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Recent years witnessed the discovery of a great diversity of early birds as well as closely related non-avian theropods, which modified previous conceptions about the origin of birds and their flight. We here present a review of the taxonomic composition and main anatomical characteristics of those theropod families closely related with early birds, with the aim of analyzing and discussing the main competing hypotheses pertaining to avian origins. We reject the postulated troodontid affinities of anchiornithines, and the dromaeosaurid affinities of microraptorians and unenlagiids, and instead place these groups as successive sister taxa to Avialae. Aiming to evaluate previous phylogenetic analyses, we recoded unenlagiids in the traditional TWiG data matrix, which resulted in a large polytomy at the base of Pennaraptora. This indicates that the TWiG phylogenetic scheme needs a deep revision. Regarding character evolution, we found that: (1) the presence of an ossified sternum goes hand in hand with that of ossified uncinate processes; (2) the presence of foldable forelimbs in basal archosaurs indicates widespread distribution of this trait among reptiles, contradicting previous proposals that forelimb folding driven by propatagial and associated tendons was exclusive to the avian lineage; (3) in basal paravians and avialans (e.g., Archaeopteryx, Anchiornis) the wings are relatively large and wide, with relatively short rectricial feathers, a rounded alar contour, and a convex leading margin. These taxa exhibit restricted forelimb folding capability with respect to more derived birds, their hands being preserved at angles of flexion (with respect to the radius/ulna) of no less than 90°. In more derived birds, however, the rectrices are notably elongate and the angle between the hand and forearm is much less than 90°, indicating not only increased forelimb folding capability but also an increased variety of wingbeat movements during flight. Because of the strong similarities in pectoral girdle configuration between ratites and basal avialans and paravians, it is possible to infer that the main forelimb movements were similar in all these taxa, lacking the complex dorsoventral wing excursion characteristic of living neognathans.

Keywords: Paraves, Deinonychosauria, Dromaeosauridae, Microraptoria, Anchiornithinae, Unenlagiidae, Avialae

INTRODUCTION

The origin and early evolution of paravian theropods is one of the most hotly debated topics in vertebrate paleontology. The hypothesis that birds are nested within theropod dinosaurs is accepted by most paleontologists.

Over the past decades numerous remarkable discoveries, mainly from the Early Cretaceous of China (Figure 1), as well as innovative studies of living bird behavior, have enriched and deeply modified our understanding of early paravian evolution and flight origins [see integrative summaries by Xu et al. (2014), Brusatte et al. (2015), and Cau (2018)]. Such novel discoveries are important and unprecedented in that they include fossils with preserved soft tissues, mainly a diversity of feather types across different non-avian dinosaurs and basal birds. A view that the evolutionary transition to birds was considerably more complex than previously thought is now emerging (Brusatte et al., 2015; Cau, 2018). Recent paleontological studies of these fossils have considered temporal, morphological, and functional issues, as well as neontological evidence coming from embryology, feather development, aerodynamic studies, endothermic physiology, the reproductive biology of living taxa, growth rates, and analysis of respiratory systems.
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FIGURE 1. (A) Microraptor zhaoianus (IVPP V123352); (B) Anchiornis huxleyi (BMNHC PH 828); (C), Archaeopteryx lithographica (MB.AV.100). Not to scale.



Available information shows that the acquisition of powered flight as it is known in living neornithines was preceded in the course of pennaraptoran/paravian evolution by a complex sequence of anatomical and functional innovations, and that many characters previously thought to be exclusively avian are widespread among non-avian theropods even though their prevalence is largely obscured by the mosaic distribution of anatomical traits across the theropod phylogenetic tree (Xu et al., 2017). For this reason, a refined and robust phylogeny is imperative in order to elucidate the sequence of evolutionary stages that resulted in the acquisition of major avian traits. Unfortunately, the paleontological community is far from reaching such a phylogenetic consensus, as evidenced by the diverse hypotheses on paravian phylogeny that have been published to date (e.g., Agnolin and Novas, 2013; Godefroit et al., 2013b; Cau et al., 2017; Gianechini et al., 2017; Hu et al., 2018; see Figure 2).
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FIGURE 2. Simplified results of recent paravian phylogenetical analyses: (A) Gianechini et al., (2017); (B) Hu et al., (2018); (C) Godefroit et al., (2013b); (D) Cau et al., (2017); (E) Agnolin and Novas, (2013).



We offer below a summary review of the main competing hypotheses, including discussion of the following special topics. Are anchiornithids basal troodontids? Are scansoriopterygids basal birds, or basal pennaraptorans? Are unenlagiids and microraptorians dromaeosaurids? Two interconnected questions that involve the relationships of all these clades are whether Deinonychosauria is a monophyletic clade, and which paravian clades are most closely related to Avialae. Here we point out inconsistencies in previous efforts to address these topics, and offer our own views about the phylogenetic relationships of pennaraptorans and the evolutionary processes that affected the early history of this group.

SETTING UP THE PHYLOGENETIC PROBLEM

The clade Deinonychosauria was erected in 1969 by Colbert and Russell to include the small predatory theropods Dromaeosaurus, Velociraptor, and Deinonychus. Later, Gauthier (1986) employed the name Deinonychosauria for a monophyletic clade comprising Troodontidae plus Dromaeosauridae, with the presence of a raptorial ungual on pedal digit II as the most distinctive diagnostic feature. Subsequently, Sereno (1997, 1999) re-defined Deinonychosauria as the clade including “Troodon, Velociraptor, their most common ancestor and all descendants,” interpreting this clade as the sister group of Avialae (i.e., the theropod group that includes Archaeopteryx lithographica and Passer domesticus, their most common ancestor and all of its descendants; Gauthier, 1986). The monophyly of Deinonychosauria was widely accepted by most authors during the 1990’s and 2000’s (e.g., Sereno, 1997, 1999; Norell et al., 2001, 2006; Xu et al., 2002, 2011; Makovicky et al., 2003, 2005; Xu and Norell, 2004; Senter, 2007; Turner et al., 2007a,b, 2012; Gianechini et al., 2017; Lefèvre et al., 2017; Figure 2). Nevertheless, some authors questioned its monophyly and relationship with Avialae (Osmólska, 1981; Barsbold, 1983; Currie, 1987, 1995; Osmólska and Barsbold, 1990; Currie and Zhao, 1993; Holtz, 1994, 1998, 2001; Novas and Puerta, 1997; Padian et al., 1997).

Norell and co-workers (identified as “the Theropod Working Group” or “TWiG”; see Norell et al., 2001, 2006; Makovicky et al., 2003, 2005; Turner et al., 2012) defended the concept of a monophyletic Deinonychosauria including Troodontidae and Dromaeosauridae sensu lato, and therefore containing a large number of morphologically disparate taxa (see also Senter, 2007; Turner et al., 2007a,b; Gianechini et al., 2011b, 2017).

Recent discoveries, mainly from China and South America, resulted in new phylogenetic hypotheses that challenged the traditional phylogenetic scheme (e.g., Xu et al., 2009, 2011; Agnolin and Novas, 2011, 2013; Godefroit et al., 2013a,b; Foth et al., 2014; Cau et al., 2017; Foth and Rauhut, 2017; Gianechini et al., 2018; Figure 2). These discoveries led to the recognition of novel paravian clades that further complicated our understanding of paravian evolution, leading some authors to propose that Deinonychosauria was a paraphyletic or even polyphyletic assemblage (Agnolin and Novas, 2011, 2013; Cau et al., 2017; Foth and Rauhut, 2017).

Novas and Puerta (1997) described the Patagonian paravian Unenlagia comahuensis and recovered it as the sister taxon of Avialae, a hypothesis recently supported by Agnolin and Novas (2011, 2013). Agnolin and Novas (2013) coined the name Averaptora for a clade grouping together a number of basal paravians but excluding Eudromaeosauria and Troodontidae. In this scheme Troodontidae, Dromaeosauridae, Microraptoria, Unenlagiidae, and Anchiornis are interpreted as successively closer outgroups to Avialae.

In a ground-breaking proposal, Xu et al. (2011) hypothesized that Archaeopteryx was more nearly related to deinonychosaurians than to birds and that deinonychosaurs become secondarily flightless, a hypothesis previously envisaged by Paul (2002). This hypothesis was supported by a variety of more recent analyses (Godefroit et al., 2013a; Xu et al., 2015; Hu et al., 2018). In this phylogenetic scheme, Paraves includes the clades Avialae (including Scansoriopterygidae) and Archaeopterygidae + Deinonychosauria.

Godefroit et al. (2013b) proposed that Paraves consisted of Scansoriopterygidae plus Eumaniraptora (Figure 2). In this hypothesis Deinonychosauria was regarded as paraphyletic, with Troodontidae (including Anchiornis) as the sister group to Avialae (see also Lefèvre et al., 2017). Foth et al. (2014), Cau et al. (2017), Foth and Rauhut (2017), Cau (2018), and Gianechini et al. (2018) proposed similar phylogenetic hypotheses.

More recently, Cau et al. (2017; Figure 2) recognized the basal dromaeosaurid clade Halszkaraptorinae, represented by the species Halszkaraptor escuilliei, Mahakala omnogovae, and Hulsanpes perlei (Osmólska, 1982; Turner et al., 2007b; Cau et al., 2017; Cau and Madzia, 2018). Halszkaraptor possesses a unique mosaic of features, indicating a probably amphibious mode of life (Cau et al., 2017). Further, the synapomorphies of Dromaeosauridae seen in Halszkaraptor were questioned previously by other authors (Agnolin and Novas, 2011, 2013; Xu et al., 2011), and are more widely distributed than previously thought. Halszkaraptor and its kin demonstrate the great morphological disparity among purported dromaeosaurids. In concert with the inconclusive positions of other clades previously regarded as dromaeosaurids (i.e., Microraptoria, Unenlagiidae), they weaken the interpretation that halszkaraptorines belong to Dromaeosauridae.

In sum, the various hypotheses mainly differ with regard to the monophyly or paraphyly of Deinonychosauria and the phylogenetic position of Anchiornithidae within Coelurosauria. Paravian phylogeny is far from being well understood, and a consensus among authors is still wanting. In the following section we present a brief overview of the taxonomic composition of selected paravian clades whose affiliations are problematic or controversial.

TAXONOMY OF BASAL PARAVIAN CLADES

We will discuss first the taxonomic composition and definition of each of the main paravian groups, namely Troodontidae, Microraptoria, Unenlagiidae, Anchiornithidae, Scansoriopterygidae.

Troodontidae

The clade Troodontidae includes several genera and species of gracile-limbed theropods, exclusively from North America and Asia (Makovicky and Norell, 2004; Tsuihiji et al., 2014; Pei et al., 2017b; Shen et al., 2017; van der Reest and Currie, 2017; Xu et al., 2017). Isolated troodontid teeth have been reported from Europe (see Vullo et al., 2007) and India (Goswami et al., 2013). However, the assignment of isolated teeth to specific theropod clades is difficult. For example, the single tooth described by Goswami et al. (2013) lacks the globose crown and hypertrophied denticles diagnostic of derived troodontids (see Averianov and Sues, 2007). We consider that the presence of troodontids in India is far from being certain.

