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In 1976 John Ostrom published an enlightening paper about the anatomical
transformations in the shoulder girdle and forelimb elements along the origin of birds.
Most of his ideas were based on comparing Archaeopteryx lithographica with the extant
New World vulture Cathartes aura. Ostrom offered innovative ideas about range of
movements and function of wing elements in the basal bird Archaeopteryx. Further, he
explored anatomical transformations that may have occurred at early stages of the
evolution of flight and established several hypothetical steps toward the acquisition of
flapping flight in modern birds. Since then, however, our understanding of paravian
diversity and anatomy has increased dramatically. Based on novel information derived
from recent experiments, and currently available anatomical evidence of basal paravians,
the present paper aims to review some important topics on pectoral girdle anatomy related
to flight origins. Further, a brief analysis of pectoral girdle osteology and myology of the
extant paleognath Rhea americana is also included with the aim to test whether Ostrom’s
ideas still remain valid under this new context, based on available phylogenetic and
anatomical frameworks.
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INTRODUCTION

The origin and early evolution of birds and flight are one of the most debated topics on evolutionary
biology. By the 1970 and 1980 decades the work of several authors, but most notably the
contributions by John Ostrom (1928–2005), were essential to the building of the modern theory
of bird origins (Witmer, 2002). In 1976, Ostrom published a detailed comparison between the early
bird Archaeopteryx lithographica and the extant New World vulture Cathartes aura, entitled “Some
hypothetical anatomical stages in the evolution of avian flight”. In this contribution he speculated
about the anatomical transformations and evolutionary steps in the shoulder girdle and forelimb
during avian evolution, taking Archaeopteryx as the “starting point” of this sequence of evolutionary
changes. Ostrom offered ideas about range of movements and function of limb elements in
Archaeopteryx. He gave special importance to the modifications of the dinosaurian “biceps
tubercle” (homologous with the modern avian acrocoracoidal process) and its direct relation
with the course of one of the main wing elevators, the m. supracoracoideus. Ostrom clearly
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demonstrated the absence in Archaeopteryx of such anatomical
and functional adaptations, considering this taxon as
representative of a “pre-flying stage”. Within this interpretive
framework Ostrom also recognized a series of “hypothetical
stages” in the transformation of the pectoral girdle between
the ancestral stage, as represented by Archaeopteryx, and the
highly modified girdle of living flying birds.

More than four decades have passed since Ostrom’s seminal
contribution, and a lot of novel anatomical, biomechanical, and
phylogenetic information on extinct and extant theropods has
become available. Further, in the last decades the number of bird-
like theropods and basal birds has dramatically increased
(Witmer, 1991, Witmer, 2002; Chiappe and Vargas, 2003; Xu
et al., 2014; Brusatte et al., 2015; Cau et al., 2017).

The aim of the present paper is to emphasize the anatomical
similarities of some key features of the pectoral girdle in basal
paravians, basal avialans and extant flightless paleognaths.
Specifically, comparisons are detailed with the Greater Rhea
(Rhea americana), and we provide a brief description of its
musculature with the goal of comparing it with the inferred
musculature of basal paravians. The shoulder girdle of large
secondarily flightless paleognaths like R. americana may have
partially converged on the condition of primarily flightless
theropods, and indeed our comparison finds features, like the
locations of muscle attachment sites and gross morphology of the
bones, that can easily be interpreted in the light of the Greater
Rhea. With all this information at hand we briefly re-analyze here
the “hypothetical stages” in the acquisition of bird flight as
originally proposed by Ostrom.

MATERIAL AND METHODS

Phylogenetic Framework
We follow the phylogenetic framework proposed by Agnolín and
Novas (2013); (see also Agnolín and Novas, 2011; Agnolín et al.,
2019; Motta et al., 2020) in which Deinonychosauria is
interpreted as a non-monophyletic group, and
Dromaeosauridae is formed by Velociraptor, Dromaeosaurus,
Deinonychus, and taxa more closely related to them than to
Microraptor, Unenlagia, Rahonavis or Archaeopteryx.
Microraptoria and Unenlagiidae are interpreted to form
successively closer relatives of the clade Avialae (Figure 1).
The clade Scansoriopterygidae is excluded from Paraves
following Agnolín and Novas (2013); (see also O’Connor and
Sullivan, 2014). The paravian clade including Dromaeosauridae
and Avialae, but not Troodontidae, is termed Eumaniraptora (see
discussion in Padian et al., 1999). Our interpretative scheme
about the phylogenetic relationships among basal paravians
departs from others (e.g., Norell and Clarke, 2001; Makovicky
et al., 2005; Xu and Kim, 2011; Turner et al., 2012; Gianechini
et al., 2017; Lefèvre et al., 2017; Pei et al., 2017; Hartman et al.,
2019; Cau, 2020; Pei et al., 2020) in that we propose that
Troodontidae, Dromaeosauridae, Microraptoria, Unenlagiidae
and Anchiornithidae form successively closer relatives of
Avialae. We choose to follow this scheme, because a detailed
overview of other phylogenetic analyses (e.g., TWIG) resulted in

poorly resolved phylogenetic relationships among derived
paravians (Agnolín et al., 2019).

In the present contribution we do not include the basal bird
clade Jinguofortidae, as represented by Jinguofortis and
Chongmingia (Wang et al., 2016, Wang et al., 2018), because
the reconstructions and interpretations on the pectoral girdle in
both genera are problematic. This is due to the incomplete and
bidimensional preservation of the specimens.

We also do not include detailed analysis of the
scapulocoracoid morphology of Jeholornis. Since its discovery,
the coracoid of Jeholornis has been usually described as robust
and strut-like (Zhou and Zhang, 2003a), but the deformation of
the available specimens makes recognition of several anatomical
features very difficult. Due to the differential preservation of each
available coracoid (Wang et al., 2020), the recognition of
anatomical details is not certain.

The pectoral girdle of flightless paleognaths was considered
the best living analog to compare with the anatomy of extinct
paravians (Feduccia, 1986; Novas et al., 2020). We will pay special
attention to those morphological traits of flightless paleognaths
that look closer to early diverging paravians than to flying avians.
We are aware, however, that these birds are secondarily flightless,
being descendants of flying avian ancestors (Yonezawa et al.,
2017; Sackton et al., 2019), and that flightless paleognaths are
sharply distinguished from the remaining avians (as well as from
extinct early diverging paravians) in several anatomical traits. It is

FIGURE 1 | Phylogenetic framework following Agnolín and Novas
(2013); see also Agnolín and Novas, 2011; Agnolín et al., 2019; Motta et al.,
2020) indicating the left scapulocoracoid in lateral view. Abbreviations.
Euman, Eumaniraptora. Blue, scapula; green, coracoid. Not to scale.
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clear to us that, regardless of which pennaraptoran phylogenetic
tree is followed, the osteological similarities between Rhea and
basal paravians (e.g., Buitreraptor, Archaeopteryx) are analogous,
and not strict homologies. In any case, the Rhea shoulder girdle
(see Novas et al., 2020) joins models previously studied by several
authors (Dial et al., 1991; Baier et al., 2007), and we believe that we
cannot ignore the information yielded by the anatomy of this bird
and its possible implications on the origin of flight.

