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Early members of the clade Pygostylia (birds with a short tail
ending in a compound bone termed “pygostyle”) are critical for
understanding how the modern avian bauplan evolved from
long-tailed basal birds like Archaeopteryx. However, the cur-
rently limited known diversity of early branching pygostylians
obscures our understanding of this major transition in avian
evolution. Here, we describe a basal pygostylian, Jinguofortis
perplexus gen. et sp. nov., from the Early Cretaceous of China
that adds important information about early members of the
short-tailed bird group. Phylogenetic analysis recovers a clade
(Jinguofortisidae fam. nov.) uniting Jinguofortis and the enig-
matic basal avian taxon Chongmingia that represents the second
earliest diverging group of the Pygostylia. Jinguofortisids pre-
serve a mosaic combination of plesiomorphic nonavian theropod
features such as a fused scapulocoracoid (a major component of
the flight apparatus) and more derived flight-related morphol-
ogies including the earliest evidence of reduction in manual dig-
its among birds. The presence of a fused scapulocoracoid in adult
individuals independently evolved in Jinguofortisidae and Con-
fuciusornithiformes may relate to an accelerated osteogenesis
during chondrogenesis and likely formed through the hetero-
chronic process of peramorphosis by which these basal taxa re-
tain the scapulocoracoid of the nonavian theropod ancestors
with the addition of flight-related modifications. With wings
having a low aspect ratio and wing loading, Jinguofortis
may have been adapted particularly to dense forest environ-
ments. The discovery of Jinguofortis increases the known eco-
morphological diversity of basal pygostylians and highlights the
importance of developmental plasticity for understanding mo-
saic evolution in early birds.
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Nonornithothoracine avian taxa constitute the earliest di-
verging lineages of birds before the first major diversifica-

tion in avian evolution documented by the Early Cretaceous
members of the Enantiornithes and Ornithuromorpha (including
crown birds) (1–3). The currently known nonornithothoracine
birds include Archaeopteryx and the Jeholornithiformes with a
long bony tail and the short-tailed Confuciusornithiformes
and Sapeornithiformes, which together with the Ornithothoraces
form the clade Pygostylia (1). These early diverging taxa provide
critical data regarding the extensive changes in morphology and
bauplan from their theropod ancestors to a more derived set of
features that eventually led to the evolutionary success of
Ornithothoraces (2–4). Here, we report a nonornithothoracine
pygostylian, Jinguofortis perplexus, gen. et sp. nov., based on a
complete skeleton from the Dabeigou Formation in northeastern
China dated to 127 Ma. We discuss the major changes to the
shoulder girdle across the basal avian phylogeny and show how
morphological diversification and flight apparatus likely were
impacted by developmental plasticity in that early stage of avian
evolution.

Systematic Paleontology
Aves Linnaeus, 1758; Pygostylia Chiappe, 2002; Jinguofortisidae
fam. nov. (SI Appendix, SI Text); Jinguofortis perplexus gen. et sp. nov.

Holotype
A complete and articulated skeleton with feathers is housed at
the Institute of Vertebrate Paleontology and Paleoanthropology
(IVPP) under the collect number IVPP V24194 (Fig. 1 and SI
Appendix, Figs. S1–S7 and Table S1).

Etymology
The generic name is derived from “jinguo” (Mandarin), referring
to female warrior; the specific name is derived from Latin
“perplexus,” referring to the combination of plesiomorphic and
derived characters present in the holotype specimen.

Locality and Horizon
IVPP V24194 was collected near the village of Shixia, Weichang
County, Hebei Province, China; Lower Cretaceous Dabeigou
Formation of the Jehol Biota (127 ± 1.1 Ma; SI Appendix,
SI Text).