Typical troodontids such as Troodon, Gobivenator, Sinornithosaurus, and Saurornithoides share apomorphic features including braincase with expanded and deep subotic recess, large lateral depression on the prootic, strong otosphenoidal crest, long anterior lacrimal process extending rostrally beyond the anterior border of the antorbital fenestra, row of foramina along the lateral edge of the nasal, triangular dentary in side view, relatively large number of heterodont teeth (25 dentary teeth), and transversely broad and flat pubic apron (Currie, 1985; Makovicky and Norell, 2004; Xu et al., 2017; Figure 3).
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FIGURE 3. Selected troodontid traits: (A) right dentary (CMN 12340) of Latenivenatrix mcmasterae in lateral view, showing the longitudinal dentary groove; (B,C) left metatarsus of Latenivenatrix mcmasterae (CMN 12340) in (B) dorsal, and (C) lateral views, showing the size difference between metatarsal IV and metatarsal II. Not to scale.



Several authors have agreed that Anchiornis huxleyi, Jinfengopteryx elegans, Mei long, and Sinovenator changii (Xu et al., 2002; Ji et al., 2005; Hu et al., 2009) constitute basal troodontids (see Anchiornithinae, below). However, most troodontid apomorphic traits are absent in Jinfengopteryx, Mei, and Sinovenator, which has prompted some authors to doubt the troodontid affinities of these genera (Senter et al., 2004; Agnolin and Novas, 2013). Further, these basal forms share with birds (and not with derived troodontids) a very small ilium (iliac length less than two and half times total femoral length), a well-developed supratrochanteric process on the ilium, a laterally prominent iliac antitrochanter that is posterodorsally placed, and teeth with reduced serrations (Shen et al., 2017). These features were previously thought to be apomorphies of the clade formed by Troodontidae + Avialae but are, in fact, absent in unambiguous troodontids (see details in Cau, 2018). Furthermore, recent detailed analysis of the Sinovenator skull (Yin et al., 2018) resulted in the recognition of important autapomorphic features that are absent in derived troodontids, and of several traits that are “intermediate” between those seen in derived troodontids and non-troodontid paravians, but shared with basal birds such as Archaeopteryx (e.g., reduced subotic recess, absence of lateral depression, poorly developed otosphenoidal crest, deep basisphenoidal recess, posterior contact between pterygoids, anterior and posterior palatine depressions separated by a transverse crest; Yin et al., 2018). Shen et al. (2017) coined the name Sinovenatorinae for a clade including these sharply distinct taxa (i.e., Jinfengopteryx, Mei, Daliansaurus, and Sinovenator). Sinovenatorines apomorphically share a very small premaxilla, unfused zygapophyses on the sacral vertebrae, and contact between premaxilla and nasal, excluding the maxilla from the nasal fossa (Shen et al., 2017).

Because of the small number of features shared between Sinovenatorinae and Trodontidae, it seems probable that sinovenatorines do not belong to Troodontidae, but instead form a separate clade of derived paravians, in agreement with the hypothesis originally proposed by Senter et al. (2004).

Microraptoria

Microraptorians compose a monophyletic assemblage of small to medium-sized basal paravians, mostly documented from Early Cretaceous beds in Liaoning Province, NE China (Senter et al., 2004; Xu and Wang, 2004; Makovicky et al., 2005; Senter, 2007; Turner et al., 2007a; Zheng X. et al., 2009, Lü and Brusatte, 2015). Members of Microraptoria are Sinornithosaurus millenii (Xu et al., 1999b; including its junior synonym S. haoiana), Microraptor zhaoianus (Xu et al., 2000; including several previously described species; see Turner et al., 2007a, 2012), Graciliraptor lujiatunensis (Xu and Wang, 2004), Hesperonychus elizabethae (Longrich and Currie, 2009), Changyuraptor yangi (Han et al., 2014), Zhongjianosaurus yangi Xu and Qin (2017), and probably Tianyuraptor ostromi (Zheng X. et al., 2009) and Zhenyuanlong suni (Lü and Brusatte, 2015). Longrich and Currie (2009) recovered the Late Cretaceous Mongolian Shanag ashile as a microraptorian, but this result was criticized by Agnolin and Novas (2013). In fact, the phylogenetic position of Shanag is far from certain and this taxon is here regarded as a paravian of uncertain phylogenetic relationships.

Microraptorians have been considered as a monophyletic group by several authors (e.g., Xu and Wang, 2004; Makovicky et al., 2005; Norell et al., 2006; Senter, 2007; Longrich and Currie, 2009; Zheng X. et al., 2009; Zanno, 2010; Turner et al., 2012; Han et al., 2014; Pittman et al., 2015), but as a paraphyletic one by others (e.g., Hwang et al., 2002; Novas et al., 2009; Choiniere et al., 2010; Lü and Brusatte, 2015. They share a number of derived features, including ornamented maxilla, tear-drop shaped coracoid fenestra, short manual digit II, slender tibiotarsus and pedal phalanges, lateral process on the pubis, pubic shaft with strong posterior curvature, spatulate pubic foot, and extremely long caudal vertebrae, among other anatomical details (see Longrich and Currie, 2009; Figure 4). The feathers seen in microraptorians are morphologically diverse and distributed over the entire body. Some forms have expansive wings on the hind- and forelimbs (Xu et al., 2003), a feature that led to the hypothesis of flying capabilities in these taxa (Xu et al., 2003; Senter et al., 2004; Chatterjee and Templin, 2007; Agnolin and Novas, 2013; Han et al., 2014). Interrelationships within Microraptoria are still far from being well understood.
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FIGURE 4. Selected microraptorian traits: (A) feathered hindlimb and (B) feathered forelimbs of Microraptor zhaoianus (IVPP V123352); pubis in anterior (C) and lateral (D) views of Hesperornychus elizabethae (redrawn from Longrich and Currie, 2009) showing the lateral process, posterior flexure of shaft and spatulate pubic foot; (E) coracoid of Sinornithosaurus millenii showing the coracoid fenestra (modified from Xu, 2002); and (F) left manus of Microraptor zhaoianus (IVPP V123352). cf, coracoid fenestra; fw, forelimb wing; hw, hindlimb wing; lpr, lateral process of pubis; pc, posterior concavity; spf, spatulate pubic foot. Not to scale.



Sinornithosaurus millenii was the first microraptorian to be described (Xu et al., 1999b; see Turner et al., 2012), and comes from the Early Cretaceous of China. Its postcranial anatomy shows how remarkably bird-like basal dromaeosaurids are (Xu et al., 1999b). A specimen nicknamed “Dave” (NGMC 91) was subsequently referred to Sinornithosaurus sp. (Ji et al., 2001), but a more precise taxonomic assignment is prevented by the poor state of preservation of the bones and the sub-adult nature of the specimen (Ji et al., 2001). Interestingly, Senter et al. (2004) recovered this specimen as more closely related to Microraptor than to Sinornithosaurus.

Microraptor zhaoianus was the second microraptorian to be described. It is among the smallest known non-avian theropods and comes from the Early Cretaceous of China (Xu et al., 2000, 2003; see Turner et al., 2012; Figure 1A; Lee et al., 2014). It was the first paravian to show not only winged arms but also hind-wings, indicating that the “tetrapteryx” condition (proposed as a speculative possibility by Beebe, 1915) was present in taxa closely related to Aves. This four-winged condition has since been reported in many other basal paravians (see Xu et al., 2017). Microraptor is known from hundreds of specimens (Alexander et al., 2010), and many aspects of its anatomy and paleobiology are relatively well understood including plumage coloration (Li et al., 2012), and diet (Larrson et al., 2010; O’Connor et al., 2011a; Xing et al., 2013).

More recently, Hesperonychus elizabethae (Longrich and Currie, 2009) from Canada became the first non-Asian microraptorian to be described. Moreover, it also extended the temporal range of microraptorians from the Early Cretaceous to the Late Cretaceous (middle Late Campanian). Furthermore, Senter et al. (2004; see also Senter, 2007) proposed that the avian-like Late Cretaceous North American dromaeosaurid Bambiraptor feinbergi (Burnham et al., 2000; Burnham, 2004) belongs to Microraptora. In fact, Bambiraptor shares with microraptorians the presence of slender limb elements and elongate pedal phalanges, premaxillary teeth much smaller than maxillary teeth, posteriorly bowed distal pubis, strongly ventrally oriented post-acetabular blade of the ilium, and large biceps tubercle on coracoid, among other anatomical details (see Senter, 2007). However, the putative microraptorian affinities of Bambiraptor were disputed by Longrich and Currie (2009) and later by Turner et al. (2012), who suggested derived dromaeosaurid affinities for Bambiraptor. In sum, the phylogenetic position of Bambiraptor is still uncertain, but microraptorian affinities should not be dismissed.

Two other members of Microraptoria from the Early Cretaceous of China are Tianyuraptor ostromi (Zheng X. et al., 2009) and Zhenyuanlong suni (Lü and Brusatte, 2015). Both taxa are short-armed and relatively large (approximately 2 m long). They exhibit a combination of characters shared by disparate paravians. For example, Tianyuraptor shows characters present in Microraptoria, including sculptured maxilla, significantly shortened manual phalanx III-2, and spatulate distal end of the pubis, but also lacks many of the synapomorphic characters diagnosing this clade (i.e., large oval fenestra on coracoid, shortened penultimate manual phalanges, and lateral projection on the mid-length of the pubic shaft). This combination of derived and plesiomorphic features led Zheng X. et al. (2009) to suggest that Tianyuraptor might be the basalmost microraptorian, or a basal dromaeosaurid not closely related to microraptorians. If Tianyuraptor is a basal microraptorian, this could indicate that the more derived, long-armed microraptorians convergently acquired forelimb proportions similar to those of birds (Zheng X. et al., 2009). Curiously, Tianyuraptor possess several features that are present in unenlagiids and basal avialans, including a significantly elongated iliac preacetabular process and strongly concave ischial posterior margin (Zheng X. et al., 2009). Similarly, Zhenyuanlong suni (Lü and Brusatte, 2015) lacks many characters shared by most microraptorians (i.e., lateral tubercle on pubic shaft, elongate forelimbs, low number of sacral vertebrae). These characters cast some doubt on the affinities of those two taxa, and their inclusion among microraptorians is not certain.

Zhongjianosaurus yangi (Xu and Qin, 2017) from the Yixian Formation is the most recently named microraptorian. It is one of the smallest non-avian dinosaurs (mass: 0,31 kg), and its unique combination of characters led Xu and Qin (2017) to suggest that it may have played a different ecological role than other Jehol “dromaeosaurids.” Zhongjianosaurus was referred to Microraptoria on the basis of several derived characters (e.g., tear-drop shaped coracoid fenestra, manual digit II short), including a caudotheca, but differs from other microraptorians in diverse anatomical features. Most notably, Zhongjianosaurus shares several derived characters with the early avialans Archaeopteryx, Rahonavis, Jeholornis, Confuciusornis, and Sapeornis (Zhou and Zhang, 2003a,b; Wellnhofer, 2009; Foth and Rauhut, 2017; Rauhut et al., 2018), including forelimbs as robust as hindlimbs, humerus with a strongly medially offset proximal end, large fenestra perforating the deltopectoral crest (a condition shared by basal birds such as Confuciusornis and Sapeornis; Xu and Qin, 2017), ulna longer than humerus, distal end of ulna transversely expanded and ball-like, arctometatarsalian pes, fused tarsometatarsus, and non-gynglimoid metatarsal II. These features are suggestive of avialan relationships for Zhongjianosaurus. However, a comprehensive phylogenetic analysis is needed in order to clarify the affinities of this taxon.

Unenlagiidae

The family Unenlagiidae was erected by Bonaparte (1999) to include Unenlagia comahuensis and Rahonavis ostromi, on the basis of general similarities in scapular and pelvic anatomy. However, the suggestion that Rahonavis is a unenlagiid has been severely criticized by recent authors (O’Connor et al., 2012; Novas et al., 2018; see above).