Nomenclature
The anatomical nomenclature follows Baumel et al. (1993) and the
abbreviations used in the text are as follows: m (musculus), mm
(musculi) and p (pars). Because the “coracoid tuberosity” or “biceps
tubercle” in theropods is considered by most authors as
homologous with the modern avian “acrocoracoid process”
(Ostrom, 1976), we only employ the latter term throughout the text.

We follow Jasinoski et al. (2006) in that them. coracobrachialis
brevis is a homologue to the m. coracobrachialis cranialis.

We use the form Unenlagiidae (Agnolín and Novas, 2011, 2013;
Motta et al., 2020) instead of the form Unenlagiinae that has been
employed by several authors (Makovicky et al., 2005; Turner et al.,
2007, Turner et al., 2012; Brusatte et al., 2015; Cau et al., 2017;
Rauhut et al., 2018; Pei et al., 2020). The name Dromaeosauridae is
instead restricted to the paravian Laurasian clade including
Dromaeosaurus but not Passer and Troodon (see Agnolín et al.,
2019). The Late Cretaceous Malagasy taxon Rahonavis ostromi
(Forster et al., 1998) is here considered outside of
Dromaeosauridae, following recent interpretations (e.g., O’Connor
et al., 2011; Agnolín and Novas, 2013; Godefroit et al., 2013; Lefèvre
et al., 2017; Novas et al., 2018; Motta et al., 2020).

Scapulocoracoid Position
The discussion on the position of the pectoral girdle in extinct
theropods has not been continued since Senter (2006). Despite
the lack of agreement, and the sake of clarity and for comparative
purposes, we opt to place paravian scapulocoracoids with the
scapular blade oriented in an almost horizontal position, with a
slight ventral inclination of its anterior extremity, in a way similar
to what is seen in living flying birds.

Data Collection
The specimens of Rhea americana were not stored for more than
six months, and only those muscles and body parts that were in
good condition were considered for the study. Before the
dissection, each specimen was defrosted in the fridge (4–5°C).
We dissected the wing muscles of both sides. The wing muscle
data was available in two specimens (MACN-Or 9428, 9583).
Following a classical anatomical approach of describing wing
musculature, we removed each muscle and documented the
origin and insertion sites of principal muscles of the shoulder
girdle that originated on the acrocoracoid process, as well as their
general features and appearance. We manipulated the muscles in
order to observe the movement ratios in the wing.

Institutional Abbreviations
IVPP, Institute of Vertebrate Paleontology and Paleoanthropology,
Beijing, China; MACN-Or, Museo Argentino de Ciencias

Naturales Bernardino Rivadavia, sección Ornitología, Buenos
Aires, Argentina; MPCA, Museo Provincial Carlos Ameghino,
Cipolletti, Río Negro, Argentina; MPCN-PV, Museo Provincial
de Ciencias Naturales, General Roca, Río Negro, Argentina.

Anatomical Abbreviations
Acr pr, acromion process; acroc pr, acrocoracoid process; acroc-
acr lig, acrocoraco-acromial ligament; BB,m. biceps brachii; CBB,
m. coracobrachialis brevis; CBCr, m. coracobrachialis cranialis;
corac f, coracoid foramen; fur, furcula; gl, glenoid; h, humerus; P,
m. pectoralis; post cor pr, posterior coracoid process; pro pr,
procoracoid process; SC, m. supracoracoideus; sc canal,
supracoracoid canal; trioss canal, triosseal canal.

RESULTS

Elsewhere (Novas et al., 2020) we preliminarily analyzed the
pectoral girdle and forearm of extant non-tinamid paleognaths,
emphasizing some similarities with early diverging paravians
(i.e., Archaeopteryx, Buitreraptor). Main similarities concern
the subvertical orientation of the glenoid cavity and poor
development of acrocoracoid process, which may reflect
similar postural activities of the forelimbs not only in
paravians, but also in non-avian pennaraptorans. We present
here a summary description of the main muscle masses of the
shoulder girdle of the Greater Rhea (Rhea americana), specifically
those muscles that originate on the coracoid and acrocoracoid
(i.e., mm. pectoralis, supracoracoideus, biceps brachii, and
coracobrachialis cranialis), also constituting the most
important muscles for the movement of the wing.

Myology of the Shoulder Girdle of the
Greater Rhea (Rhea americana)
M. pectoralis (P, Figure 2). In Rhea this muscle has only one belly
as it also occurs in some specimens of Struthio and most
neognaths (Jasinoski et al., 2006). This muscle has a fleshy
origin on the anterolateral surface of coracoid. In accordance
with Beddard (1898) and Lowe (1928), the origin of the m.
pectoralis in Rhea does not reach the sternum or the ribs, a
condition contrasting with the notable expansion of the m.
pectoralis in tinamous and neognaths (Baumel et al., 1993;
Jasinoski et al., 2006; Suzuki et al., 2014).

The function of the m. pectoralis in Rhea is to protract and
abduct the arm, when the wing is unfolded. This function is
similar to that in Struthio (Jasinoski et al., 2006), but it is different
from neognaths in which the m. pectoralis is the main adductor
and depressor of the arm (Raikow, 1985; Dial, 1992; Baumel et al.,
1993). Ostrom (1976) indicated that the m. pectoralis in
“Carinatae” birds is the main adductor/depressor of the
humerus during flapping flight, and the same function was
inferred for Archaeopteryx. Based on information afforded by
Rhea, we believe thatm. pectoralis in Archaeopteryx also played a
role of protractor and adductor of the arm.

M. supracoracoideus (SC, Figure 2). In Rhea this muscle is
fleshy and fan-shaped, originating on the medial portion of the
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anterior surface of the coracoid, on the processus procoracoideus,
on the coracoid membrane [homologous with the
sternocoracoclavicular membrane of neognaths, according to
Baumel et al. (1993) and Livezey and Zusi (2007)], and on the
small cranial area of the sternum (close to the sternal-coracoidal
articulation).