Diagnosis
A large nonornithothoracine bird preserves the following auta-
pomorphies among nonornithothoracine avian taxa: premaxillae
toothed anteriorly; 9–10 dorsal vertebrae; boomerang-shaped
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furcula with an interclavicular angle of 70°; postacetabular pro-
cess of ilium that tapers rapidly to a point posteriorly; and
elongate hallux about 70% as long as pedal digit II. Jinguofortis is
distinguishable further from other stemward Aves in the unique
combination of the following features: dentary with at least six
closely packed teeth; scapula and coracoid fused into a scap-
ulocoracoid in the adult; sternum ossified; deltopectoral crest of
humerus large and not perforated; minor metacarpal strongly
bowed caudally; minor digit reduced with manual phalangeal
formula of 2–3-2; metatarsals III and IV subequal in distal ex-
tent; pedal phalanx II-2 with prominent heel proximally; and
forelimb 1.15 times longer than hindlimb (see SI Appendix, SI
Text, for differential diagnosis).

Description and Comparisons
The premaxillae and maxillae are toothed (Fig. 2 A and B and SI
Appendix, Fig. S2), but the exact tooth count cannot be de-
termined. Two premaxillary teeth are visible, and the most an-
terior one is located near the tip of the rostrum, as in some
dromaeosaurids and troodontids (5). In contrast, the tip of the
premaxilla is edentulous in Archaeopteryx and stemward orni-
thothoracines (6–8), and the entire premaxilla is edentulous in
Jeholornis and confuciusornithiforms (9, 10). The jugal is dor-
soventrally tall as in nonornithothoracine birds (10), unlike the
rod-shaped condition in crown birds. A mandibular symphysis is
absent as in the most stemward avian taxa except con-
fuciusornithiforms (9, 11). As in Jeholornis and Sapeornis (12),
the mandible is dorsoventrally tall with a blunt anterior end,

contrasting with the slender form present in Archaeopteryx and
ornithothoracines (8, 13). The mandible of Jinguofortis is straight
in lateral view as in some enantiornithines and basal ornithur-
omorphs (8, 14), rather than the strongly dorsally convex con-
dition occurring in Jeholornis and Sapeornis (12). Six teeth are
exposed along the anterior one-third of the right lower jaw. The
presence of additional dentary teeth cannot be ascertained due
to preservation. Nevertheless, the dentary tooth count is greater
than in most other nonornithothoracine birds, e.g., two to three
in Jeholornis, two in Sapeornis, and none in confuciusornithi-
forms (10). In comparison, over 10 dentary teeth are present in
Archaeopteryx and most nonavian paravians (5, 6). Those dentary
teeth are closed packed in Jinguofortis, with the spacing less than
one-quarter the mesiodistal width of the individual tooth, remi-
niscent of the condition seen in basal deinonychosaurs but dis-
similar to that of stemward avian taxa (5, 6, 10). The splenial is
triangular in outline, with the anterior ramus longer than the
posterior one, contrasting with that of Archaeopteryx (6) and
Confuciusornis. The anterior extent of the splenial terminates
well posterior to the level of the sixth dentary tooth. Unlike
troodontid, Archaeopteryx, and some enantiornithines (5, 6), the
splenial is not perforated. In contrast to confuciusornithiforms
(9), the external mandibular fenestra is absent as in other
stemward avian clades (8, 12). There are 9 or 10 dorsal verte-
brae, counted either by their associated dorsal ribs or their
morphology (SI Appendix, Figs. S3 and S4). Desciption of the
vertebral column is provided in SI Appendix, SI Text.
The furcula has a plesiomorphical boomerang shape, as in

