and mobility (Bailleul et al., 2019a), and much more (Bailleul et al., 2019b). Over the past three decades, abundant fossil birds have been unearthed from deposits yielding the Early Cretaceous Jehol Biota. As the number of taxa has increased, so has the number of histological studies conducted on these specimens (e.g., de Ricqlès et al., 2003; O’Connor et al., 2014, 2018a; Jiang et al., 2017; Chinsamy et al., 2019). Until recently these histological analyses have focused almost entirely on limb bones in growth related studies. Here we utilize histology to shed light on the morphology of the joint between the scapula and coracoid in Confuciusornis. This study represents the first traditional, non-digital osteohistological analysis of the glenoid joint in a Mesozoic theropod, although the histology of this joint has been viewed through virtual thin-sections in the Daiting Archaeopteryx (Kundrát et al., 2019) and the scapular corpus has been studied through ground sections in the enantiornithine Mirusavis IVPP V18692 (Wang et al., 2019a).

In Confuciusornis, a separate scapula and coracoid have not been described in any published specimen, nor can this condition be identified from published descriptions or figures (e.g., holotype IVPP V10918, V10923, V10928, V11308, V13313, V14412, GMV2132-33, DNHM D2454) (Hou et al., 1995; Hou, 1997; Chiappe et al., 1999; Dalsätt et al., 2006; Zhang et al., 2009; Wang et al., 2019c), even in one purportedly immature specimen (IVPP V13172; Wang et al., 2019c). We conducted a survey of 132 unpublished Confuciusornis specimens at the Shandong Tianyu Museum of Nature and five unpublished specimens at the IVPP (IVPP V11305, V11548, V11552, V11795, and V13338), and found no specimens that clearly preserved a separate or sutured scapula and coracoid. In contrast, unfused scapulae and coracoids are readily identified in specimens of numerous paravian taxa in which it is evident that these bones only became fused later in ontogeny (e.g., Anchiornis, Microraptor, Archaeopteryx, and Sapeornis).

Both CT data and histological analysis of Confuciusornis IVPP V11521 confirm the presence of a synostosis joint between the scapula and coracoid (the elements are fully fused)–no traces of a gap, fibrous connection, intervening cartilage, osteoid bridge, or rugose digitation, features which would indicate a suture, synchondrosis or syndesmosis joint, can be identified in the ground sections (Figures 3,4). This study demonstrates that in a large but young specimen of Confuciusornis, apparently within the first year of its growth, fusion of the scapulocoracoid was already complete. This indicates that the scapulocoracoid fused relatively early in the ontogeny of Confuciusornis, prior to skeletal maturity. Although at this stage interpretations are preliminary, since only a single specimen has been studied, the combined facts that Confuciusornis IVPP V11521 preserves no LAGs in the humerus, indicating it is most likely in its first year of growth, yet records no vestiges of ongoing fusion at the scapulocoracoid juncture, strongly suggests that in contrast to other Mesozoic paravians fusion between these elements began early in ontogeny and was completed within the first year, before somatic maturity.

At this time, it is uncertain if the relative early fusion of scapula and coracoid in Confuciusornis is due to differences in growth strategy between Confuciusornis and most other non-ornithuromorpha paravians, or if there exists some other underlying functional explanation, and how fusion patterns are affected by developmental plasticity. In stark contrast to other non-ornithothoracine paravians, Confuciusornis attained the majority of its body mass in the first year, after which it continued to grow at a minimal rate for three to four years, depositing several LAGs in the OCL (Chinsamy et al., 2019). In contrast, other non-ornithuromorpha paravians took several years to reach the same relative body mass (Erickson et al., 2009; Zheng et al., 2014; Prondvai et al., 2018; Shen et al., 2019), and their fossil record is dominated by subadults. A large size range is observed in Confuciusornis, but size does not strictly correlate with the number of visible LAGs, an inconsistency interpreted as the result of developmental plasticity (Chinsamy et al., 2019). Similar developmental plasticity has also been documented in other paravians with protracted growth, in that size and osteohistological maturity are not strongly correlated in such taxa (e.g., Sapeornis, Anchiornis) (Zheng et al., 2014). Despite the abundance of specimens, morphological variation in development has yet to be quantified, but developmental plasticity clearly was present in non-neornithine avians and thus extended well into at least some lineages of the Avetheropoda, contra Griffin and Nesbitt, 2016. Confuciusornis IVPP V11521 may be relatively young, but is fairly large (humeral length 66 mm, in the higher end of the documented size range of 41.01–78.5 mm; Chiappe et al., 1999, 2008; Zhang et al., 2009; Wang and O’Connor, 2017; Wang et al., 2019c). Since developmental plasticity can affect character states as well as size (Griffin and Nesbitt, 2016), further sampling both within Confuciusornis and across a broader range of paravians is required to shed light on the potential effects of development plasticity on fusion events in this taxon. However, given that fusion is entirely complete between these two elements and no sutured specimens have ever been identified, developmental plasticity is unlikely to strongly affect the conclusion that fusion of the scapulocoracoid occurs early in Confuciusornis.