In specimenMACN-Or 9428 of Rhea americana the origin area
of them. supracoracoideus is smaller than in other individuals and
lacks contact with the sternum, suggesting that this muscle has
considerable intraspecific variation. In other paleognaths, like
Struthio and Dromaius, the area of origin of the m.
supracoracoideus only includes the coracoid (Jasinoski et al.,
2006; Maxwell and Larsson, 2007), while in extant flying birds
the origin is variable but large, usually including the ventral surface
of the sternum, the lateral and basal part of the sternal carina, the
lateral margin of the furcula, the sternocoracoclavicularmembrane,
the medial portion of the coracoid and the processus
procoracoideus (Baumel et al., 1993; Jasinoski et al., 2006;
Suzuki et al., 2014; Lo Coco et al., 2020).

In Rhea, the m. supracoracoideus runs through the
supracoracoideus canal and inserts as a tendon on the dorsal
and proximal end of the humerus. In Struthio, the insertion of the
m. supracoracoideus instead is more anteriorly located on the
humerus (Jasinoski et al., 2006) while in neognaths the tendon of
them. supracoracoideus inserts into the proximal end of the crista
deltopectoralis (Baumel et al., 1993).

The m. supracoracoideus of Rhea protracts the humerus and
barely elevates it (Novas et al., 2020). In Struthio, this muscle
protracts the humerus (Jasinoski et al., 2006), while in neognaths
and tinamids this muscle is the main elevator of this bone
(Raikow, 1985; Dial, 1992; Suzuki et al., 2014). The rotation of
the humerus, as occurs in neognathan birds (Dial et al., 1991), has
not been observed in Rhea. Ostrom (1976) originally inferred for
Archaeopteryx that the m. supracoracoideus produced abduction,
a conclusion that is in agreement with the protractor role of this
muscle in extant non-tinamid paleognaths.

M. biceps brachii (BB, Figure 2). In Rhea, this is a fusiform
muscle that has two well-differentiated bellies from its origin

(Lowe, 1928). One belly is tendinous and originates on the
processus acrocoracoideus of the coracoid, while the other
belly is fleshy and originates on the lateral edge of the
coracoid (Lowe, 1928). In most neognaths the m. biceps
brachii also has two bellies with double origins, although in
Rhea the double origin is present on the coracoid but not on
the proximal end of the humerus, like other extant non-tinamid
paleognaths (George and Berger, 1966; McGowan, 1982;
Jasinoski et al., 2006).

In Rhea, the two bellies of the m. biceps brachii become fused
close to the proximal humerus, and have a strong contact with the
skin and the crista deltopectoralis. The insertion is double and
tendinous into the proximal end of the radius and the ulna, as in
most of the neognaths and tinamids (McGowan, 1982; Baumel
et al., 1993; Picasso and Mosto, 2018; Lo Coco et al., 2020) but
different than Struthio (Jasinoski et al., 2006) and Dromaius
(Maxwell and Larsson, 2007).

The function of the m. biceps brachii in Rhea is to flex the
forearm as in Struthio and neognaths (Baumel et al., 1993;
Jasinoski et al., 2006). Nevertheless, in Rhea, this muscle also
abducts and protracts the arm, similar to Struthio in which them.
biceps brachii protracts the arm to a small degree (Jasinoski et al.,
2006). Ostrom (1976) hypothesized for Archaeopteryx that them.
biceps brachii was a primary flexor of the forearm, but based on
extant non-tinamid paleognaths we also hypothesize that it acted
to abduct and protract the arm.

M. coracobrachialis. In Rhea, only a single belly (i.e., p.
cranialis, CBCr, Figure 2) of m. coracobrachialis is present.
This is in congruence with observations in other flightless
paleognaths (McGowan, 1982; Jasinoski et al., 2006), but
contrasting with neognaths and tinamids in which both p.
cranialis and p. caudalis are present (Hudson et al., 1972;
Baumel et al., 1993; Jasinoski et al., 2006; Suzuki et al., 2014).
The m. coracobrachialis cranialis is a fusiform muscle that
originates from the subglenoid fossa (lateral subtriangular area
of the omal end of the scapulacoracoid, ventral to the glenoid
cavity) and associated tendinous tissue. The insertion is located in
a wide area between the crista deltopectoralis and the crista

FIGURE 2 | Rhea americana, photographs and schematic drawings of selected muscles of right shoulder girdle in anterolateral (A) and lateral (B) views, and
proximal humerus in lateral (C) view. Abbreviations. h, humerus; BB,m. biceps brachii; CBCr,m. coracobrachialis cranialis; P,m. pectoralis; SC,m. supracoracoideus.
The bones were shaded in gray and the muscles in orange. Scale bars 3 cm.
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bicipitalis of the humerus, similar to the condition present in
Struthio (Jasinoski et al., 2006). This contrasts with the smaller
insertion area observed in neognaths (Baumel et al., 1993; Picasso
and Mosto, 2018; Lo Coco et al., 2020).

The function of the m. coracobrachialis cranialis in Rhea is to
protract and adduct the humerus. In Struthio and in neognaths
them. coracobrachialis cranialis protracts the humerus (Jasinoski
et al., 2006). Ostrom (1976) interpreted them. coracobrachialis p.
cranialis in Archaeopteryx as a primary extensor of the humerus,
a role that is in agreement with the protractor role documented in
extant non-tinamid paleognaths.

The m. deltoideus minor was not observed during the
dissection of Rhea, in congruence with other non-tinamid
paleognaths (Beddard, 1898; Lowe, 1928; McGowan, 1982;
Jasinoski et al., 2006). Because this muscle is also absent in
crocodiles (Jasinoski et al., 2006) but present in tinamids
(Suzuki et al., 2014) and neognaths (Baumel et al., 1993;
Picasso and Mosto, 2018; Lo Coco et al., 2020), we assume
that it was probably not present in basal paravians and basal
birds, and thus, it is not included in present analysis.

DISCUSSION

Ostrom paid attention to the strong anatomical differences
between Archaeopteryx and the skillful flyers among extant
birds. Moreover, no recognized taxon was known in the 1970s
to be evolutionarily intermediate between Archaeopteryx and
birds of modern aspect (e.g., Ichthyornis). In the last 40 years,
but especially the last 20, the diversity of birds phylogenetically
intermediate between Archaeopteryx and living birds has
considerably expanded, with recognition of many different and
speciose new clades (e.g., Jinguofortidae, Jeholornithiformes,
Confuciusornithidae, Omnivoropterygidae, Enantiornithes).
Also important is the discovery of different non-avian
paravian taxa which closely resemble the pectoral morphology
of Archaeopteryx (i.e., Buitreraptor, Sinornithosaurus,
Microraptor), thus indicating that any functional conclusion
arrived for Archaeopteryx may be also extrapolated for the
remaining basal eumaniraptorans. A third aspect is that the
information on postural activities of the wings in flightless
paleognath birds has to be taken into account now to discuss
the anatomical transformations that may have occurred at early
stages of the evolution of flight.