other nonornithothoracine birds except Sapeornis in which a
hypocleidium is present (13, 15, 16) (Fig. 2C and SI Appendix,
Fig. S5A). The bone is more robust than in Archaeopteryx and
Ornithothoraces, but more slender than that of Chongmingia.
The furcula has an interclavicular angle of about 70°, which is
smaller than in other nonornithothoracine birds. As in Archae-
opteryx and Chongmingia (13), the furcula has tapered omal ends,
without the expansion seen in Confuciusornis (11). The coracoid
and the scapula are fused into a scapulocoracoid (SI Appendix,
Fig. S3 A and B), which is known only in confuciusornithiforms
and Chongmingia among Mesozoic birds (13, 15, 16) (Fig. 3). A
fused scapulocoracoid is rarely present among crown birds with
the exception of some flightless birds, e.g., paleognathous ratites
(17, 18), but the condition is distributed widely among nonavian
dinosaurs, pterosaurs, and amphibians (19, 20). As in other
nonornithothoracine birds, the angle defined by the coracoid and
the scapula is ∼90°, giving the scapulocoracoid an L-shaped
contour in lateral view, as opposed to the acute angle present
among more crownward birds (17, 18). Similar to enantiorni-
thines, the scapula is straight, slender, tapers distally, and differs
from the stout, blunt-ended morphology seen in Archaeopteryx
and confuciusornithiforms (11, 13). The sternum is broad,
formed by two bilaterally fused plates with an anterior cleft (Figs.
1 and 2C), similar to Confuciusornis (4).
The humerus is the most robust appendicular element (Fig.

2D and SI Appendix, Fig. S5), a feature shared by most Mesozoic
birds crownward of Archaeopteryx. As in Chongmingia (15), the
deltopectoral crest lacks any perforation, contrasting with the
state in Sapeornis and confuciusornithiforms (9, 16). The hu-
merus has a concave proximal margin, a characteristic absent in
other basal avian clades except Chongmingia and enantiorni-
thines (15). The ulna is longer than the humerus, as in the ma-
jority of volant birds, as opposed to Archaeopteryx and most
nonavian theropods (13, 19). The semilunate carpal is fused with
the proximal ends of the major and minor metacarpals, forming a
carpometacarpus, as in other Aves except Archaeopteryx (21, 22).
The alular metacarpal is only fused proximally with the major
metacarpals similar to most other Early Cretaceous avian clades
(21). The alular metacarpal is rectangular and bears no extensor
process. The minor metacarpal is strongly bowed caudally and,

Fig. 1. J. perplexus gen. et sp. nov., IVPP V24194. (A) Photograph of main
slab. (B) Composed line drawing. Red-outline boxes denote the locations of
histological samples. c, covert feathers; cv, cervical vertebrae; dr, dorsal ribs;
dv, dorsal vertebrae; fu, furcula; gi, gizzard; lf, left femur; lh, left humerus; li,
left ischium; lil, left ilium; lm, left manus; lp, left pes; lr, left radius; lsc, left
scapulocoracoid; lt, left tibiotarsus; lu, left ulna; pu, pubis; py, pygostyle; re,
remiges; rf, right femur; rh, right humerus; rm, right manus; rp, right pes; rr,
right radius; rsc, right scapulocoracoid; rt, right tibiotarsus; ru, right ulna; s,
synsacrum; sk, skull; st, sternum; t, tail feathers. (Scale bar, 5 cm.)
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along with the straight major metacarpal, forms a wide inter-
metacarpal space. That space distinctly exceeds the craniocaudal
width of the minor metacarpal, a crown bird-like feature only
known in Chongmingia and Jeholornis among stemward Aves (15,
17) (Fig. 3). The distal ends of the major and minor metacarpals
are separated, and the former extends further distally as in other
nonenantiornithine birds (13, 15). Jinguofortis has a highly re-
duced hand with a phalangeal formula of 2–3-2 shared with
Sapeornis (16). That reduction contrasts with the presence of
three-clawed fingers with a formula of 2–3-4 in Archaeopteryx,
Jeholornis, and confuciusornithiforms (11, 13, 23) (Fig. 3). The
alular and major digits have strongly recurved claws that are
subequal in size. The proximal phalanx of the alular digit ter-
minates at the level of the distal end of the major metacarpal, as
in Chongmingia (15). In contrast, the digit projects further dis-
tally in Archaeopteryx and confuciusornithiforms (11, 13), but
ends far proximally in Sapeornis and Jeholornis (15). Similar to
Chongmingia and Sapeornis (15, 16), the proximal phalanx of the
major digit is longer than the intermediated one, contrasting with
Archaeopteryx and Jeholornis (13, 23). The minor digit is ex-
tremely reduced, having a wedged-shaped proximal phalanx and
a vestigial distal phalanx, similar to some stemward ornitho-
thoracines (22, 24). Sapeornis bears two rod-like phalanges in the
minor digit, which together are more than half the length of the
proximal phalanx of the major digit, but that ratio is less than
one-third in Jinguofortis.