Currently, the only taxa widely accepted as belonging to Unenlagiidae are South American forms, namely Unenlagia comahuensis, Buitreraptor gonzalezorum, and Austroraptor cabazai (Novas and Puerta, 1997; Makovicky et al., 2005; Novas et al., 2009, 2018; Gianechini et al., 2011b, 2017, 2018; Currie and Paulina Carabajal, 2012) together with less completely known taxa such as Neuquenraptor argentinus, “Unenlagia” paynemili, and Pamparaptor micros (Calvo et al., 2004; Novas and Pol, 2005; Gianechini and Apesteguía, 2011; Porfiri et al., 2011; Brissón Egli et al., 2017). Agnolin et al. (2010), following Bonaparte (1999), proposed that Timimus hermani from the Early Cretaceous of Australia may belong to Unenlagiidae. However, this was recently questioned by Benson et al. (2012), so we think that Timimus should be considered a coelurosaur of uncertain affinities.

Recent analyses (Brissón Egli et al., 2017; Novas et al., 2018; Figure 5) resulted in the recognition of several synapomorphies that support the monophyly of unenlagiids, including scapula with poorly developed glenoid lips, proximally positioned scar-like fourth trochanter on the femur, metatarsal III with a sublaminar and anteriorly excavated proximal portion, metatarsal II with an expanded tongue-shaped flange that overlaps most of the posterior surface of metatarsal III, metatarsal IV with notably convex posterior flange, pedal phalanx III-1 strongly ventrally arched, and penultimate pedal phalanges with dorsally displaced collateral ligamental pits that almost converge dorsally. These features are absent in most basal paravians, including Dromaeosauridae.
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FIGURE 5. Selected unenlagiid traits: (A) maxilla and dentary of Austroraptor cabazai showing the rostral process of the maxilla, the anteroposteriorly elongated postantral wall, and the sub-parallel dorsal and ventral margins of the dentary; (B) elongate left manus of Buitreraptor gonzalezorum (modified from Novas et al., 2018); dorsal (C) and medial (D) views of Buitreraptor gonzalezorum pes showing slender and gracile metatarsals, sub-equal lengths of metatarsals II and IV, and modified digit II (MPCA-PV-598); (E) reconstruction of Unenlagia comahuensis pelvic girdle (modified from Novas and Puerta, 1997) indicating the proximodorsal process, pronounced supracetabular crest, and sub-triangular pubic boot. af, antorbital fenestra; cf, fossa for M. cuppedicus; mxf, maxillary fenestra; pan, postantral wall; pb, pubic boot; pdp, proximodorsal process; pst, processus supratrochantericus; rpmx, rostral process of maxilla; sac, supracetabular crest. Not to scale.



Rahonavis ostromi, a species assigned to Unenlagiidae by some authors, comes from the Upper Cretaceous of northwestern Madagascar (Forster et al., 1998). It is known from a partial skeleton and several isolated specimens, and shows a striking combination of avian-like and dromaeosaurid-like features (Forster et al., 1998; O’Connor and Forster, 2010). This combination of traits has resulted in a lack of consensus about the phylogenetic affinities of Rahonavis.

Bonaparte (1999), Makovicky et al. (2005) and several recent authors (e.g., Hu et al., 2009, 2018; Xu et al., 2011; Foth et al., 2014; Gianechini et al., 2017, 2018) included Rahonavis within Unenlagiidae, mainly based on the presence of a prominent supracetabular crest, a concave dorsocaudal edge of the ilium, and a preacetabular process of the ilium that is markedly longer than the postacetabular process. Nevertheless, these traits are widespread among basal avialans such as Archaeopteryx, Sapeornis, Jeholornis, and Confuciusornis (Agnolin and Novas, 2013). In agreement with the conclusions reached by Forster et al. (1998) in their original description of Rahonavis, many authors have regarded this Malagasy taxon as closely allied to Avialae (e.g., Chiappe, 2001; Hwang et al., 2002; Zhou and Zhang, 2003b; Novas and Pol, 2005; Xu et al., 2008; Yuan, 2008; O’Connor et al., 2011b; Agnolin and Novas, 2013; Godefroit et al., 2013b; Cau et al., 2017; Novas et al., 2018). Features shared by Rahonavis and avialans, but not by dromaeosaurids or unenlagiids, include large and prominent acromion on the scapula, twisted distal end of the ulna, and several pelvic and pedal features (Novas et al., 2018). These features indicate a close relationship between Rahonavis and basal, long-tailed birds more derived than Archaeopteryx (see also O’Connor et al., 2012), and support the original phylogenetic hypothesis proposed by Forster et al. (1998).

Anchiornithinae

Anchiornis huxleyi (Xu et al., 2008; Hu et al., 2009) is one of the best-known Jurassic Chinese paravians, represented by more than 200 specimens from the Upper Jurassic (Oxfordian) Tiaojishan Formation of Liaoning Province (Zheng et al., 2014). The excellent preservation of many of these specimens allows evaluation of details of feather morphology (Longrich et al., 2012; Saitta et al., 2018; Figure 1B), the shape of the body outline (Wang et al., 2017), intraspecific differences (Pei et al., 2017a), and also feather color (Li et al., 2010). Moreover, several new taxa closely related to Anchiornis have recently been described, including Xiaotingia, Pedopenna, Aurornis, Eosinopteryx, Serikornis, Liaoningvenator, and Caihong (Xu and Zhang, 2005; Xu et al., 2011; Godefroit et al., 2013a,b; Lefèvre et al., 2017; Shen et al., 2017; Hu et al., 2018).

Despite lack of consensus regarding their phylogenetic position, Anchiornis and Xiaotingia are usually regarded as forming a monophyletic group (see Foth and Rauhut, 2017) for which Xu (2016) coined the name Anchiornithinae. The latter group of authors defined this subfamily as the most inclusive clade including Anchiornis but not Archaeopteryx, Gallus, Troodon, Dromaeosaurus, Unenlagia, or Epidexipteryx. At nearly the same time, Foth and Rauhut (2017) erected the clade Anchiornithidae in order to include Xiaotingia, Pedopenna, Eosinopteryx, Anchiornis, and Ostromia, designating Anchiornis huxleyi as the type genus of this group. Furthermore, Hu et al. (2018) coined the name Anchiorninae to gather together nearly the same list of taxa. However, priority belongs to those who originally erected the clade, namely Xu (2016). We therefore recommend use of Anchiornithinae to avoid future taxonomic and nomenclatural mistakes.

Anchiornithinae was diagnosed by Foth and Rauhut (2017) on the basis of several synapomorphies, most of them shared with troodontids (for example, nutrient foramina on dentary placed in a deep groove, dentary teeth numerous, anterior dentary teeth smal, and more closely appressed than those in the middle of the tooth row) or avialans (for example, anterior edge of acromial margin of scapula laterally everted or hooked, medial surface of proximal fibula flat, and fan-shaped posterior dorsal neural spines) (Figure 6). Synapomorphies possibly exclusive of Anchiornithinae among paravians are dorsal vertebrae with posteriorly expanded neural spines, straight nasal process of the premaxilla, very short deltopectoral crest of the humerus, and straight ulna and radius, among others [see Foth et al. (2014) and Pei et al. (2017a) for details] (Figure 6).
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FIGURE 6. Selected anchiornithine traits: (A) reconstruction of Anchiornis huxleyi (modified from Agnolin and Novas, 2013) skull, showing nutrient foramina on dentary placed in a deep groove, small anterior dentary teeth, maxillary fenestra ventrally placed, and antorbital fenestra dorsoventrally expanded; (B) Anchiornis huxleyi left forelimb showing straight radius and ulna and long covert feathers; (C) reconstruction of Anchiornis huxleyi pelvic girdle showing anteriorly long postacetabular blade and ventrally oriented preacetabular blade (modified from Xu et al., 2011); (D) right foot of Anchiornis huxleyi (BMNHC PH 828); (E) Xiaotingia zhengi (STM 27-2) left scapula. acr, acromion; af, antorbital fenestra; cf, cuppedicus fossa; hw, wing feathers; is, ischium; mxf, maxillary fenestra; lc, lacrimal; lg, lateral groove of dentary; pb, pubic boot; po, postacetabular blade; pr, preacetabular blade; ru, radius. Not to scale.



Taxa commonly interpreted as members of Anchiornithinae include Anchiornis, Xiaotingia, Pedopenna, Aurornis, Eosinopteryx, Serikornis, Caihong, and Ostromia (Xu and Zhang, 2005; Xu et al., 2011; Godefroit et al., 2013a,b; Foth and Rauhut, 2017; Lefèvre et al., 2017; Hu et al., 2018). However, the following comments are required.

Eosinopteryx, Aurornis, and Serikornis are from the same beds and in the same area as the holotype of Anchiornis (Middle-Late Jurassic Tiaojishan Formation, Godefroit et al., 2013a,b; Lefèvre et al., 2017). All of these taxa closely resemble Anchiornis huxleyi in most anatomical details, and were mainly distinguished from that species by subtle osteological differences and proportions (see Foth et al., 2014; Pei et al., 2017a for details). Moreover, it is worthy of note that Eosinopteryx, Aurornis, and Serikornis are each based on a single specimen, while Anchiornis is represented by more than 200 specimens that show important intraspecific variation (Pei et al., 2017a). Further, the two-dimensional nature of Liaoning fossils renders identification of some anatomical features difficult, and in some cases deformation can obscure anatomical details. We agree with Pei et al. (2017a) in considering Aurornis xui to be a junior synonym of Anchiornis huxleyi, based on the absence of unambiguous characters distinguishing the two species. Pei et al. (2017a) also indicated that Eosinopteryx is almost identical to Anchiornis, except in the shorter length of the tail. However, Hu et al. (2018) pointed out that the tail of the only known specimen of Eosinopteryx brevipenna is not complete, and thus, tail length cannot be used as a point of distinction from Anchiornis. Further, Pei et al. (2017a) and Hu et al. (2018) noticed a high level of variation in plumage morphology and preservation among Anchiornis specimens, and this calls into question the use of plumage characters to differentiate closely related taxa. Thus, we uphold the view that Eosinopteryx brevipenna is a junior synonym of Anchiornis huxleyi.

Lefèvre et al. (2017) proposed two unambiguous autapomorphies of Serikornis that clearly distinguish it from Anchiornis and related taxa: the anteriormost four maxillary teeth are twice as large as the others; and the ventrodistal process of the ischium is narrow, hook-like, strongly deflected caudodorsally and placed at the distal end of the ischium. Nevertheless, figures of the holotype specimen of Serikornis (Lefèvre et al., 2017; Supplementary Figure S4) show that the four anteriormost maxillary teeth are somewhat loose and the partially exposed roots show the typical longitudinal groove commonly seen in other paravian specimens (see Gianechini et al., 2011a). Furthermore, tooth size is variable within Anchiornis and Caihong, as demonstrated by recent investigations (see Pei et al., 2017a; Hu et al., 2018; Figure 7).
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FIGURE 7. Re-evaluation of Anchiornis-like paravians: (A) Serikornis sungei maxillary teeth indicating the inner root and external displacement (modified from Lefèvre et al., 2017); (B) re-interpretation of the right coracoid of Serikornis sungei indicating the position of the coracoid tubercle (modified from Lefèvre et al., 2017); (B–E) right pubes in lateral view of Ostromia crassipes (C) (modified from Foth and Rauhut, 2017); Buitreraptor gonzalezorum (D) (MPCA-PV-598); and Anchiornis huxleyi (E) (BMNHC PH 828) showing the posterior flexure of the pubic shaft, sub-triangular shape of the pubic boot and flat ventral margin of the pubic boot; (F) re-interpretation of ischium of Anchiornis huxleyi (modified from Lefèvre et al., 2017). Not to scale. co, coracoids; ct, coracoid tuber; cv, caudal vertebrae; f, femur; fu, furcula; il, ilium; lh, left humerus; lpr, lateral process of the coracoid; ls, left scapula; op, obturator process; rh, right humerus; ro, inner root of teeth; rs, right scapula sac, sacral vertebrae, vdp, ventrodistal process.