Current knowledge of Mesozoic bird anatomy invites a review
of Ostrom’s ideas on the evolutionary changes that have occurred
in the pectoral girdle from the time of Archaeopteryx to
extant birds.

Origin of the M. Supracoracoideus Pulley
The m. supracoracoideus is one of the most important elevator
muscles of the wing in extant flying birds (Dial et al., 1991; Mayr,
2017). This muscle arises from the dorsal part of the sternal carina
and adjacent body of the sternum. The tendon of the m.
supracoracoideus passes dorsally through the triosseal canal
and inserts on the proximal portion of the dorsomedial
surface of humerus (Lowe, 1928). This deflection of the m.

supracoracoideus in extant flying birds is due to the well-
developed acrocoracoid process, which projects antero-dorso-
medially and is located above the level of the glenoid cavity.

Ostrom (1976) proposed that in Archaeopteryx the m.
supracoracoideus must have depressed and adducted laterally
the wing because the biceps tubercle (� acrocoracoid process)
was much less developed and located well below the level of the
glenoid cavity. His main conclusion was that inArchaeopteryx the
m. supracoracoideus acted as a wing depressor, different from its
elevator role in living flying birds. Based on comparisons between
Archaeopteryx and Cathartes, Ostrom masterfully hypothesized
that the evolutionary elongation of the acrocoracoid process
progressively changed the path of the tendon of the m.
supracoracoideus, modifying its role from a depressor to an
elevator of the wing.

We concur with Ostrom in the main conclusions, but some
considerations have to be made regarding with the origin of this
pulley for the m. supracoracoideus, as well as the evolutionary
trends of the coracoid in general and the acrocoracoid process in
particular, in birds that are closer to the crown than
Archaeopteryx.

First, the shape, orientation and relative size of the
acrocoracoid process in Archaeopteryx do not represent an
avialan autapomorphy, but a similarly constructed
acrocoracoid process is also present in other paravians such as
Buitreraptor, Saurornitholestes and Microraptor. In other words,
Archaeopteryx does not represent an evolutionary “starting
point” for this condition, because a closely similar coracoid
evolved prior to avian origins. The kind of acrocoracoid
process present in Archaeopteryx and closely related taxa
(Buitreraptor, Saurornitholestes and Microraptor), albeit small
with respect to more derived birds, is notably larger when
compared with more basal theropods (e.g., ornithomimosaurs,
tyrannosauroids, therizinosauroids; Agnolín and Novas, 2013).
That means that at the base of Paraves the m. supracoracoideus
anteriorly protracted the humerus, which was somewhat different
from the action performed in early diverging archosaurs
(i.e., crocodiles) and retained in basal coelurosaurs, in which
the humerus is anteroventrally protracted. In other words, the
common ancestor of Paraves (or possibly, Pennaraptora), evolved
a large m. supracoracoideus with an anteriorly protractive
function. This indicates that basal paravians (or more
inclusively, pennaraptorans) attained a cranially increased
range of movements of their forelimbs compared with non-
pennaraptoran theropods. Despite this increase in protracting
capabilities (presumably allowing reaching items in front of the
animal), we are unable to identify any function of the m.
supracoracoideus for flying activities.

Manipulation of m. supracoracoideus in Rhea (Lowe, 1928;
Novas et al., 2020) shows that its contraction protracts the
humerus, thus supporting Ostrom’s interpretation for
Archaeopteryx and early diverging avialans. Ostrom considered
Archaeopteryx as representing a pre-flight stage in bird evolution,
and the inferred action of the m. supracoracoideus is in
accordance with his view.

The interesting point here is that three successive clades of
early avialans with well-developed wings, Jeholornithiformes,
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Confuciusornithidae and Omnivoropterygidae, show a
coracoid shape that does not fit with the sequence of
progressive transformations expected in Ostrom’s
hypothetical stages: on the contrary, the coracoids of
omnivoropterygids are subquadrangular and notably wide,
and those of jeholornithiforms are proportionally much
longer than confuciusornithids and omnivoropterygids.
Curiously, jeholornithiforms show a coracoidal shape that
superficially resembles the strut-like condition of the
phylogenetically distant ornithothoracine birds. This
indicates that coracoidal evolution and shape at the base of
avian tree was more diverse than thought.

Also interesting is the fact that in Jeholornithiformes,
Confuciusornithidae and Omnivoropterygidae (Zhou and
Zhang, 2003a, Zhou and Zhang, 2003b; Chiappe and Meng,
2016) the acrocoracoid process, albeit more prominent than in
Archaeopteryx and other basal paravians, still retained a lower
position with respect to the glenoid cavity, indicating that the
path of the m. supracoracoideus was not modified substantially
with respect to more basal paravians, but still acted as a humeral
protractor. In birds more derived than Archaeopteryx,
Confuciusornis and Sapeornis, the coracoid instead became
strut-like and the acrocoracoidal process became even more
elongate and related with a very deep supracoracoid canal
(Mayr, 2017).

Another aspect to be considered concerns the formation of
the triosseal foramen and its function. In Buitreraptor (MPCA-
245; MPCN-PV-598) and Archaeopteryx the cranial surface of
the coracoid, between the acrocoracoid process and the medial
coracoidal margin, exhibits a deep transverse concavity (Novas
et al., 2018). This dorsoventral groove is suggestive of a deep
canalization of the belly of the m. supracoracoideus. The cranial
concavity on the coracoid of Buitreraptor is in concert with
similar modifications on the proximal end of the scapula, from
which the acromial process also projects cranially, thus defining
a trough on the lateral surface of the proximal scapula (Novas
et al., 2018). This trough on the cranial surface of the
scapulocoracoid of Buitreraptor may represent an initial stage
of the formation of the supracoracoidal canal of more derived
birds. This suggests a change in anatomy and function of the m.
supracoracoideus at the base of Eumaniraptora (in contrast, in
more basal coelurosaurs the outer surface of the
scapulocoracoid is flattened or slightly convex, and such a
canal is absent).

In Rhea the furcula is lacking and consequently a triosseal
canal is absent. However, a supracoracoid canal does exist, being
delimited by the acromion process, the acrocoracoid process, and
a strong acrocoraco-acromial ligament which connects the
acrocoracoidal and acromial processes. The acrocoraco-
acromial ligament forms a bridge under which the m.
supracoracoideus slides. This ligament is also present in
modern flying birds, but it is cranially covered by the omal
end of the furcula. Ultimately, the foramen through which the
tendon of the m. supracoracoideus slides is basically the same
(and homologous) in both flying and flightless living birds, with
the only distinction of the presence or absence of a bony enclosure
by the furcula. We suspect that an acrocoraco-acromial ligament

was already present in basal Eumaniraptora, in congruence with
the presence of a deep supracoracoidal groove on the cranial
surface of the coracoid and the proximal end of the scapula.