The ilium has a less convex dorsal margin compared with other
nonornithothoracine birds (6, 16, 25). The preacetabular process
of the ilium is anteriorly convex and longer than the post-
acetabular process. The postacetabular process has an abruptly
constricted posterior end (SI Appendix, Fig. S4 A and B). The
straight ischium bears a distinct proximal dorsal process, as in
Jeholornis, Sapeornis, and enantiornithines (16, 22), but not in
Archaeopteryx (13). The ischium decreases in anteroposterior
width distally and lacks both the swelling seen in Confuciusornis
(9) and the obturator process in Archaeopteryx and basal dein-
onychosaurs (12, 19). The pubes are retroverted posteriorly to a
greater degree than in Archaeopteryx and Jeholornis. The pubic
shafts are nearly straight and distally form a symphysis that ex-
tends approximately a quarter of the length of the pubis, and that
length is proportionally shorter than the symphysis in other
nonornithothoracine birds (6, 11, 13). A description of the hin-
dlimb is provided in SI Appendix, SI Text.
The wings remain semifolded and are preserved in great

fidelity (Fig. 2D and SI Appendix, Fig. S7 A and B). We estimate
that there are 10 primary remiges, and at least four secondary
remiges are preserved. Primary remiges IV–VI are the longest,
and the lengths of remiges VII–X decrease toward the distal end
of the limb. The remiges are highly asymmetrical, particularly the
primaries in which the trailing vane is approximately four times
the width of the leading vane. The rachises curve, narrow distally,
and terminate well proximal to the rounded distal margins. Long

Fig. 2. Skeleton anatomy and morphometric analysis of Jinguofortis. (A and B) LSF photograph and line drawing of the skull in the main slab (IVPP V24194a).
(C) LSF photograph of the pectoral girdle in the main slab. (D) Forelimb showing the preserved primary (numbered I–X) and secondary (numbered 1–4)
remiges in the counterslab (IVPP V24194b). (E) Binary plotting of the aspect ratio and wing loading of basal avian clades (Arc, Archaeopteryx; Con, Con-
fuciusornis; Ena, Enantiornithes; Jel, Jeholornis; Jin, Jinguofortis; Orn, stemward ornithuromorphs) under the context of modern avian flight styles. Arrow in C
indicates the concave proximal margin of the humerus. am, alular metacarpal; a1-2, proximal and distal phalanges of alular digit; cv, cervical vertebrae; de,
deltopectoral crest; dt, dentary teeth; dv, dorsal vertebrae; fu, furcula; i1-2, first and distal phalanges of the minor digit; ju, jugal; lc, left coracoid; ld, left
dentary; lh, left humerus; ln, left nasal; lp, left premaxilla; lr, left radius; ls, left scapula; lu, left ulna; lw, left wing; m, major metacarpal; ma, maxilla; mi, minor
metacarpal; m1–3, proximal, intermediate, and distal phalanges of the major digit; ns, neural spine; pt, premaxillary teeth; rc, right coracoid; rd, right dentary;
rh, right humerus; rn, right nasal; rr, right radius; rs, right scapula; ru, right ulna; rw, right wing; sp, splenial; st, sternum; su, surangular. [Scale bars: 1 cm (A–C)
and 2 cm (D).]
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D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 1
58

.2
47

.1
98

.9
4 

on
 F

eb
ru

ar
y 

21
, 2

02
3 

fr
om

 I
P 

ad
dr

es
s 

15
8.