Lefèvre et al. (2017) also indicated that the ischium of Serikornis is very different from that of other paravians, including Anchiornis. However, we suggest that the Anchiornis left ischium illustrated by these authors (Lefèvre et al., 2017, Figure 3C), is displaced from its original position, and rotated upside down. Thus, the processes originally interpreted as the “obturator process” and the “ventrodistal process” correspond, in fact, to the ischiadic and iliac processes, respectively (Figure 7B). In the context of this new interpretation, the concavity that separates the two processes represents the acetabular margin, being well-delimited ventrolaterally by a concave crest that constitutes the ventral acetabular margin.

The presence of a ventrodistal process of the ischium that is relatively narrow, hook-like (caudodorsally deflected) and located at the distal end of the bone is described by Lefèvre et al. (2017) as an autapomorphy of Serikornis. Nevertheless it is possible to observe in Figure 3 and Supplementary Figure S6 of Lefèvre et al. (2017) that the ischia of Serikornis are highly taphonomically compressed and damaged. Further, details of ischium morphology are intraspecifically variable among Anchiornis specimens (Xu et al., 2008; Hu et al., 2009; Pei et al., 2017a). For all these reason, we are not certain about the distinctive ischial features of Serikornis identified by Lefèvre et al. (2017). We think that some such features may be encompassed within the intraspecific variation of Anchiornis, while others may be the result of postmortem deformation of the element.

Another feature listed by Lefèvre et al. (2017) in support of the validity of Serikornis, is the absence of numerous small pits sculpturing the ventral surface of coracoid, a condition regarded as autapomorphic for Anchiornis (Xu et al., 2009). Nevertheless, the illustrated right coracoid of Serikornis (Lefèvre et al., 2017, Figure 4A) appears to have only its anterodorsal surface exposed (as suggested in the present contribution, Figure 7F), so that the condition of the outer surface of the coracoid in the holotype specimen of Serikornis remains unknown.

In sum, because of the absence of strong autapomorphic characters that allow Serikornis to be distinguished from Anchiornis, we propose that Serikornis sungei is a junior synonym of Anchiornis huxleyi.

Shen et al. (2017) published a new, exquisitely preserved theropod named Liaoningvenator curriei, from the Early Cretaceous Yixian Formation of Liaoning Province in China. The authors recovered Liaoningvenator curriei as a basal troodontid, forming a clade with Anchiornis and its kin (=Anchiornithinae auct). Its inclusion among anchiornithines was based on the presence of a laterally everted acromial margin on the scapula and a posterior flange on manual phalanx II-1 (Shen et al., 2017). Additionally, Liaoningvenator shares with anchiornithines the following characters: straight radio-ulna, dorsal vertebrae with posteriorly expanded neural spines, and transition point anteriorly located within the caudal vertebrae series. Nevertheless, Liaoningvenator shows strong differences from anchiornithines, including dorsal centra that retain pneumatic foramina and a humerus that is relatively short when compared with the femur. The ischium is also different from that of Anchiornis, lacking a long and finger-like posterodistal process, whereas the obturator process is longer than in Anchiornis, resembling the condition in the troodontid Almas (Pei et al., 2017b). The unique combination of characters shown by Liaoningvenator casts some doubt on the affinities of this taxon, and its inclusion among anchiornithines is not certain.

Recently, Foth and Rauhut (2017) re-described the partial, poorly preserved Haarlem Archaeopteryx specimen from the Late Jurassic of Germany as belonging to the new taxon Ostromia crassipes, and referred this species to Anchiornithidae. The authors supported the inclusion of Ostromia among anchiornithines on the basis of pubis morphology and the presence of longitudinal furrows on both sides of all preserved manual phalanges, and of metacarpal III. Although Foth and Rauhut (2017) discuss the longitudinal furrows in depth, we are not confident that they constitute a true anatomical feature. In fact, longitudinal grooves may form along manual and pedal elements as the result of taphonomic compression during fossilization. Furrows along the long axes of long bones are common in two-dimensionally preserved fossils, and indeed are also observed in the femur of Ostromia (see Foth and Rauhut, 2017, Figure 6A). The furrows are probably the result of the collapse of the cortical bone into the wide medullary cavity, resulting in furrow-like longitudinal breakage (Figure 7).

Another trait that Foth and Rauhut (2017) indicate as shared between Ostromia and Anchiornis is a pubic shaft that is strongly curved, being anteriorly convex at mid-length. This condition contrasts with the slender and straight pubis exhibited by other Archaeopteryx specimens (Wellnhofer, 2009). Furthermore, the pubic boot of Ostromia is sub-triangular in outline with an almost straight distal margin (Foth and Rauhut, 2017), contrasting with other Archaeopteryx specimens in which the pubic boot is distally convex and spoon-shaped (Wellnhofer, 2009; Rauhut et al., 2018). Nevertheless, the type of pubic morphology seen in Ostromia is also present in Buitreraptor, in which the pubic boot is likewise sub-triangular in outline, with a straight distal margin and a shallow, anterior ridge-like expansion of the boot (Novas et al., 2018). The presence of such a combination of characters in the unenlagiid Buitreraptor and also probably in Unenlagia (Novas and Puerta, 1997; Figure 7) weakens the case that Ostromia has anchiornithine affinities.

We agree with Foth and Rauhut (2017) in that the Haarlem specimen should not be referred to Archaeopteryx, but the inclusion of Ostromia among Anchiornithinae is dubious at best, and we propose that it should instead be considered an indeterminate paravian pending inclusion of the only known specimen in a detailed phylogenetic analysis. In sum, our evidence and observations lead us to restrict the taxonomic composition of Anchiornithinae to the genera Anchiornis, Xiaotingia, Pedopenna, and Caihong.

Scansoriopterygidae

Zhang et al. (2002) described the new genus and species Epidendrosaurus ningchengensis, on the basis of a partial articulated skeleton from the Middle Jurassic Haifanggou Formation at Ningcheng County, China. The specimen was interpreted as a juvenile individual with a unique combination of characters. Because of its bizarre anatomy, Zhang et al. (2002) were not able to narrow down its phylogenetic position beyond Maniraptora. Nearly at the same time, Czerkas and Yuan (2002) described an incomplete maniraptoran skeleton from the same beds under the name Scansoriopteryx heilmanni, and due to its unique features coined the monotypic clade Scansoriopterygidae. Later, Wang et al. (2005) showed that both skeletons pertain to the same taxon, and synonymized both under the species name Epidendrosaurus ningchengensis based on priority. More recently, Zhang et al. (2008) described a well-preserved skeleton with feathers from the same beds and named it Epidexipteryx hui. This new find allowed Zhang et al. (2008) to recognize that Scansoriopterygidae included at least two different genera. Recently, Xu et al. (2015) reported the new scansoriopterygid Yi qi based on a partial skeleton from the Middle–Upper Jurassic Tiaojishan Formation of Hebei Province, China. This specimen provides valuable anatomical information, including data regarding soft tissues and the unique presence of membranous wings and propatagia. Scansoriopterygids are small taxa (approximately 26 cm long from tip of bony tail to premaxilla In the case of Epidexipteryx) characterized by manual digit III considerably exceeding the lengths of the remaining digits, propubic pelvis with pubis lacking distal boot and elongate ischium dorsally curved, and several additional features (see Zhang et al., 2008; Xu et al., 2015). Further, Yi shows a unique neomorphic wrist bone (“styliform element”) that supported a wing membrane (Xu et al., 2015). Scansoriopterygids also preserve impressions of soft tissue, including a covering of filamentous protofeathers (in Epidendrosaurus, Epidexipteryx, and Yi), elongate ribbon-like tail feathers (in Epidexipteryx), and patches of a membrane extending between succesive manual digits (in Yi). Notably enough, the membranous surface present in Yi is aerodynamically quite different from the feathered wings characterizing birds and their closest relatives (Xu et al., 2015).

O’Connor and Sullivan (2014) proposed that the Early Cretaceous basal avialan Zhongornis haoae belonged to the Scansoriopterygidae. However, this species shows strong differences from Epidexipteryx and Yi, including edentate rostrum, elongate distally acute scapula, strut-like coracoid (but see O’Connor and Sullivan, 2014), large and robust furcula (a furcula appears to be absent in scansoriopterygids), and caudal vertebrae with short zygapophyses and small chevrons, among other anatomical details. These features, taken together, are present in birds as originally proposed by Gao et al. (2008), suggesting that the phylogenetic position of Zhongornis is at least dubious.

In an innovative contribution, Xu et al. (2011) proposed that archaeopterygids were not directly related to birds but were basal deinonychosaurians. In the same paper, Xu et al. (2011) indicated that scansoriopterygids and oviraptorosaurians probably represented the morphotype ancestral to birds. Members of both groups resemble basal avialans such as Jeholornis and Sapeornis in having an anteroposteriorly short and dorsoventrally tall skull with small orbits and a very deep premaxilla and dentary, and in possibly being herbivorous. However, Agnolin and Novas (2013) noted that the condition in some basal birds was uncertain due to poor preservation, and also pointed out that the skull shape of several basal birds, such as Ichthyornis and members of Enantiornithes, is similar to that of Archaeopteryx and “deinonychosaurs.” This contradicts the evolutionary scenario proposed by Xu et al. (2011) and suggests that deep and robust skulls, as well as herbivorous habits, were homoplastically distributed among paravians and that these traits were probably convergently acquired by Scansoriopterygidae plus Oviraptorosauria, and some basal birds (see also Lee and Worthy, 2012).

PARAVIAN PHYLOGENY: COMMENTS AND PROPOSALS

A virtual consensus exists among authors to the effect that Dromaeosauridae, Troodontidae, Unenlagiidae, Anchiornithidae, Microraptoria, and Aves belong to a monophyletic clade named Paraves (see Norell et al., 2001; Cau, 2018). Nevertheless, there exists a wide array of competing interpretations as to the interrelationships among the above-mentioned subclades.

As a step toward the general aim of evaluating previous hypotheses of the phylogenetic relationships of basal paravians, we decided to test the robustness and accuracy of the cladograms produced by the TWiG data matrix from Gianechini et al. (2017). We chose this matrix because it provided the basis for the phylogenetic proposals that were affirmed by a relatively strong consensus in the 1990’s and 2000’s, and drove most explanations and hypotheses regarding evolutionary changes at the dinosaur-bird transition.