Rhea shows a path of the m. supracoracoideus tendon that is
not present in flying birds. In dorsal view, the coracoid of Rhea
exhibits a “coracoidal plate” between the glenoid and the
acromion process (Figure 3E, portion of the coracoid in red
color). This “coracoidal plate” delimits the path of the
supracoracoid tendon. In this way, the m. supracoracoideus
originates at the anterior surface of the coracoid and passes
through the supracoracoid canal (homologous to the “triosseal
canal”), and finally inserts dorsally into the proximal humerus.
This results in movements of the wing that are different from
flying birds, because when the m. supracoracoideus is contracted,
it produces an anterior shift of the wing, contrasting with the
dorsal movement of the wing in flying birds where the triosseal
canal is well developed. In extant volant birds the triosseal canal
opens ventrally and medially to the glenoid (Figure 3F); due to
the absence of the “coracoidal plate” the path of the m.
supracoracoideus runs dorsally (Ostrom, 1976), and not
posteriorly as occurs in Rhea.

Previous observations lead to the following considerations: the
triosseal canal, in the way it is defined by the bony encounter of
furcula, scapular acromium and coracoidal acrocoracoid, was
absent in Buitreraptor and Archaeopteryx. Nevertheless, the
trough present on the cranial surface of the coracoid and the
proximal end of the scapula suggests that: 1) an acrocoraco-
acromial ligament connecting the acrocoracoidal and acromial
processes was probably present in basal Eumaniraptora; and 2)
the m. supracoracoideus changed its course running through the
supracoracoid canal.

As a corollary of these observations, we must conclude that the
change in course of the m. supracoracoideus in early paravian
evolution did not require the presence of a proper triosseal
foramen. It is feasible that as the supracoracoidal sulcus
became deeper and its orientation changed from anterodorsal
(basal paravians and basal birds) to medial (extant flying birds),
the function of the m. supracoracoideus changed from protractor
to protractor-elevator of the humerus.

In Enantiornithes a true triosseal canal and foramen are not
complete. As indicated by reconstructions of the pectoral girdle
(Martin, 1995; Mayr, 2017), in Enantiornithes the omal extremity
of the furcula articulated with the tip of the acromion of the
scapula but the coracoid lacked a bony contact with the furcula.
This lack of contact was due to the straight and cranially projected
acrocoracoid, different from the hook-like, anteromedially curved
acrocoracoid process of extant flying birds. This hook-like
process creates a bony contact with the furcula, thus
participating in the cranial enclosure of the triosseal canal. It
is unknown whether non-carinate birds with a strut-like coracoid
possessed a cartilaginous medial prolongation of the simple
acrocoracoid process for contacting the furcula.

The basal euornithines Apsaravis and Patagopteryx (Chiappe,
2002; Clarke and Norell, 2002) also show a similar groove on the
proximal end of the scapula, suggesting a similar path of the
supracoracoid pulley as that present in enantiornithine birds. In
this way, Enantiornithes and probably the basalmost euornithines
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had flight mechanics that were different from extant birds (Mayr,
2017).

Classically, the triosseal canal was interpreted as a pulley that
deflected the tendon of the m. supracoracoideus, such that this
muscle became the primary humeral elevator/supinator in the
upstroke. However, the path of the supracoracoideus tendon is
already deflected in basal paravians by virtue of the presence of a
supracoracoidal canal. Despite the fact that the triosseal canal of
modern birds is the result of the cranial closure of this sulcus, the
strong deepening of the canal is the main responsible factor for
the change in orientation of the supracoracoideus tendon in
neognaths (Figures 3E–H). Mechanically, the supracoracoidal
sulcus acted almost in the same way with or without the cranial
closure by the furcula.

It is possible that the change in the orientation of the m.
supracoracoideus is mostly the result of the deepening and
orientation of the supracoracoid canal, in a way that the
muscle tendon changed from tangential to perpendicular to
the margin of the glenoid cavity. In fact, it seems that the
change in pull direction of this muscle is related with the
inclination of the greater axis of the glenoid: in forms with a
glenoid cavity that is aligned with the main axis of the
scapula, the pull direction of the m. supracoracoideus is
tangential to the glenoid; in contrast, in those birds in

which the glenoid is subhorizontal, the pull of the m.
supracoracoideus is perpendicular to the long axis of the
glenoid. This change in orientation of the glenoid cavity
apparently occurred at the Ornithothoraces node, and
resulted in the main difference in humeral movements
from mainly protraction in non-ornithothoracine birds to
mainly elevation in ornithothoracines (Agnolín et al., 2019;
Novas et al., 2020).

In Ornithothoraces the dorsal elongation of the acrocoracoid
increased the origin of the mm. biceps brachii, coracobrachialis
cranialis and, probably, deltoideus minor. In addition, the
acrocoracoid process also offered attachment for the
ligamentum acrocoracohumerale, which connects the coracoid
with the transverse sulcus of the proximal end of the humerus and
replaced the plesiomorphic muscle-based system which
prevented humeral ventral dislocation (Baier et al., 2007).

In sum, it is here hypothesized that the action of the m.
supracoracoideus was at first modified with the definition of the
supracoracoidal canal (in early paravians), and that the capacity
for rapid rotation (elevation and supination) of the humerus was
acquired later in avian history (probably at the base of
Ornithothoraces) with the rotation of the glenoid cavity
involving the increase in size of the m. supracoracoideus (as
expressed by the formation of a keeled sternum; Mayr, 2017).

FIGURE 3 | Selected paravian scapulocoracoid in lateral (A–C), dorsal (D–F) and anterior (G–I) views. (A, D, G): Archaeopteryx lithographica; (B, E, H), Rhea
americana; (C, F, I), Vultur gryphus. Abbreviations. acr pr, acromion process; acroc pr, acrocoracoid process; acroc-acr lig, acrocoraco-acromial ligament; fur, furcula;
gl, glenoid; sc canal, supracoracoid canal; trioss canal, triosseal canal. Blue, scapula; red, coracoidal plate; green, coracoid; light blue, supracoracoid canal; yellow,
acrocoraco-acromial ligament; violet, triosseal canal. Not to scale.
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Changes in Glenoid Orientation
The morphology and orientation of the glenoid cavity apparently
has utmost importance in the range of humeral (and then, wing)
movements (Jenkins, 1993; Baier et al., 2007; Agnolín et al., 2019).
Nevertheless, the effects of the inclination of the greater glenoid
axis on wing posture remain poorly explored.