The fused scapulocoracoid in the Jinguofortisidae is hypothesized to reflect the accelerated osteogenesis in this clade, relative to other non-ornithuromorpha birds (Wang et al., 2018). This may also at least partially explain the ubiquitous presence of scapulocoracoid fusion in Confuciusornis since it is known this taxon grew more rapidly than other non-ornithuromorpha paravians (Chinsamy et al., 2019). The histology of the limb bones in the only two known jinguofortisid specimens indicates they are mature, so without further data it cannot be determined if fusion in this calde is simply due to ontogenetic maturity. In addition, the exact morphology of the scapulocoracoid joint in jinguofortisids is unknown, as it has never been investigated using high resolution scans or histology. However, the fact that the scapulocoracoid joint is completely fused in Confuciusornis IVPP V11521 within the first year of its growth and thus prior to skeletal maturity still represents a departure from the pattern observed in most other paravians, in which fusion only occurs with skeletal maturity, and thus rapid growth rates in Confuciusornis do not fully explain the differences in fusion pattern observed.

The fully synostosed morphology observed in Confuciusornis IVPP V11521, together with the absence of any known specimen preserving a suture, suggests the scapula and coracoid fused early in ontogeny, potentially first via cartilage during embryology in a pattern similar to that seen in the Common ostrich (Figure 6). In the ostrich, however, the bones ossify post-hatching from different centers, even though cartilage forms a single unit embryonically (Maxwell and Larsson, 2009). If fossilized, a hatchling ostrich would appear to have separate scapulae and coracoids, despite the unmineralized cartilaginous connection in embryonic life. Morphological observations and CT scans indicate the scapulocoracoid at the level of the glenoid is fully fused in the ostrich specimen IVPP OV586. Although the exact age of this ostrich specimen is unknown, we estimate it to have been a juvenile approximately 6 months old, based on the skull length (18 cm), and the small size of the scapulocoracoid (length 22 cm) compared to that of an adult ostrich specimen (IVPP OV1026, scapulocoracoid length 25 cm). Unfortunately histology cannot be conducted on this specimen to corroborate this estimate. This specimen demonstrates that like Confuciusornis the ostrich scapulocoracoid fuses early during postnatal ontogeny, during the first year of growth, well before skeletal maturity is achieved. In order to fully compare the pattern in the Common ostrich with that in Confuciusornis, detailed knowledge of the post-hatching ossification pattern in the scapulocoracoid would be required for both taxa. This is further complicated by the fact that fusion of compact bones is heterochronic and may vary among individuals and between species (Brochu, 1995). For example, in crocodilians, the other clade of extant archosaurs, closure of the synchondrosis between the scapula and coracoid begins only after hatching. Closure in immature specimens is reported in Caiman crocodilus, Melanosuchus niger, and Paleosuchus palpebrosus, whereas in Alligator closure is considered to be a gerontic character, associated with old age (Brochu, 1995). Without fossils capturing the early ontogenetic stages of Confuciusornis, the pattern of fusion in this taxon may never be fully understood.



Shoulder Joint Evolution Across Paraves

In the Spotted dove, a volant neornithine, the separated scapula and coracoid are connected by fibrocartilage, forming a rigid synchondrosis joint (Figure 5). This makes it unclear what the functional difference is between a fused and unfused scapula-coracoid complex in birds, since in both cases the joint is immobile. Another major challenge in understanding the early avian transition from sutured or fused (Archaeopteryx, Jinguofortisidae, and Confuciusornis) to connected by a synchondrosis or completely separated (Ornithothoraces) is that both morphologies occur in volant taxa, both within Aves and among volant non-avian dinosaurs. The scapulocoracoid is fused in the volant dromaeosaurid Microraptor, whereas all known specimens of the volant Scansoriopterygidae have separate scapulae and coracoids (although the very limited record of this clade is dominated by immature individuals) (Zhang et al., 2008b; Xu et al., 2015; Wang et al., 2019b).