Very recently, detailed studies of Buitreraptor and its kin (Brissón Egli et al., 2017; Gianechini et al., 2017, 2018; Novas et al., 2018) improved our knowledge of the anatomy of unenlagiids in general. With the new information afforded by Buitreraptor, we also recode into the TWiG matrix, based on first hand examination, all relatively informative unenlagiids, including Unenlagia comahuensis and Austroraptor cabazai (see Supplementary Material). The new codings strongly affected tree topology, resulting in an arrangement sharply different from that produced by analysis of previous versions of the TWiG matrix (Makovicky et al., 2005; Norell et al., 2006; Turner et al., 2012; Gianechini et al., 2017, 2018). The consensus tree (see Supplementary Material) included a large polytomy at the base of Pennaraptora, encompassing Oviraptorosauria, Unenlagiidae, Microraptoria, Eudromaeosauria, Troodontidae, and Avialae (Figure 8). The clades Oviraptorosauria, Troodontidae, and Avialae are recovered as monophyletic while Dromaeosauridae sensu lato is not recovered. The results from our test of the TWiG matrix agree with those of some previous phylogenetic analyses (Xu et al., 2011; Agnolin and Novas, 2013; Lefèvre et al., 2017; Cau, 2018) in suggesting that the traditional concepts of Deinonychosauria and Dromaeosauridae rest on weak evidence and lack strong anatomical support. Because of the poor resolution obtained from analysis of the TWiG matrix, we opt not to follow these phylogenetic results, and instead present below our own interpretations of the possible phylogenetic affinities of each of these paravian subclades based on a review of the available morphological evidence.
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FIGURE 8. Strict consensus tree based on modified TWiG data matrix. Using this modified version of the matrix, the phylogenetic relationships of basal paravians are not resolved.



Phylogenetic Relationships of Unenlagiidae Among Paraves

Unenlagia was originally interpreted as more closely related to birds than to dromaeosaurids (e.g., Novas and Puerta, 1997; Forster et al., 1998; Xu et al., 1999b; Rauhut, 2003; Novas, 2004). Subsequently, Makovicky et al. (2005) nested Unenlagia and its kin within Dromaeosauridae under the name Unenlagiinae, an interpretation followed by most later cladistic analyses (e.g., Novas and Pol, 2005; Senter, 2007; Hu et al., 2009, 2018; Novas et al., 2009; Xu et al., 2011; Turner et al., 2012; Godefroit et al., 2013a,b; Cau et al., 2017; Foth and Rauhut, 2017; Gianechini et al., 2017, 2018; Lefèvre et al., 2017). In contrast, Agnolin and Novas (2011, 2013; see also Novas et al., 2018) regarded unenlagiids as stem Avialae, in agreement with the original description of Unenlagia (Novas and Puerta, 1997). In this connection, Agnolin and Novas (2011) analyzed the unenlagiid traits that had been considered as synapomorphies of Deinonychosauria by previous authors (e.g., Turner et al., 2007b; Xu et al., 2008; Hu et al., 2009), and concluded that most of them were widespread among coelurosaurs (for details see Agnolin and Novas, 2011, 2013). The reanalysis of the TWiG data matrix presented above helps to confirm that the inclusion of unenlagiids within deinonychosaurs or dromaeosaurids lacks support.

Agnolin and Novas (2011, 2013) also discussed the features shared with Avialae that support the exclusion of Unenlagiidae from Dromaeosauridae. As such, Agnolin and Novas (2013) emphasized the multiple avian-like traits present in unenlagiids, including: elongate and subtriangular acromion on scapula, extremely elongate and gracile metacarpals and manual phalanges, and ilium with large lobular preacetabular blade and thick, well-defined supratrochanteric process, among other anatomical details (Novas, 2004; Novas et al., 2018).

In sum, we follow the original proposal by Novas and Puerta (1997) that unenlagiids constitute the immediate sister-group of Avialae.

Phylogenetic Relationships of Troodontidae Among Paraves

Troodontidae was regarded as the sister group of Dromaeosauridae by Gauthier (1986), an interpretation that has been followed by many later authors (e.g., Norell et al., 2001; Xu et al., 2011). However, based on detailed analysis of the braincase, Currie (1985, 1987) and Currie and Zhao (1993) concluded that troodontids share with birds many derived features that are absent among dromaeosaurids. The hypothesis that troodontids are more closely related to birds than to dromaeosaurids has gained support in recent years (Godefroit et al., 2013a; Cau et al., 2017; Foth and Rauhut, 2017; Lefèvre et al., 2017; Cau, 2018; Gianechini et al., 2018). Some of the most relevant features supporting this include premaxillary teeth round in cross-section, anterodorsally inclined lacrimal with a medially inset ventral ramus, vaulted frontals and parietals, reduced supratemporal fossae not extending onto the frontals, depressed crista interfenestralis in the middle ear, dorsoventrally elongate foramen magnum, absence of a fossa housing cranial nerves X and XII, vestigial coronoid, marked reduction of middle caudal postzygapophyses, relatively short ilium, and proximally narrowing femoral diaphysis, among other anatomical details. However, most of these features are also documented in unenlagiid theropods (e.g., Austroraptor, Buitreraptor), including the anterodorsally inclined lacrimal with inset ventral ramus, reduced supratemporal fossae, vestigial coronoid, and proximally narrowing femoral shaft (Agnolin and Novas, 2011; Gianechini et al., 2017; Novas et al., 2018). Furthermore, several of the above mentioned braincase features are also shared by selected oviraptorids and dromaeosaurids (Currie, 1985; Chatterjee, 1991; Makovicky et al., 2003; Norell et al., 2004; Rauhut, 2004), showing that several features proposed to unite birds and troodontids are probably more widespread than suspected. Nevertheless, some characters stand as potential synapomorphies uniting birds and troodontids, namely a vaulted skull and a marked reduction of the middle caudal postzygapophyses, features not seen in dromaeosaurids, microraptorians, and unenlagiids.

In sum, we agree with Currie’s (1985) original assessment that the affinities of troodontids among paravians are far from being well understood.

Phylogenetic Relationships of Microraptoria Among Paraves

Traditionally, microraptorians were considered to be nested within Dromaeosauridae, as basal members of this clade (e.g., Longrich and Currie, 2009; Turner et al., 2012; Lü and Brusatte, 2015). However, Agnolin and Novas (2011, 2013) criticized previous lists of dromaeosaurid features thought to be present in microraptorians, suggesting that most of these characters were more widespread than previously thought. In spite of this, microraptorians share with dromaeosaurids such as Deinonychus and Velociraptor a rigid caudal sheath, known as a caudotheca and formed of notably elongate prezygapophyses and chevrons (Senter, 2011). This condition may stand as the only unambiguous synapomorphy uniting Microraptoria with Dromaeosauridae.

Moreover, some authors have recovered Microraptoria in different positions, alternatively forming a polytomy with Troodontidae, Unenlagiidae, and Dromaeosauridae (Xu et al., 2008), or as stem Avialae (Agnolin and Novas, 2011, 2013). In fact, microraptorians such as Sinornithosaurus and Microraptor share with unenlagiids and with basal avialans such as Archaeopteryx some anatomical details, including ventrally bowed manual phalanges (especially phalanx I-1), manual phalanx II-1 with a posteromedial flange that probably anchored feathers (Paul, 2002), posterodorsal process on ischium, distally placed obturator process on ischium, proximally pinched metatarsal III (subarctometatarsalian condition), and posterior flange on metatarsal IV. These features, as detailed by Agnolin and Novas (2013), suggest that microraptorians may be more nearly related to avialans than to dromaeosaurids.

Phylogenetic Relationships of Anchiornithinae Among Paraves

The position of Anchiornis and its kin among paravians is far from being settled (Hu et al., 2009, 2018; Xu et al., 2009; Agnolin and Novas, 2011, 2013; Turner et al., 2012; Cau et al., 2017; Foth and Rauhut, 2017; Pei et al., 2017a). Xu et al. (2009) originally proposed that Anchiornis was the basalmost known avialan, a suggestion followed by some other authors (Agnolin and Novas, 2011, 2013; Godefroit et al., 2013b; Pei et al., 2017a). Later, Hu et al. (2009) argued that Anchiornis might be the basalmost troodontid, the interpretation followed by most authors (e.g., Gao et al., 2012; Lee and Worthy, 2012; Senter et al., 2012; Turner et al., 2012; Xu et al., 2012; Godefroit et al., 2013a; Tsuihiji et al., 2014, 2016; Brusatte et al., 2015; Averianov and Sues, 2016; Gianechini et al., 2017). Later, Xu et al. (2011) included Archaeopteryx, Anchiornis, and Xiaotingia within the clade Archaeopterygidae, which was in turn nested within Deinonychosauria (Troodontidae plus Dromaeosauridae and Archaeopterygidae) and far from Avialae (Xu et al., 2011, 2015). Finally, Lefèvre et al. (2017) proposed that Xiaotingia was more related to Scansoriopterygidae than to Anchiornis, and that Pedopenna, Aurornis, Eosinopteryx, and Serikornis formed a monophyletic sister clade to Eumaniraptora, far from Anchiornis.

Hu et al. (2009) included Anchiornis within Troodontidae, forming part of a monophyletic Deinonychosauria. Xu et al. (2011) considered that Archaeopteryx, Anchiornis, and Xiaotingia shared with traditionally recognized deinonychosaurs some unique features unknown in any other theropod group, including: (1) large promaxillary fenestra, (2) T-shaped lacrimal, (3) lateral, posteriorly expanding longitudinal groove on the dentary, (4) manual phalanx IV-2 shorter than IV-1, (5) short ischium, (6) ischium with distally located obturator process and posterodistal process, and (7) extensible pedal phalanx II-2. However, Agnolin and Novas (2013) claimed that these traits are diagnostic of Paraves, and that some of them (e.g., characters 1, 2, 4, 6) are shared with basal birds (e.g., Confuciusornis, Sapeornis, Jeholornis; Chiappe et al., 1999; Zhou and Zhang, 2002, 2003a,b; O’Connor et al., 2011b; Lee and Worthy, 2012). In agreement with this interpretation, Xu et al. (2011) reported a large number of typical deinonychosaurian features that are wanting in Archaeopteryx, Anchiornis, and Xiaotingia, including lateral exposure of the splenial, muscle scar on the deltopectoral crest, and enlarged, raptorial ungual on pedal digit II. Thus, deinonychosaurian affinities for Anchiornis are not supported by available evidence.

Regarding inclusion of Anchiornis within Troodontidae, Hu et al. (2009) listed the following characteristics: large maxillary fenestra separated from the antorbital fenestra by a narrow interfenestral bar, dorsoventrally flattened internarial bar, posteriorly widening groove on dentary, and closely packed premaxillary and dentary teeth in the symphyseal region. Agnolin and Novas (2013), however, discussed these characters and concluded that most of them are widespread among derived paravians (e.g., the presence on the dentary of a lateral groove carrying a series of neurovascular foramina), have an uncertain distribution among Paraves (e.g., closely packed dentary and premaxillary teeth), or are synapomorphies of the clade Anchiornis + Xiaotingia plus Avialae (e.g., a flat internarial bar).

Phylogenetic Relationships of Archaeopterygidae and Scansoriopterygidae Among Paraves

Based on their phylogenetic analysis, Xu et al. (2011) grouped Archaeopteryx, Anchiornis, and Xiaotingia within Archaeopterygidae on the basis of several features, including manual phalanx III-1 more than twice as long as IV-1, manual phalanx IV-3 markedly longer than IV-1 plus IV-2 combined, and ventral notch between distal portion of obturator process and ischial shaft. However, this arrangement was strongly criticized, and most authors agree that Archaeopteryx and Anchiornis do not conform a monophyletic clade (see Turner et al., 2012). It is possible to interpret the combination of characters highlighted by Xu et al. (2011) as diagnostic of basal avialans, rather than exclusive to Archaeopterygidae, in accordance with the phylogenetic scheme of Agnolin and Novas (2013).