24
7.

19
8.

94
.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1812176115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1812176115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1812176115/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1812176115


rachis-less covert feathers extend off and line the ventral side of
the body (SI Appendix, Fig. S7C). The rectrices are poorly pre-
served, with a few short rachis-less feathers and pennaceous ones
extending off the pygostyle. There is no sign of an extensive tail
fan of feathers.

Discussion
Our phylogenetic analysis recovered Jinguofortis as the sister
to Chongmingia (Fig. 3 and SI Appendix, Fig. S8). Given the
incomplete preservation of Chongmingia, its phylogenetic posi-
tion is elusive (15). The previously unrecognized clade uniting

Jinguofortis and Chongmingia, named the Jinguofortisidae here
(SI Appendix, SI Text), constitutes the second most basal pygosty-
lian lineage, as the outgroup to Sapeornithiformes and Ornitho-
thoraces. The bauplan of Jinguofortisidae demonstrates previ-
ously undocumented ecomorphological specialization among basal
pygostylians and also adds to our knowledge of the widespread
occurrences of mosaic evolution characterizing early avian di-
versification. The holotype of Jinguofortis is subadult or adult
given the presence of a fused carpometacarpus, tarsometatarsus, and
pygostyle, in addition to analysis of its bone histology (SI Ap-
pendix, Fig. S9; see SI Appendix, SI Text for histology). We

Fig. 3. Changes to the scapula and coracoid in vertebrates with a focus on basal avian clades. A simplified tree of vertebrates (Left) shows the scapula
(colored in blue) and coracoid (in green) fused into a scapulocoraocid (in gray) in most major tetrapod clades (see SI Appendix, SI Text, for details). Simplified
cladogram of basal Aves (Right) shows the changes to the shoulder girdle and manus (see SI Appendix, Fig. S8, for complete phylogenetic result). Thick green
lines near each clade denote temporal range with the first-appearance datum denoted. Major changes to the shoulder girdle and manus across basal avian
phylogeny are summarized: (1) in most nonavian theropods, the scapula and coracoid are fused into a scapulocoracoid at an obtuse angle, and they have a
manual phalangeal formula of 2–3-4; (2) scapula and coracoid become separated and form an angle of ∼90°; (3, 4) independent evolution of a fused
scapulocoracoid in the Confuciusornithiformes and Jinguofortisidae; (6) minor digit is reduced resulting in a manual phalangeal formula of 2–3-2; (7) scapula
and coracoid are decoupled and form an acute angle with further manual digit reduction evolving in derived ornithuromorphs; (8) alternatively, it is equally
parsimonious that a fused scapulocoracoid evolved at the base of Pygostylia and was lost in pygostylians crownward of Jinguofortisidae (5).

Wang et al. PNAS | October 16, 2018 | vol. 115 | no. 42 | 10711
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estimate the holotype individual to have had a body mass of 250.2 g,
a wing span of 69.7 cm, and a wing area of 730 cm2 (SI Appendix, SI
Text). To infer the flight style, we calculated the aspect ratio and
wing loading of Jinguofortis, which directly relate to aerodynamic
performance (26, 27), and compared those data with those of
stemward avian taxa and crown birds. The results place Jinguofortis
in the overlapping morphospaces of modern birds that are adapted
to continuous flapping, flapping and gliding, and soaring (Fig. 2E).
The aspect ratio (6.665) in Jinguofortis is low or average, and the
wing loading is quite low (3.43 kg/m2), lower than all of the
sampled basal avian taxa and many modern flapping or flapping/
gliding fliers. This combination of aspect ratio and wing loading
commonly occurs among crown birds that require high maneu-
verability to fly in dense habitats (26, 27), and the reconstruction
of wing dynamics is consistent with the reconstructed forested
paleoenvironment of the Jehol Biota that includes Jinguofortis
and other early avian clades (28). Jinguofortis preserves a few
stones in the posteroventral side of the abdominal cavity (Fig. 1
and SI Appendix, Fig. S3), consistent with the position of the
gizzard in crown birds (29), and thus are considered gastroliths.
Gastroliths have been reported in many stemward avian groups
(1, 14–16, 24), revealing herbivory-dominant feeding in early
avian diversification.
Jinguofortis is the most basal and earliest avian taxon showing