Basal paravians like Saurornitholestes, Buitreraptor,
Anchiornis, and Archaeopteryx share a similar orientation of
the scapular glenoid. One of the main distinctions from flying
euornithines is the orientation of the glenoid cavity and the
inclination of its major axis, being laterally faced and with a
horizontal major axis in flying forms, and laterally facing and
with a subvertical major axis in basal paravians. The glenoid
cavity in Rhea, as in other flightless paleognaths, faces laterally,
and its main axis is subvertically oriented (MACN-Or 9428,
9583). In Rhea the subvertical orientation of the major axis of
the glenoid almost restricts humeral abduction-adduction
movements and allows movements in an anteroposterior
direction to be more prevalent (Agnolín et al., 2019; Novas
et al., 2020). In flightless paleognaths the position of the
pectoral girdle “frame” is closer to that of a basal archosaur,
rather than a flying euornithine. Morphological similarities
among living non-tinamid paleognaths and basal paravians
suggest resemblance in forelimb posture and range of
movements (Figure 4).

In most theropods the scapular and coracoidal glenoid lips are
prominent (Bakker et al., 1992). In basal theropods as Syntarsus
and Allosaurus (Madsen, 1976; Raath, 1978) the scapular lip
occupies a much more laterally salient position than the
coracoidal lip, whereas in paravians as Bambiraptor and
Deinonychus (Burnham et al., 2000; Ostrom, 1969, 1974) both
lips are equally projected outwards. In contrast, in unenlagiids
(e.g., Buitreraptor) and neognath birds (flying or flightless) the
coracoidal lip laterally surpasses the level of the scapular one.
Additionally, in basal birds (e.g., Archaeopteryx, Confuciusornis)
the glenoid facet retained the lateral orientation seen in more
basal paravians (e.g., Buitreraptor), and both sections (scapular
and coracoidal) are subequal in size and aligned on the same
dorsoventral plane. This lack of a “twisted” glenoid (that is,

without a large coracoidal surface that faces dorsally) suggests
that basal birds had not yet attained the same amplitude of
forelimb movements, nor the humeral trajectory over the
glenoid, as that present in living flying birds (see Novas et al.,
2020).

In Rhea the acrocoracoid process is poorly developed and
separated from the glenoid cavity. A similar condition is present
in most basal paravians (e.g., Bambiraptor, Buitreraptor,
Archaeopteryx) and basal birds (Sapeornis, Confuciusornis), in
which the acrocoracoid process is differentiated and well
separated from the glenoid cavity. On the contrary, in extant
flying birds the acrocoracoid process is strongly expanded and is
adjacent to the glenoid cavity.

The rotation of the glenoid (from subvertical to horizontal)
constitutes the main responsible factor for the range of humeral
movements, thus accompanying the direction of the pull of them.
supracoracoideus. The dorsal elongation of the acrocoracoid was
accompanied by the change in the orientation of the glenoid
cavity, of which the cranial (coracoidal) half surpassed the size of
the caudal (scapular) half, adopting a horizontal position, and
came to be dorsally and slightly posteriorly oriented.

We hypothesize that the strong development of the
acrocoracoid process may not be directly correlated with the
change in the orientation of the m. supracoracoideus, but instead
the full rotation of the glenoid cavity had a main role in the
change of direction of the m. supracoracoideus.

Scapulocoracoid Flexure
In living volant birds the scapula and the coracoid articulate with
each other, forming an acute angle (Figure 3C). This
scapulocoracoid flexure is variable within a single taxon
during ontogeny, and the angle between the main shafts of
coracoid and scapula decreases during growth (Heers and
Dial, 2012). Contrary, a higher angle (obtuse) between scapula
and coracoid is observed in extant and extinct flightless birds,
including non-tinamid paleognaths (Figure 3B; Olson, 1973;
Livezey, 1989; Agnolín et al., 2019).

In basal paravians (e.g., Deinonychus, Buitreraptor,
Archaeopteryx) the scapulocoracoid is remarkably “L”-shaped

FIGURE 4 | Right scapulocoracoid of selected paravians in lateral (A–D), and dorsal (E–H) views. (A, E), Buitreraptor gonzalezorum; (B, F), Archaeopteryx
lithographica; (C, G), Rhea americana; (D, H), Vultur gryphus. The broken line indicates the main antero-posterior axis of the scapulacoracoid. Blue, path of the SC;
green, first and main action vector of the SC; light blue, supracoracoid canal; yellow, acrocoraco-acromial ligament; violet, triosseal canal. Not to scale.

Frontiers in Earth Science | www.frontiersin.org May 2021 | Volume 9 | Article 6621678

Novas et al. Comments on Paravian Shoulder Girdle

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


when viewed from the side (Paul, 2002). However, in the case of
Buitreraptor and Archaeopteryx this flexure is almost restricted to
the coracoid (Figure 3A). In these cases, it is observed that at the
level of the acrocoracoid process the coracoid has a strong
posterior tilting resulting in an angle of more than 90°. A
similar condition is present in basal birds, such as Sapeornis
and Confuciusornis, although this angle is even more acute (Zhou
and Zhang, 2003b; Wang et al., 2018). The condition of Jeholornis
is difficult to discern, because the studied specimens of this
avialan (IVPP V13274; IVPP V13553) preserve this bone in
dorsal or ventral views, thus presence or absence of such a
flexure is difficult to ascertain. In contrast to basal paravians,
and more derived birds including Euornithes (e.g., Rhea, Vultur)
and Enantiornithes (Walker and Dyke, 2009), the coracoid tends
to be strut-like and lacks any sign of flexure (Figures 3B,C).

It is worth mention that the existence of an angled
scapulocoracoid in basal paravians does not mean that the m.
supracoracoideus acted exactly in the same way as in Euornithes.
In basal paravians such as Buitreraptor, Archaeopteryx, and Rhea,
the supracoracoidal canal does not reach the medial margin of the
glenoid cavity because is not deep enough and the “coracoidal
plate” is still relatively large (Figures 3D,E). In this case the
supracoracoideus tendon runs anteriorly on the “coracoidal
plate” before inserting into the humerus, and therefore its
main action is to protract the humerus. In contrast, in extant
flying birds and probably Enantiornithes, the supracoracoideus
tendon attaches to the humerus from the medial aspect of the
glenoid due to the development of the triosseal canal (Figures
3F,I). This part of the tendon of them. supracoracoideus creates a
pulley effect and elevates the humerus.

In whichever way the scapulocoracoid flexure is acquired (in
the case of basal paravians due to coracoid tilting, and in the case
of Enantiornithes and flying Euornithes by the increased angle
between the scapular and coracoid main axes; Figure 3C), this
results in an increase of the lever arm of the m. supracoracoideus.
In this way, such an increase is not only related to the
development of the acrocoracoidal process, but also the result
of the scapulocoracoidal angle.