Because of their unique anatomy, and because most of the available skeletons are of juvenile individuals preserved two-dimensionally on slabs, the phylogenetic position of scansoriopterygids remains debatable. In their original description of Scansoriopteryx, Czerkas and Yuan (2002) argued that this genus was a non-dinosaurian maniraptoran descended from Middle Triassic basal saurischians, and that it was some kind of “living fossil” that had persisted into Late Jurassic or Early Cretaceous times. Furthermore, Czerkas and Feduccia (2014) “agreed with Czerkas and Yuan (2002) that it was not even a dinosaur, but rather could have been derived from earlier arboreal archosaurs. However, these hypotheses rest on weak evidence, and most authors do not consider them to be viable proposals regarding scansoriopterygid affinities. On the other hand, because scansoriopterygids share a large number of features with maniraptoran theropods, authors agree that scansoriopterygids belong to Coelurosauria, and probably Maniraptora. Zhang et al. (2002) regarded scansoriopterygids as maniraptorans of uncertain relationships, whereas Turner et al. (2012), Godefroit et al. (2013a,b) and Xu et al. (2015) suggested that they were basal paravians. Zhang et al. (2008) were the first authors to suggest that scansoriopterygids formed the sister clade to Avialae. Because of their bizarre anatomy, the suggestion that scansoriopterygids are stem-avialans has a profound impact on reconstructions of the sequence of acquisition of typical avian traits. This issue was considered in some detail by several authors that supported avialan affinities for scansoriopterygids (Xu and Zhang, 2005; Hu et al., 2009; Choiniere et al., 2010; Xu et al., 2011; Foth et al., 2014; Cau et al., 2017; Foth and Rauhut, 2017). On the other hand, Xu et al. (2010) suggested that scansoriopterygids might be related to oviraptorosaurs, a hypothesis cladistically supported by Agnolin and Novas (2013) and later endorsed by O’Connor and Sullivan (2014).

Zhang et al. (2008) and Foth et al. (2014) defended the putative avialan affinities of scansoriopterygids based on a combination of characters that is also shared with oviraptorosaurs, and especially with caenagnathids and avimimids (Kurzanov, 1981; Osmólska et al., 2004; Funston et al., 2017; see Agnolin and Novas, 2013), including: dentary and maxillary teeth devoid of serrations and with roots that are subcircular in cross-section, relatively few caudal vertebrae, fused metatarsal cap, and pedal phalanx II-2 longer than phalanx II-1.

Furthermore, Zhang et al. (2008) also suggested that a reversed hallux with a well-developed ungual phalanx is a feature shared between birds and scansoriopterygids. However, as indicated by Agnolin and Novas (2013), in Epidendrosaurus (the only known scansoriopterygid in which the hallux is preserved) the hallux is laterally oriented and its plantar surface is posteriorly directed, a plesiomorphic feature that occurs in most theropods (Zhang et al., 2002). Zhang et al. (2008) also maintained that an elongate preacetabular process of the ilium with a strongly convex anterior margin was a character shared with birds and scansoriopterygids. However, the ilium in scansoriopterygids is strongly apomorphic, being dorsoventrally low and having a finger-like preacetabular blade. We interpret this anatomy as unique to scansoriopterygids (Zhang et al., 2008) and different from the avialan condition (Novas, 2004). Finally, Zhang et al. (2008) reported one feature that seems to be shared by avialans and scansoriopterygids, but that is not present in oviraptorosaurs: humerus longer than femur. This may stand as a potential synapomorphy uniting the first two clades.

On the other hand, as stated by Agnolin and Novas (2013), scansoriopterygids share an important number of synapomorphic features with oviraptorosaurs, including short and high skull with reduced nuchal and parietal crests and enlarged fenestrae, small and subtriangular maxilla, external nares positioned high on the skull and with a sub-vertical main axis, dorsally convex dentary with a prominent chin, and teeth cylindrical, procumbent and lacking serrations. Furthermore, scansoriopterygids share with oviraptorosaurs some anatomical traits that are uncommon among theropods. For example, Epidexipteryx and such oviraptorosaurs as Nomingia share a distally tapering pygostyle-like structure formed by unfused caudals at the end of the tail (Barsbold et al., 2000; Funston et al., 2017; also present in therizinosaurs, see Xu et al., 2003).

It is important to note that scansoriopterygids retained striking plesiomorphic traits in their pectoral girdle, including a caudoventrally oriented scapulocoracoid glenoid, a subrectangular coracoid with a reduced biceps tubercle, and a distally expanded scapular blade. These features also shared by oviraptorosaurs as Avimimus and Heyuannia (Lü et al., 2005; Funston et al., 2017), among other non-paravian/pennaraptoran theropods.

THE DINOSAUR TO BIRD TRANSITION: SELECTED ANATOMICAL TOPICS

Recent studies have recognized that acquisition of bird flight involved a large number of anatomical changes related to coracoid shape, increasing muscle volume, supracoracoideus muscle development, the length of both the forelimb feathers and the forelimb itself, and remige geometry, among others (e.g., Ostrom, 1978; Baier et al., 2007; Longrich et al., 2012; Xu et al., 2014; Dececchi et al., 2016; Wang et al., 2017; Voeten et al., 2018). Anatomical and functional information provided by new basal maniraptorans, including specimens from both China and Argentina, needs to be incorporated into scenarios for the early steps in the evolution of powered bird flight. Below, we make some brief comments about selected anatomical topics related to the origin of flight.

Sternum, Uncinate Processes and Gastralia: The Paravian Thoracic Cage

Traditionally, an ossified sternum has been among the derived anatomical features considered to represent the most important prerequisites for avian flight (Ostrom, 1976; Feduccia, 1996). In extant volant birds the sternum shows a well-developed longitudinal keel anchoring important muscles (i.e., M. pectoralis and M. supracoracoideus), which drive the upstroke and downstroke during flight performance (Ostrom, 1976). Because of their importance, sternal morphology and evolution in the early stages of avian history are hotly debated topics (Zheng et al., 2012, 2014; Foth, 2014).

Paired ossified sternal plates have been reported in several dinosaurs, including some theropods (Galton and Upchurch, 2004; Norman et al., 2004). Among basal coelurosaurs, the ornithomimosaur Pelecanimimus polyodon (Perez-Moreno et al., 1994) has a pair of ossified sternal plates, but these elements are unknown in other members of the Ornithomimidae or in more basal theropods. However, well-preserved and articulated specimens of other ornithomimids reveal an empty space between the cranialmost gastralia and the coracoids, suggesting the presence of a cartilaginous sternum (Sternberg, 1933; Osmólska et al., 1972; Nicholls and Russell, 1985; Kobayashi et al., 1999). On this basis, Sereno et al. (2004) considered ornithomimosaurs to represent an initial step among basal coelurosaurs toward the avian condition, having paired, fully ossified, and anteroposteriorly extensive sternal plates (reported sternal plates for more basal theropods, including Baryonyx and Carnotaurus are dubious, at best; Paul, 2002). Unambiguous sternal ossification occurs among basal maniraptoriforms in the clade Alvarezsauridae, in which the sternal plates are fused at the midline and bear a longitudinal keel (Perle et al., 1994; Xu et al., 2011). A fully ossified sternum is present in oviraptorosaurs (Zhou and Wang, 2000), but some interesting differences exist regarding sternal morphology, degree of fusion, and development of a sternal keel. For example, the sternal plates are small, rounded and separate in Caudipteryx and the probable oviraptorosaur Epidexipteryx (Zhou and Wang, 2000; Zhang et al., 2008). They are rectangular in Oviraptor and Ingenia (Barsbold, 1983), whereas in Heyuannia (Barsbold, 1983) the sternal plates are fused to each other along the midline and bear a low midline keel. This variation in shape and morphology of the sternal plates within a single pennaraptoran subclade constitutes a cautionary note for evolutionary inferences regarding the presence or absence, as well as the general morphology, of the sternum in the various taxa involved in the dinosaur-bird transition (Figure 9).
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FIGURE 9. Simplified cladogram showing the phylogenetic relationships of derived coelurosaurs following the proposal of Agnolin and Novas (2013). The figure indicates the number of gastral pairs (G), presence or absence of uncinate process (Un) and relative development of the sternum (St) in avian-line theropods. (A,B) Gross morphology of the sternum of: (A) the dromaeosaurid Linheraptor exquisitus, (B) the pygostylian Eoconfuciusornis zhengi (modified from Zheng et al., 2012). G, number of pairs of gastralia, L, present and large, S, present but small; St, Sternum; Un, Uncinate process; ?, uncertain condition; +, presence; –, absence.



Among eudromaeosaurids the large sternal plates may be separate (Barsbold, 1983; Norell and Makovicky, 1997, 1999; Xu et al., 1999b, 2000; Burnham et al., 2000; Godfrey and Currie, 2004) or fused (Xu et al., 2010). In Microraptor the sternal plates are firmly fused to each other (Xu et al., 2003), and in one unpublished microraptorian specimen the sternum has what appears to be a incipient midline keel (Agnolin and Novas, 2013). In troodontids and anchiornithines, on the other hand, an ossified sternum appears to be absent (Xu and Norell, 2004; Zheng et al., 2014; Xu et al., 2017).

In basal birds the situation is puzzling. Zheng et al. (2014; see also O’Connor et al., 2014) proposed that in Archaeopteryx and Sapeornis the sternum was totally absent, as in anchiornithines and troodontids. However, Foth (2014; see also Lambertz and Perry, 2015) dismissed such an interpretation, suggesting that the apparent absence of the sternum in the above mentioned taxa was probably due to taphonomic bias and emphasizing that in Archaeopteryx the third to the eight thoracic ribs show distally expanded ends for articulation with the sternum. Furthermore, in specimens of Jeholornis and Microraptor the presence of sternal ossifications is variable (Xu et al., 2001, 2003; Zheng et al., 2014). However, some microraptorian specimens, including individuals of Sinornithosaurus and Microraptor, possess an ossified sternum that shows strong morphological similarities to that of avialans including Jeholornis and ornithothoracine birds on one hand, and to that of oviraptorosaurs and dromaeosaurids on the other. This observation suggests that a sternum was likely present in Archaeopteryx, Sapeornis, and Anchiornis, and probably also in troodontids, thus supporting Foth’s (2014) proposal. Because the sternum is one of the last elements to ossify, its absence in fossils may be explicable in many cases on the basis of ontogenetic and taphonomic biases (Foth, 2014).

The sternal keel, together with the surrounding parts of the sternum, anchors the Mm. supracoracoideus and pectoralis (Olson and Feduccia, 1979). The former attaches at the base of the keel and is connected to the humerus through the triosseal canal, passing over a pulley-like structure and constituting the main muscle driving the upstroke of the wing (Ostrom, 1976). The ventral adductor muscle M. pectoralis drives the downstroke, and originates from the most external portion of the sternal carina (Ostrom, 1976). Because Archaeopteryx (and also Anchiornis) lacked an ossified sternum and triosseal foramen, some authors have concluded that the wing musculature was reduced in these taxa, and in particular that the supracoracoideus must have been poorly developed due to the absence of a sternal keel (e.g., Ostrom, 1976; Ruben, 1991; Feduccia, 1996). This led some authors to assume that Archaeopteryx and non-avian theropods were unable to sustain flapping flight or take off from the ground, a hypothesis sustained by proponents of the arboreal theory of avian flight (Olson and Feduccia, 1979; Tarsitano, 1985; Vazquez, 1994). However, it is worth mentioning that the absence of an ossified sternum does not necessarily imply that the musculature was poorly developed. In this connection, extant tinamids and galliforms show reduced ossified sternum surfaces (Feduccia, 1996), and the main wing muscles anchor on the membrane that unites the ossified lateral trabeculae with the ossified midline keel of the sternum.