manual digit reduction with two rudimentary and nonfunctional
phalanges in the minor digit (Fig. 3). That same phalangeal
formula is widely distributed in taxa that are crownward of Jin-
guofortisidae with a few exceptions (1, 7, 22, 24) until further
reduction is seen in more crownward birds. Archaeopteryx,
jeholornithiforms, and confuciusornithiforms retain a 2–3-4
phalangeal formula (9, 13, 23) as in most nonavian theropods
(19, 30), and the widespread occurrence and retention of that
count indicates a unidirectional constraint in favoring of lateral
reduction of the manual digit during avian evolution. This lateral
reduction-first pattern possibly reflects that the minor digit is
overlain dorsally by the primary remiges and therefore experi-
ences little or no physical contact with substrate in Jinguofortis
and more crownward taxa.
The forelimb and shoulder of Jinguofortisidae demonstrate a

high degree of mosaic assembly of plesiomorphic nonavian the-
ropod and derived crown bird features. The elongate forelimb,
large deltopectoral crest [increasing the area for the attachment
of the pectoralis muscle that is responsible for flight downstroke
(18)], and a distinctly bowed minor metacarpal as in crown birds
[increasing the metacarpal’s lever arm to increase support of the
overlying primary remiges (15)] are all derived characters con-
tributing to the refinement of the flight capability in Jinguofortis.
Jinguofortis retains several plesiomorphic features absent among
crown birds and their flight mechanism: the furcula is stout as in
nonavian theropods, possessing little or no flexibility, which is
needed to aid in avian respiration during flight via its elastic
deformation (31); and the proximal margin of the humeral head
is concave centrally, as in nonavian theropods but more similar
to enantiornithines, but unlike the bulbous form seen in orni-
thuromorphs, constraining rotation against the glenoid during
the flight strike (18). The most notable primitive feature present
in the flight apparatus of Jinguofortis is the fused scapulocora-
coid, a feature absent in most other Mesozoic birds (13, 15, 16)
and also rarely seen within the crown groups (32).
The fused scapulocoracoid is a plesiomorphical feature that

evolved before the origin of limb digits and was retained among
stem tetrapods (33) (Fig. 3). A sutural contact between the
scapula and coracoid evolved in basal amniotes and then became
widely distributed among reptiles (33), although a fused scap-
ulocoracoid independently evolved in a few lineages (19, 20).
The tendency for fusion between the coracoid and scapula stems
from their developmental origins as a unified homogenous
condensation (34). However, that coalescence becomes detached

during chondrogenesis because the osteogenic pattern and/or the
differentiation of the preskeletogenic cells is delayed (33),
resulting in a sutural contact between the elements. In paleo-
gnathous ratites, such as kiwi, the coracoid and scapula are never
separated since chondrification (32). It is generally thought that
the presence of a fused scapulocoracoid in an adult is achieved
by an acceleration of osteogenesis (33). Genetic mechanisms
underlying the occurrence of a fused scapulocoracoid likely re-
lates to the homeobox (Hox) genes given their crucial role in-
volved in the morphogenesis of the pectoral girdle (35).
Specifically, developmental research shows that expansion of
Hoxc6 expression could result in the fusion of the scapula and
coracoid in chicks (36).
The fusion between the coracoid and scapula is present pre-