The early fusion of the scapulocoracoid in Confuciusornis, unlike in most other Cretaceous non-ornithuromorph paravians, and the presence of a sutured scapula and coracoid in the holotype of the basal confuciusornithid Eoconfuciusornis, may collectively suggest that fusion of the scapulocoracoid in Confuciusornis is secondarily derived, as in flightless paleognaths. This hypothesis is somewhat consistent with differences in the morphology of the scapulocoracoid between Archaeopteryx and Sapeornis, in which the coracoid retains the plesiomorphic axe-shape, and Jeholornis, Confuciusornis, and ornithothoracines, in which the coracoid is strut-like (O’Connor et al., 2011). An alternative but not mutually exclusive hypothesis is that separation of the scapulocoracoid evolved more than once in early avians, appearing evolving independently in the Jeholornis lineage and then again in the lineage including Sapeornis and Ornithothoraces. The high degree of homoplasy at this early point in avian evolution, and the absence of early ontogenetic stages in the non-enantiornithine Mesozoic avian fossil record, hinder interpretations. Microanatomical studies of the scapula-coracoid joint in Sapeornis and Jeholornis will help to elucidate this issue in the future.

Scapulocoracoid fusion in Neornithes is not common. The scapula and coracoid are separate in most neognaths (Figure 5), including several species from different lineages which have secondarily lost flight, such as Thambetochen chauliodus (Anatidae; Olson and Wetmore, 1976) and Strigops habroptilus (Psittaciformes; Livezey, 1992), and flightless lineages such as the Phorusrhacidae (Alvarenga and Höfling, 2003). A quarter of all extant species in the Rallidae are flightless (Olson, 1973) and in these taxa the scapula and coracoid remain separate although they demarcate an obtuse angle (acute in volant birds), and processes for muscle attachment are reduced (Olson, 1973). This may suggest that following the loss of flight reduction of the scapula-coracoid joint precedes fusion of these elements in neornithines or that fusion of the scapulocoracoid in neornithines is not related to flightlessness as is commonly suggested (e.g., Mayr, 2007; Mayr, 2011). This morphology is primarily found in large flightless taxa (e.g., Dinornithidae, Gastornitihidae, “ratites”) and thus may potentially be related to body size as well.



Possible Factors Influencing Scapulocoracoid Fusion in Paravians

Several factors affect skeletal fusion. Age and diet can result in fusion among pectoral girdle elements in some living species. Older adult Hoatzin often lay down new bone within connective tissues, resulting in the fusion of parts of the skeleton, probably because of the high calcium content of their vegetarian diet (Kaiser, 2007). In the Alligator closure of the synchondrosis between the scapula and coracoid is associated with senescence (Brochu, 1995). This type of effect may explain rare fusion of these elements in taxa like Archaeopteryx, but does not explain the condition in Confuciusornis.

Soaring frigatebirds and pelicans are among the few volant crown birds that have fused elements in the pectoral girdle. The furcula and sternum are fused in the Spot-billed pelican (Pelecanus philippensis; Sathyamoorthy et al., 2012) and in frigatebirds the furcula and coracoid are fused to each other and to the sternum (Kaiser, 2007), but the scapula and coracoid remain separate (Olson, 1977; F. Seranno pers. comm.). Understanding the function of these fused elements may help to elucidate the evolutionary changes in the fusion of the shoulder joint in Mesozoic paravians. Fusion of the axial elements provides rigidity necessary for flight, while fusion of other bones reduces weight while providing strength, all of which are considered advantageous for flight (Kaiser, 2007; Lovette and Fitzpatrick, 2016; Gill et al., 2019). Pectoral fusion may evolve for a number of reasons. For example, fusion of the sternum and furcula in pelicans may be related to the expansion of these elements, which is purportedly a feature that aids in homeostasis (Kaiser, 2007). Frigatebirds are extremely agile and have the lowest wing-loading among all birds (Brooke, 2018). Pectoral fusion in this group may serve to reduce body mass, helping to lower wing-loading while retaining strength, thus reducing the cost of flight (Weimerskirch et al., 2003). This is unlikely the underlying cause of scapulocoracoid fusion in Confuciusornis, the skeleton of which is generally robust.