Variability of Coracoid Morphology Among
Basal Paravians
It is important to remark that both coracoid shape and the
development of the acrocoracoid process are not uniform
among basal paravians. The kind present in Archaeopteryx is
closely similar to that of Microraptor, Sinornithosaurus, and
Buitreraptor, but in Bambiraptor (Burnham et al., 2000) the
coracoid is notably low and transversely wide, the
acrocoracoid process is proportionally smaller than in the
above mentioned taxa, and the cranial surface of the coracoid
is convex, thus lacking a supracoracoid sulcus as in Buitreraptor,
for example. This condition described for Bambiraptor is also
found in all known troodontids, and possibly also occurs in the
basal paravian Anchiornis (Figures 5, 6).

Remarkably, the troodontid scapulocoracoid lacks most
derived features observed in other paravians. The
scapulocoracoid of troodontids is completely preserved in a

number of taxa, including Gobivenator, Sinornithoides, Mei,
and Jianianhualong (Russell and Dong, 1993; Currie and
Dong, 2001; Xu et al., 2004; 2017; Tsuihiji et al., 2014; Figure 5).

The coracoid of Gobivenator lacks the coracoid flexure
described above as typical for basal paravians (e.g.,
Buitreraptor, Bambiraptor, Archaeopteryx). In this way, the
coracoid in troodontids is nearly straight or slightly convex in
lateral view. Further, the outer surface of the coracoid lacks any
sign of the supracoracoid sulcus present in other paravians.

In sum, basal dromaeosaurids (e.g., Bambiraptor) and
troodontids lack some derived features that characterize
Eumaniraptora, indicating that not all basal pennaraptorans
had already evolved forelimb movements that were
prerequisites for the acquisition of flight.

Muscle Changes
The m. supracoracoideus expanded its origin surface with the
dorsoventral elongation of the coracoid, the development of
osseous sternal plates and the later emergence of the sternal
keel (Mayr, 2017), and by modifying the passage of the
supracoracoidal tendon with the change of the depth and
orientation of the supracoracoidal canal. Therefore, m.
supracoracoideus changed its function by the evolutionary

FIGURE 5 | Right scapulocoracoid of selected troodontids in
anterodorsal view. (A), Gobivenator mongoliensis; (B), Sinornithoides youngi;
(C), Jianianhualong tengi [(A) modified from Tsuihiji et al., 2014; (B) modified
from Currie and Dong, 2001; (C) modified from Xu et al., 2017).
Abbreviations. acr pr, acromion process; acroc pr, acrocoracoid process;
corac f, coracoid foramen; fur? furcula? gl, glenoid; h, humerus; post cor pr,
posterior coracoid process. Not to scale.
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modifications that happened in the groups of basal paravians and
basal birds.

The m. pectoralis also increased its origin area with the
expansion of the coracoid and the appearance of osseous
sternal plates and the sternal keel. The m. pectoralis in basal
coelurosaurs and basal birds has been interpreted as a humerus
depressor (Ostrom, 1976; Nicholls and Russell, 1985; Jasinoski
et al., 2006). Its function was also enhanced by coracoid flexion
and/or the flexion between coracoid and scapula.

While the origin of them. biceps brachii has been thought to lie
on the top of the acrocoracoid process in basal coelurosaurs
(Nicholls and Russell, 1985; Jasinoski et al., 2006) and basal birds
(Ostrom, 1976), the origin of the m. coracobrachialis cranialis (�
brevis) was wider on the area of the subglenoid fossa (Nicholls
and Russell, 1985). It is interesting to note that although the
subglenoid fossa varied in shape and area among basal paravians
and basal birds, in these groups the m. coracobrachialis cranialis
always occupied a caudoventral position to the origin of the m.
biceps brachii. This condition is shared with Rhea but contrasts
with the derived attachment seen in flying Euornithes, in which
both, mm. biceps brachii and coracobrachialis cranialis, originate
on the acrocoracoid process, the former being dorsal to the latter
(Figure 7). The presence of a well-developed subglenoid fossa in
the coracoid of Confuciusornis (Figure 6) indicates that the
plesiomorphic location of the m. coracobrachialis cranialis was

retained by early pygostylians and contrasts with the derived
attachment of the mm. biceps brachii and coracobrachialis
cranialis present in tinamids and Neognathae (Figure 7).

Although we do not know with certainty the origin area of the
m. biceps brachii, it was probably located at the tip of the
acrocoracoid process in Eumaniraptora. In contrast, the m.
coracobrachialis cranialis occupied the entire subglenoid fossa
in non-avialan eumaniraptorans. Thus, we hypothesize that this
muscle had a larger area of origin than the one for the m. biceps
brachii and, therefore, it could have presented greater volume and
strength for humerus movements. This interpretation would
indicate that m. coracobrachialis cranialis had a relevant role
in protractor and depressor movements of the humerus and the
wing in basal eumaniraptorans.

Implications for Ostrom’s (1976)
Hypothetical Stages
The main modifications during the transition among basal
theropods and paravians include:

1) Transverse rotation of the whole scapulocoracoid toward
an anterior position on the chest,

2) Reduction of the area of origin of the deltoid muscle
(mirroring the reduction of the acromion),

FIGURE 6 | Selected scapulocoracoids and coracoids from the left side in lateral (top) and anterolateral (bottom) views, showing variation in shape among basal
paravians. (A), Anchiornis huxleyi (Pei et al., 2017); (B), Archaeopteryx lithographica (London specimen); (C), Buitreraptor gonzalezorum; (D), Confuciusornis sanctus
(Chiappe and Meng, 2016; the anterolateral view is distorted in the original specimen, and thus, its reconstruction is uncertain); (E), Sapeornis chaoyangensis; (F),
Enantiornithine bird (modified from Mayr, 2017); (G), Vultur gryphus. Scapula shaded in blue, coracoid shaded in green. Abbreviations. acroc pr, acrocoracoid
process; pro pr, procoracoid process. Not to scale.

FIGURE 7 | Selected scapulocoracoids from the right side in lateral views, showing themm. biceps brachii and coracobrachialis origins. (A),Caiman latirostris; (B),
Archaeopteryx lithographica (London specimen); (C), Buitreraptor gonzalezorum; (D), Rhea americana; (E), Vultur gryphus. Abbreviations. BB,m. biceps brachii; CBB,
m. coracobrachialis brevis; CBCr, m. coracobrachialis cranialis. Light red, muscle origins. Scale bars 3 cm.
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3) Great development of the m. supracoracoideus (probably
following the backward expansion of the coracoidal shaft),

4) Change in the course of the tendon of them. supracoracoideus
that became encased in a supracoracoidal canal,

5) Flexure of the scapulocoracoid, increasing the lever arm of
the m. supracoracoideus.

It is interesting to note that all these modifications occurred
prior to the acquisition of the novel glenoid cavity of flying
euornithines, which is horizontally oriented and located laterally
with respect to the reduced scapular lip.