Recent studies by Claessens (2004) and Codd et al. (2005) indicate that structures such as the gastral basket and uncinate processes of the axial skeleton, in addition to the sternum, played a key role in the origin and evolution of the bird breathing system. It has been demonstrated that uncinate processes are ventilatory structures in birds, associated with inspiratory and expiratory movements; changes in thoracic volume, resulting from movements of the sternum and ribs, create pressure differences that drive lung ventilation (Zhang et al., 2014). Codd et al. (2005) pointed out that contraction of the M. appendicocostalis muscle, which attaches each uncinate process to the following rib during inspiration, assists the action of rotating the ribs cranially and the sternum ventrally. The uncinate processes are the insertion site of muscles that assist during inspiration and pull the sternum dorsally during expiration.

As indicated above, oviraptorids, dromaeosaurids, and microraptorians have large and wide sternal plates, and they also possess well-developed, ossified uncinate processes on their dorsal ribs (Paul, 2002; Xu, 2002). However, in more derived taxa, including unenlagiids, Anchiornis, Xiaotingia, and basal avialans such as Archaeopteryx, Jeholornis, and Sapeornis, the sternum is small (as is the case in Jeholornis) or not ossified, and the uncinate processes are totally absent (probably not ossified; Zhou and Zhang, 2002, 2003b; Mayr et al., 2007). This contrasts with the condition in more derived pygostylians (e.g., Confuciusornis, Enantiornithes, and Aves) in which the sternum is large and fully ossified, and uncinate processes are well developed on the dorsal ribs (Zhang et al., 2014). Thus, based on the distribution of the relevant features on phylogenetic trees, a single genetic switch probably controls the tandem ossification, or lack thereof, of the sternum and uncinate processes in pennaraptorans (Figure 9).

In all the above-mentioned taxa (including the avialan Archaeopteryx), the capability for active flight is debatable and far from certain, and flightlessness cannot be excluded (Nudds and Dyke, 2010; Novas and Agnolin, 2014; Feo et al., 2015; Lambertz and Perry, 2015). Thus, poor ossification and reduction of the uncinate processes and sternum may support an inference of poor flying capabilities for at least some paravians, in comparison to highly specialized modern birds.

The detailed study of Claessens (2004) demonstrated that the gastral basket played a dynamic role in respiration in the archosaur line (see also Perry, 1983; Carrier and Farmer, 2000). It has been hypothesized that in theropods active retraction and protraction of the gastralia produced ventilation of the abdominal air sac complex (Claessens, 2004), an important aspect of airflow pathways in the avian lung (Butler et al., 1988; Kuethe, 1988; Boggs et al., 1997; Codd et al., 2005). Furthermore, gastral elements may have also played a role in respiration by supporting the belly wall against inward collapse (Perry, 1983; Claessens, 2004).

A high number of gastral elements has been reported in non-pygostylian theropods. In most taxa, including oviraptorids, there are 18 pairs of gastral elements (Dal Sasso and Maganuco, 2011; Lambertz and Perry, 2015). In contrast, in paravians this number is variable, with 17 gastral pairs in microraptorians, 12 in dromaeosaurids, 13–14 in Anchiornis and Archaeopteryx, and 16 in Sapeornis. Pygostylians more derived than Sapeornis consistently have fewer than 14 pairs of gastral elements (Lambertz and Perry, 2015; Figure 9).

We concur with Lambertz and Perry (2015) that the number of gastral elements in derived pygostylian birds became reduced in combination with an increase in the caudal extent of the sternum. However, we are not able to find a clear correlation between the number of gastralia and sternal development in more basal taxa. As indicated above, a large number of gastral elements is present both in basal paravians in which an enlarged sternum is clearly present (e.g., Microraptor) and in those having poorly ossified sternal elements such as Archaeopteryx and Jeholornis. Thus, we think that reduction in the number of gastral elements may not be entirely correlated with the size of the sternum, and may instead correlate at least partially with some other, still unknown, anatomical features.

Forelimb Posture and Soft Tissues

Several authors suggested that the acquisition of typical avian traits in the theropod forelimb skeleton can be correlated with changes in associated soft structures, such as patagial skin and muscles (Sereno and Chenggang, 1992; Xu et al., 2014; Wang et al., 2017). For example, the capacity for coordinated flexion of the wrist and elbow was considered unique to living birds by Vazquez (1992, 1994). This author concluded that this type of flexion depends mainly on the action of a large number of tendons located within the propatagium, and consequently should be considered unique to modern birds and intimately related to powered flight (Vazquez, 1994). As indicated by Sereno and Chenggang (1992), in birds the wing most often assumes this retracted (flexed) position upon death, apparently due to passive contraction of forelimb ligaments. Because the propatagium participates in controlling the flexion of the wrist and elbow, the presence of a flexed forelimb in a fossil theropod may indicate the existence of a propatagium. Maniraptorans and some other basal tetanurans display a relatively large capacity of forelimb flexion, though most of them were clearly non-volant, and in some cases (e.g., Caudipteryx) specimens with preserved propatagia are known (see Agnolin and Novas, 2013; Feduccia and Czerkas, 2015; White et al., 2015; Wang et al., 2017). Xu et al. (2014) mentioned that lateral folding capability may initially have been a synapomorphy of Tetanurae (Figure 10). However, the presence of folded forelimbs in the Triassic basal dinosaur Guaibasaurus (Agnolin and Martinelli, 2012), as well as in pterosaurs (Kellner et al., 2009), indicates that automatic flexion was a widespread condition among ornithodirans. Moreover, Hutson and Hutson (2014) have shown that living crocodiles also exhibit automatic wrist folding guided mainly by soft tissues (see also Walker, 1972). This raises the interesting question of whether co-joined flexion of the wrist and elbow may represent an ancestral archosaurian mechanism that became strongly enhanced in theropods on the line to birds. It is possible that automatic folding and the propatagium evolved before the origin of birds/wings/flight.
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FIGURE 10. Simplified phylogenetic scheme for Tetanurae, showing the distribution of flexion of the wrist joint and propatagial structures among theropods (modified from Chimento et al., 2017).



Nevertheless, it is well-known that maniraptorans possess a larger degree of forelimb flexion than basal tetanurans, and that the capacity for flexion has been further enhanced in birds having powered flight (see Xu et al., 2014; White et al., 2015). Hopp and Orsen (2004) proposed that diversity in the range of forelimb flexion among maniraptorans may be a consequence of managing forelimb feathers used in brooding, and Chatterjee and Templin (2004) related the swivel wrist joint to climbing behavior (but see Dececchi and Larsson, 2011). The amount of possible forelimb flexion is not homogeneous among derived paravians and basal avialans (Sereno and Chenggang, 1992), and some distinctive patterns can be inferred on the basis of the fossil record.

Longrich et al. (2012; see also Foth et al., 2014; Nudds, 2014) explored wing shape in Anchiornis, Archaeopteryx and modern birds. These authors proposed that a profound change in wing shape took place in the course of early avialan evolution, prior to the origin of pygostylians. Although some of the anatomical interpretations originally proposed by Longrich et al. (2012) were later questioned (Foth et al., 2014; Nudds, 2014), we observe that the wing shape seen in Anchiornis and Archaeopteryx is different from that of more derived birds (e.g., Confuciusornis, Sapeornis, Archaeornithura, Jeholornis). In basal paravians and avialans such as Archaeopteryx, Anchiornis, and Zhenyuanlong Lü and Brusatte, 2015 the wings are relatively large and wide, with relatively short rectrices, a rounded alar contour, and a convex leading margin. Fossils of these taxa (e.g., Archaeopteryx, Anchiornis) consistently exhibit forelimbs with a restricted capacity for folding, having the main axis of the hand located at approximately 90° with respect to that of the forelimb (Sereno and Chenggang, 1992). In more derived birds, including Jeholornis and enantiornithines (Sereno and Chenggang, 1992), the remigial feathers become notably elongate (especially the outer ones), and the hands are folded at an acute angle over the forelimbs. In available specimens of Confuciusornis, Sapeornis, and Jeholornis, in fact, the angle between the main axes of the hand and forelimb is always lower than 90°, indicating that the forelimbs were capable of folding to a greater degree than was possible in more basal avialans. It is possible that the wing shape seen in more derived avialans may be a consequence of having forelimbs with a capacity for hyperflexion. We are not certain about the exact implications of this important change in the degree of wing folding, but it is possible that enhanced folding capabilities mirrored improvements in the wing stroke and in locomotor performance in the air.

Feathers: Fossil Record and Phylogenetic Distribution

Fossils with exquisitely preserved plumage from the Late Jurassic and Early Cretaceous of northeastern China provide valuable information about feather evolution (Ji et al., 1998, 2001; Xu et al., 1999b, 2000, 2001; Zhang et al., 2010). Diverse four-winged dinosaurs from Liaoning have recently been described, providing new information about the morphology and structure of the feathered forelimbs, hindlimbs and tail (e.g., Xu et al., 2003; Hu et al., 2009; Han et al., 2014).

Filamentous integumentary structures (probably plesiomorphic feathers or protofeathers; see Xu et al., 2001) and contour feathers are widespread among theropods. Filamentous contour feathers have been documented in multiple theropod taxa, including the basal tetanuran Sciurumimus (Rauhut et al., 2012), Compsognathidae (Ji and Ji, 1996), Tyrannosauroidea (Xu et al., 2004, 2012), Ornithomimidae (Zelenitsky et al., 2012; van der Reest et al., 2016), Therizinosauroidea (Xu et al., 1999a, 2009), Troodontidae (Xu et al., 2017), Microraptora (Xu et al., 2000), and Anchiornithinae (Hu et al., 2009). Due to their low preservation potential, it is possible that feathers were also in fact present in more basal theropod dinosaurs, as they have been reported in ornithischians (Mayr et al., 2002; Zheng X.T. et al., 2009; Godefroit et al., 2014) and also probably pterosaurs (known as pycnofibers; Kellner et al., 2009).

With the aim of discussing the evolution of feather types among basal paravians, we have mapped feather traits on the phylogeny of Agnolin and Novas (2013), and on the latest version of the TWiG phylogeny (Gianechini et al., 2017). We have also analyzed the patterns of feather evolution implied by additional tree topologies, including those of Godefroit et al. (2013a), Foth and Rauhut (2014), Lefèvre et al. (2017), and Xu et al. (2017). It becomes obvious that the inferred sequence of acquisition of feather characteristics depends profoundly on the choice of phylogenetic hypothesis (Figure 11).
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FIGURE 11. Simplified cladograms showing the distribution of feathers among derived coelurosaurs following the proposals of: (A) Gianechini et al. (2017); and (B) Agnolin and Novas (2013). Tail Pl., tail plumage; Ped. Pl., pedal or metatarsal plumage; Tib. Pl., tibial plumage; Rem., forelimb remiges; ?, uncertain condition; 0, absence; 1, presence of plumulaceous feathers; 2, presence of pennaceous feathers.



Preserved remigial feathers are known not only among short and long-armed pennaraptorans (e.g., Agnolin and Novas, 2013; Foth et al., 2014; Lefèvre et al., 2017), but also in ornithomimids (Zelenitsky et al., 2012), suggesting that elongate remiges have a single origin at the base of the coelurosaurian tree (Agnolin and Novas, 2013) (Figure 11).

Foth et al. (2014) proposed that asymmetrical remiges evolved convergently in Dromaeosauridae and Avialae. This interpretation is supported by the phylogenetic hypothesis defended by Turner et al. (2012), but not by the cladogram obtained by Agnolin and Novas (2013). The latter phylogeny implies that asymmetrical remiges evolved only once, at the base of the clade Eumaniraptora, as also proposed by Lefèvre et al. (2017) (Figure 11).