Mechanical stimuli (e.g., weight bearing, movement, and tension) promote chondrogenesis and result in delayed ossification and may also affect joint structure. The asymmetric, enlarged ischiopubic synchondrosis in children forms via delayed ossification, due to mechanical forces being applied asymmetrically by the weight-bearing non-dominant limb (Herneth et al., 2004). In mice, tensile stress will promote the expression of core-binding factor α1 (Cbfa1) and vascular endothelial growth factor (VEGF) in the spheno-occipital synchondrosis (Lei et al., 2008). Even in tendons, tension is required to initiate chondrogenesis (Hall, 2005). In contrast, absence of mechanical stimuli can result in joint fusion. Lack of in ovo movement results in fusion of the normally synovial ankle joint in paralyzed chicken embryos (Persson, 1983). In rabbits, intervertebral discs degenerate and are replaced by bone after the transverse processes of the lumbar vertebrae are fixed through surgery (Phillips et al., 2002). Skeletogenesis is sensitive to mechanical stimulation; this reactivity has a possible role in evolution as a source of phenotypic plasticity and the formation of de novo skeletal elements from responsive tissues (Müller, 2003). This may suggest that, during the evolution of the confuciusornithiform lineage, these birds experienced less mechanical stimulation of the glenoid than members of avian lineages in which the scapula and coracoid are unfused or fuse only in senescence. This in turn would suggest the existence of important mechanical differences in the flight stroke, or in the forces exerted on the glenoid, between forms in which the scapulocoracoid is sutured and/or fused (at least in mature individuals) (e.g., Archaeopteryx and Confuciusornis) and taxa in which the two elements are fully separate (e.g., ornithothoracines). Because fusion occurs in both volant (e.g., Confuciusornis) and non-volant taxa (e.g., Struthionidae), however, flight mechanics cannot be the only factor affecting the occurence of fusion in this joint.

Although the underlying pressures responsible for changes in the joint architecture of the scapulocoracoid are not understood at this time, studies of extant birds hint at the genes that may have been active in producing the two phenotypes. In the chicken, for example, abnormal expression of the Hoxc6 gene may result in fusion of the scapula and coracoid, accompanied by thickening of the scapular head, reduction of the coracoid (resulting in reduction or loss of the supracoracoid process and a shorter, thicker coracoid), loss of the acrocoracoid process, and other malformations of the pectoral girdle elements (Oliver et al., 1990; Williams, 2003). Differences in expression of this gene may have been involved in the transition within Paraves from fusion to separation of the scapula-coracoid complex.

The fusion of the scapulocoracoid in Confuciusornis is likely the result of a complex interplay of genetic, mechanical and epigenetic factors and cannot be fully understood from the currently available data.




CONCLUSION AND PERSPECTIVES

Among early paravians in which the scapulocoracoid is fused, Confuciusornis is unique in that a synotosis is present in all available and published specimens. In contrast, these bones are fused only in the most mature individuals of other paravians. However, previous descriptions of joint morphology have not utilized microanatomical tools capable of determining the type of joint present with high accuracy. In this first osteohistological study of the scapulocoracoid glenoid joint in a Cretaceous paravian, we demonstrate that the scapulocoracoid is completely fused in Confuciusornis IVPP V11521. Humeral histology suggests this specimen was nearing completion of its first year of growth. The bodies of the scapula and coracoid consist of compact bone with an internal FLB layer and outer PFB layer. The bone along the glenoid fossa consists of cancellous FLB. Calcified cartilage is preserved on the articular surface of the glenoid. Both CT data and histology confirm the presence of a synostosed joint and a fully fused scapulocoracoid in IVPP V11521. This evidence suggests the Confuciusornis scapulocoracoid fused early in development, before skeletal maturity was achieved. However, further sampling of Confuciusornis is required to understand how developmental plasticity may affect the timing of this fusion event. Fusion of the scapulocoracoid in Confuciusornis most likely results from a complex interplay of genetic, mechanical and epigenetic factors; we hypothesize the primary factor may be a relative decrease in the amount of mechanical stimulation received by the glenoid of Confuciusornis relative to those of other volant birds, as a unique flight style has already been suggested for this taxon. Further investigation into the architecture of the glenoid joint in other Mesozoic paravians, and the timing and pattern of scapulocoracoid fusion in selected extant birds, will help to elucidate the transition from sutured/fused to unfused and separate that occurs early in avian evolution, and may shed light on flight dynamics in early birds.
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