We have to ask here: what the functional implications of the
above enumerated modifications on the movement and posture
of the forelimb in basal paravians were? We ignore the response,
but all suggest that this set of evolutionary novelties were not
related to flying cappabilities.

Based on anatomical traits of the pectoral girdle, as well as field
observations of non-tinamid paleognath behavior, the wings of
non-tinamid paleognaths move predominantly in an
anteroposterior direction, lacking the complex and largely
dorsoventral wing excursion seen in living neognaths (see
Novas et al., 2020). Because of the strong similarities in pectoral
girdle structure between flightless paleognaths and basal avialans
and paravians such as Archaeopteryx and Buitreraptor, it can be
inferred that the main forelimb movements were from
anterodorsal to posteroventral in the latter group. The
primitive-looking pectoral girdle of Archaeopteryx is in
agreement with other lines of evidence, including feather
morphology and bone geometry (Feo et al., 2015; Mayr, 2017;
Voeten et al., 2018), that suggest that flight capability was poor or
absent (as originally advocated by Ostrom, 1976).

As indicated in a previous contribution (Novas et al., 2020),
most discussions about flight origin assume that basal birds moved
the wings like modern avialans. However, we think that as
important as the wing range of motion is the orientation of the
wing beat. As suggested by comparisons between Rhea and early
paravians, the basal bird Archaeopteryx had a wing posture
different from neognaths, with an arc of movement from
anterodorsal to posteroventral, and a main wing surface that
was posteroventrally oriented in maximum abduction (Voeten
et al., 2018; Novas et al., 2020). This reconstruction of the wing
posture suggests that this obliquely oriented wing surface may not
have generated enough lift to allow these early birds to be airborne.
This is not congruent with previous proposals on which early birds
are inferred to be gliders with the wing surface subparallel to the
ground (Beebe, 1915; Geist and Feduccia, 2000; Long et al., 2003;
Xu et al., 2004; Zhou, 2004; Xu and Zhang, 2005; Longrich, 2006;
Chatterjee and Templin, 2007; Hu et al., 2009; Alexander et al.,
2010; Hone et al., 2010; Ruben, 2010).

The evolutionary stage represented by the basal pygostylians
Confuciusornis and Sapeornis is functionally intriguing.
Confuciusornis and Sapeornis exhibit enlarged wings of
modern aspect, but their pectoral girdles retained the
plesiomorphic morphology of more basal paravians, including
the subvertical orientation of the major axis of the glenoid cavity
and the lack of a “twisted” morphology, and the anteroventral
position of the acrocoracoid process. If the basalmost

pygostylians Confuciusornis and Sapeornis were capable of
flying, as their wings suggest, then they lacked the cycle of
wing movements around the glenoid of extant flying birds.
Reconstruction of the wing beat in these basal birds, with an
archaic construction of their shoulder girdles, represents an
exciting challenge that needs to be seriously discussed in the
years to come.

CONCLUSION

Inspired by Ostrom (1976) research, we evaluated some key-
features of pectoral girdle morphology that may have importance
in the rise of bird flight.

Important selective forces occurred at the level of
Pennaraptora, with modifications of the thorax as a whole and
the shoulder girdle in particular, positioning the coracoids over
the cranial margin of the sternum (Paul, 2002). The laterally
oriented glenoid cavity indicates that pennaraptorans differ from
more basal coelurosaurs in having evolved a cranial shift of
humeral movements, in agreement with the increase in size of
the acrocoracoid process (which mirrors the increase in size and
cranial pulling of the mm. coracobrachialis cranialis and biceps
brachii). Explaining the reasons for suchmodifications is difficult,
and we feel unable to envisage relationships with postural
activities of the forelimbs other than increased capabilities for
hunting, fighting, grasping, etc., but not for flying, although they
were antecedents of the avian flight stroke.

Among paravians, the plesiomorphic pectoral girdle
morphology is retained by troodontids like Gobivenator which
lack a scapulocoracoid flexure and supracoracoid groove. More
birdlike pectoral girdle features are shared by other basal
paravians (i.e., Eumaniraptora) including basal birds such as
Archaeopteryx, Confuciusornis and Sapeornis, which exhibit a
derived coracoidal flexure and a well-defined supracoracoid
sulcus, but retain an acrocoracoid that slightly surpasses the
level of the glenoid cranially, and still lack an osseous bridge
enclosing the triosseal canal. This combination of features is
absent in non-paravian theropods, including troodontids,
suggesting that an important change in pectoral girdle
anatomy occurred at the base of Eumaniraptora. Possibly, the
supracoracoid tendon in eumaniraptorans was housed in a deep
supracoracoid sulcus that was roofed by an acrocoraco-acromial
ligament, similarly to extant non-tinamid paleognaths.

We found that the m. supracoracoideus was much more
developed in paravians more derived than troodontids, and that
the existence of the tendon of m. supracoracoideus was probably
diagnostic of eumaniraptorans. It is possible that the change in
orientation of this muscle, the most important elevator muscle of
the wing in extant birds, occurred not only through the extension
of the acrocoracoid process, as Ostrom originally proposed, but by
the channeling of the supracoracoidal sulcus and later by the
rotation of the glenoid cavity. The increase of the lever arm of
the m. supracoracoideus may have been increased in tandem with
the coracoidal flexure, which is strong in paravians as Buitreraptor
and Archaeopteryx, and even more pronounced in basal birds like
Sapeornis and Confuciusornis (Agnolín et al., 2019).
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The shape of the pectoral girdle and orientation of the glenoid
of basal eumaniraptorans (including dromaeosaurids,
unenlagiids, Archaeopteryx) is difficult to interpret both
morphologically and functionally. As indicated previously,
these early paravians probably had a wing posture similar to
that of flightless paleognaths, with an anterodorsal-to-
posteroventral arc of movement, and a wing surface that was
posteroventrally oriented in maximum abduction.

The triosseal canal, as defined on the basis of bony contacts,
was acquired in euornithine birds, but a foramen for the passage
of the m. supracoracoideus was probably operative earlier
(probably at the base of Pennaraptora, as shown by
oviraptorosaurs with a cranially turned, pencil-like acromial
process of the scapula) and bounded by bone (the
acrocoracoid process), ligaments (the acrocoraco-acromial
ligament bridging above the m. supracoracoideus), and
eventually cartilage (the procoracoid process of the coracoid
and the proximal end of the furcula).

In ornithothoracine birds the coracoid became even more
elongate and lost its internal flexure. However, in enantiornithes
and basal euornithines a groove on the proximal end of the scapula
probably served for the path for the tendon of the m.
supracoracoideus. This condition is usually correlated with the
absence of a true triosseal canal and foramen. The latter was
probably acquired inmore derived euornithines as clearly observed
in basal forms such as Yanornis and Ichthyornis (Clarke, 2004).
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