The presence of an alula in both Microraptor and Avialae has been proposed to be a result of convergent evolution (Senter et al., 2004). Nevertheless, the recent discovery of an alula in anchiornithines (Hu et al., 2018) supports the proposal of Agnolin and Novas (2013) that this character may be widespread among Averaptorans (Figure 11).

In sum, it is possible that forelimb feathers, including a functional alula, may be more widespread than previously thought, including in taxa such as unenlagiids in which they have never been reported. It is also possible that this combination of traits was present in non-avialan theropods (or at least, taxa that were not capable of sustained flight). Accordingly, the origin and early evolution of forelimb plumage is far from being well-understood (Figure 11).

Elongated tibial feathers were first described in Microraptor (Xu et al., 2003), but more recently have been found in a large variety of basal paravians and basal birds (Zheng et al., 2013) including Archaeopteryx (Foth et al., 2014). The presence of hindlimb plumage has been proposed as synapomorphic for Eumaniraptora (Foth et al., 2014), Paraves (Lefèvre et al., 2017), or Averaptora (Agnolin and Novas, 2013). Foth et al. (2014; see Turner et al., 2012) proposed that pedal or metatarsal plumage was convergently acquired in three paravian clades, namely Microraptora, Anchiornithinae, Sapeornis, and more derived birds. Contrarily, Lefèvre et al. (2017) proposed that pennaceous metatarsal feathers appeared only once, at the base of Paraves. Based on Agnolin and Novas’s (2013) phylogenetic scheme, metatarsal plumage may have appeared two times among theropods, once in Scansoriopterygidae and once in Averaptora. Nevertheless, it is possible to infer that this trait was widespread among theropods, and may have been acquired in concert with tibial plumage at the base of the coelurosaurian tree (Figure 11).

Tail plumage is highly variable among coelurosaurs. Oviraptorosaurs exhibit elongated symmetrical rectrices along the distal half of the tail (Ji et al., 1998; Xu et al., 2010), and asymmetric pennaceous feathers have recently been documented in a troodontid tail (Xu et al., 2017) and at the lateral margins of the tail in Archaeopteryx (Xu et al., 2017). Elongate rectrices attached to the distal half of the tail have been reported in the microraptorians Microraptor and Changyuraptor (Li et al., 2012; Han et al., 2014).

The plumulaceous feathers on the tail of “Eosinopteryx” are short, in contrast with the pennaceous rectrices present in other Anchiornithinae including Anchiornis, “Aurornis,” and “Serikornis,” whereas in Caihong large rectrices are attached to either side of the caudal series to form a frond-shaped tail similar to that of Archaeopteryx (Hu et al., 2018). It is possible that the differences in tail feathering among Anchiornis specimens may represent variation across the molting stages of a single taxon.

Large rectrices attached to either side of the caudal series, as in Archaeopteryx, may be hypothesized to have been present in the unenlagiid Buitreraptor, based on some anatomical details of the caudal vertebrae (see details in Motta et al., 2018). Among Avialae the tail plumage is even more variable, being fan-shaped, frond-like or composed at least partly of “rachis-dominated” feathers (see O’Connor et al., 2012, 2016).

The origin and function of tail plumage in basal birds is still debated. Some authors (Gatesy and Dial, 1996) proposed that tail feathers had a locomotor role, acting as lift-producing surfaces during flight. Others interpreted tail feathers as having assisted with maintaining body balance when perching (Chuong et al., 2013; Agnolin et al., 2017), or with stabilizing the trunk when climbing (Hu et al., 2015). Still other authors suggested that elongate tail feathers might have been associated with sexual display or visual communication (Chiappe et al., 1999, 2008; Zhang and Zhou, 2000; Clarke et al., 2006; Li et al., 2006, 2012; Zheng et al., 2007; O’Connor et al., 2011b, 2012, 2013; Padian and Horner, 2011). These possibilities are not mutually exclusive, and it seems reasonable to suppose that different tail feather functions complemented and interacted with one another in the lives of these animals. Based on available information it is difficult to define a clear pattern of tail feather evolution along the avialan lineage, but the evidence indicates that morphologically disparate feather types (i.e., plumaceous, symmetric pennaceous, asymmetric pennaceous, and “rachis-dominated”) evolved before the origin of birds, and were eventually co-opted for aerodynamic functions in volant forms (Figure 11).

In sum, some of the diverse phylogenetic analyses put forward by different authors indicate that each feather type may have evolved convergently two or three different times, whereas other analyses indicate a single origin for flight feathers. For this reason, the origin and early evolution of the different feather types is far from being well-known and largely depends on the phylogenetic scheme adopted.

Glenoid Cavity: Implications for the Origin of Powered Flight

The pectoral girdle of extant birds shows a unique combination of characters that are crucial for flight. Among these main characteristics are the strut-like scapula and coracoid, the narrow angle between the scapula and coracoid, the large size of the acrocoracoid process, the presence of a triosseal canal, the development of a sternal keel, and modifications in the furcula, supporting the powerful muscles that facilitate the wing stroke (see Ostrom, 1974, 1976; Olson and Feduccia, 1979).

Because there is virtually complete agreement that the shape and orientation of the glenoid are features that play a key role in determining the range of forelimb movements (e.g., Ostrom, 1976; Jenkins, 1993; Baier et al., 2007), we focus below on the anatomy of this region of the pectoral girdle in both living birds and basal paravians.

The glenoid cavity is formed by the scapula and coracoid in birds and basal paravians. This cavity is relevant to avian flight because it is the site where the humerus pivots, allowing a wide repertoire of forelimb movements. In volant neognathans the glenoid is an ovoid cavity oriented mostly in a latero-dorsal direction (Feduccia, 1993). Moreover, the cavity is predominantly aligned horizontally, such that the angle formed between the main axis of the cavity and the horizontal is less than 10°. The glenoid cavity has two different anatomical sections: one coracoidal, and one scapular. These sections differ in size and orientation. The scapular section is small, faces laterally and slightly posterodorsally, and has a dorsoventrally oriented major axis; the coracoidal section is much larger, faces dorsolaterally and slightly anteriorly, and has a predominantly horizontal major axis (Figure 12). The coracoidal section of the glenoid receives most of the humeral head. This configuration allows the wing a wide dorsoventral range of movement, but a restricted anteroposterior range (Dial et al., 1991; Jenkins, 1993; Poore et al., 1997).


[image: image]

FIGURE 12. (A) Lateral view of the right scapulocoracoid in selected basal and derived paravians. The dotted lines indicate the inclination of the major axis of the glenoid cavity. (B) Detail of the glenoid of the right scapulocoracoid of selected paravians in lateral view. Not to scale. C, coracoidal portion of the glenoid; Sc, scapular portion of the glenoid, Ac, acromion; Acro, acrocoracoid or biceps tubercle.



The glenoid cavity of flightless ratites (e.g., Rhea, Struthio) differs notably from those of volant neornithines in being ovoidal or subcircular in contour, being mostly laterally oriented, and having a main axis that is subvertical (i.e., oriented at approximately 30° with respect to the vertical plane). Furthermore, the coracoidal and scapular sections of the glenoid are sub-equal in size and shape (Figure 12).

In basal avialans (e.g., Archaeopteryx, Anchiornis) and basal paravians (e.g., Buitreraptor) the glenoid facet is laterally oriented. Furthermore, the scapular and coracoidal sections of the glenoid are subequal in size and aligned in the same vertical plane, as in ratite birds (Figure 12). This corroborates Feduccia’s (1986) assertion that ratites are the best living analogs for understanding the morphology and function of the pectoral girdle in non-avian theropods.

Furthermore, ratite birds resemble most basal paravians, including Archaeopteryx, Anchiornis, Bambiraptor, and Buitreraptor, in that the acrocoracoid process is represented by a small bump or process known as the biceps tubercle, being notably underdeveloped with respect to neognathan birds (see Ostrom, 1976). The morphology of this tubercle largely dictates the course of the tendon of the main humerus protractor (and rotator), the M. supracoracoideus, whose action is essential to the wing beat of flying birds (Ostrom, 1976; Dial et al., 1991; Baier et al., 2007).

Based on anatomical traits of the pectoral girdle, as well as personal observations of ratite behavior in the field (Novas et al., 2016; Lo Coco et al., 2018), the wings of ratites move predominantly in an anteroposterior direction, lacking the complex and largely dorsoventral wing excursion seen in living neognathans (see Chin et al., 2017; Stowers et al., 2017). Because of the strong similarities in pectoral girdle structure between ratites on the one hand and basal avialans and paravians such as Archaeopteryx and Buitreraptor on the other, it can be inferred that the main forelimb movements were from anterodorsal to posteroventral in the latter group of taxa. Accordingly, their forelimb movements differed from those of flying neognathans, and basal avialans including Archaeopteryx were very probably not capable of powered flight. This is in agreement with other lines of evidence, including feather morphology and bone geometry (Feo et al., 2015; Voeten et al., 2018), that suggest flight capability was low or absent in basal avialans.

CONCLUSION

As indicated throughout the text, a consensus about the phylogenetic relationships of paravians is far from being reached. For this reason, knowledge of the steps toward the acquisition of anatomical and behavioral traits contributing to the origin of avian flight is still uncertain and in a state of flux. We were not able to find a clear sequence of evolutionary novelties. Also, the fossil record of the dinosaur-bird transition is sparse, and new fossils are needed to bridge the gaps among the various paravian clades.

It has long been known that much experimentation and convergence occurs when a new “adaptive zone” is being crossed into (Gould, 1989). It is possible that the adaptive breakthrough of evolving from a non-avian dinosaur into a bird was accompanied by much convergence in closely related lineages on bird-like features (Feduccia, 2013). The degree of evolutionary experimentation and convergence on “bird-ness” demonstrated by recent discoveries, especially those from China, may ensure that a consensus on phylogenetic relationships remains elusive.

Along similar lines, the nature of the early paravian and avialan radiation is totally uncertain, as are its center of origin and dispersal routes. Although some authors propose Laurasia, and more precisely eastern Asia, as the possible primal area of paravian diversification (Xu and Zhang, 2005; Foth and Rauhut, 2017), the evidence is so patchy and inconclusive that any proposal is highly speculative. As recognized early on by Darwin (1859), the fossil record is notably incomplete, and is particularly biased in the case of paravian theropods. For example, recent finds in Brazil indicate that ribbon-like feathers were geographically widespread during the Mesozoic (Carvalho et al., 2015), and the identification of ribbon-like feathers in the Middle Jurassic (Callovian) of western Asia (Agnolin et al., 2017) reinforces the idea of a still unknown radiation of early feathered paravians. Furthermore, the intermingled sequence of Asiatic, North American, South American, European, and Malagasy taxa in the steps toward Avialae reinforces the current impossibility of identifying a center of origin for paravians.

The aim of the present contribution was to analyze some anatomical points and details that possibly have significant functional implications. We think that future studies will need to examine morphology in a holistic, functional manner to draw inferences regarding flight, rather than focusing on just one anatomical element/region such as the wing. Such integrative analyses will be urgently needed to understand the early steps in the evolution of bird flight.

Finally, there is a strong need for anatomical and functional studies of living archosaurs, in order to better understand basal paravians. For example, the recent discovery by Hutson and Hutson (2014) that crocodiles exhibit automatic wrist folding guided mainly by soft tissues, a feature previously thought to be exclusive to birds, represents an important benchmark in the progress of detailed anatomical studies on extant archosaurs. Furthermore, the strong similarities between ratites and early paravians in pectoral girdle morphology invite extensive and detailed studies of the anatomy of this region in cassowaries, emus, and ostriches. We hope such studies will shed light on the early steps in avian origins and the acquisition of flight.
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