dominantly in nonavian theropods (19, 30). However, these two
elements are separated in Archaeopteryx (13) and in more
crownward avian clades (18, 24, 33) (Fig. 3). The convergently
evolved scapulocoracoid (an apparent reversal to the plesiomor-
phic theropod condition) in jinguornithids and confuciusornithi-
forms suggests that these basal clades likely reacquired a similar
level of osteogenesis (or gene expression) present in their nona-
vian theropod ancestors that is responsible for the coossification of
the pectoral girdle. Presumably, the absence of fusion in other
avian clades is the result of a decline in the rate of osteogenesis or
a change in gene expression patterns during development. This
evolutionary developmental hypothesis is supported by the slower
growth rate inferred for Archaeopteryx (37), Jeholornis (38), and
Sapeornis, compared with Confuciusornis (39), Chongmingia (15),
Jinguofortis (SI Appendix, Fig. S9), and similar sized nonavian
theropods in terms of their bone microstructure (37). The rapid
growth rate, on one hand, shortens the time to reach adult size
and morphology, and that is conceivably important for these rel-
atively large basal avian clades (here jinguornithids and con-
fuciusornithiforms), given their limited flight capability. On the
other hand, a rapid growth rate could accelerate the osteogenesis
that induces bone fusion (in this case the scapulocoracoid). In
addition, the evolutionarily sudden abbreviation of the long bony
tail in jinguornithids and confuciusornithiforms (i.e., Pygostylia)
drastically changes their bauplan and locomotion, and tissue have
been reallocated during development. The combination of selec-
tion for flight, rate of growth, and potentially plesiomorphic
developmental/genetic pathways may have resulted in develop-
mental plasticity in terms of fusion of the scapulocoracoid that
we see in basal pygostylians (see SI Appendix, SI Text, for further
discussion).
The fact that the separation of the coracoid and scapula

becomes evolutionarily “fixed” (with a few exceptions in the
crown groups) across Ornithothoraces is intriguing, and we
suggest some possible explanations. The basal members of the
Ornithothoraces generally are smaller than nonornithothoracine
birds (40), which may shorten the time to reach adult size
without necessarily inducing the acceleration in osteogenesis.
Furthermore, their earliest members exhibit a slower growth rate
(demonstrated by bone histology) compared with jinguofortisids
and confuciusornithiforms (SI Appendix, Fig. S9). Ornitho-
thoraces further refined the flight-related musculoskeletal sys-
tem (1, 4), and the chondrified scapula and coracoid are acted
upon by different muscles and thus move in different ways (41).
These combined factors delay (or stop) the fusion of the carti-
laginous germs of these two bones, and a separated coracoid and
scapula are to be expected. We further posit that the scap-
ulocoracoid in jinguofortisids and confuciusornithiforms may be
derived through the heterochronic process of peramorphosis
(42). The absence of a scapulocoracoid in Archaeopteryx, Jeho-
lornithiformes, and taxa crownward of Jinguofortisidae indicates
that a scapulocoracoid is not plesiomorphic within Aves. The
development of the shoulder girdle in these basal pygostylians
not only retains the phenotype of the fused scapulocoracoid of
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nonavian theropod ancestors, but exhibits that fused bone has
new morphologies (1, 11, 18). In Enantiornithes and Ornithur-
omorpha, the developmental strategy of the shoulder is modified
with the fusion of the coracoid and scapula being impeded and
with the addition of changes to other parts of the skeleton in-
cluding an ossified sternal keel and formation of the triosseal
canal. These developmental changes to the skeleton likely cor-
respond to intense selective pressure to improve flight capability
that eventually leads to the musculoskeletal system present
among volant crown birds, suggesting developmental plasticity
(43). The discovery of Jinguofortis further highlights the impor-
tance of plasticity of development for mosaic evolution as a
driver of the diversification of early birds.

Materials and Methods
To explore the phylogenetic relationships of Jinguofortis with respect to
other Mesozoic birds, we added IVPP V24194 to the dataset of Wang et al.

(9), which is currently the most comprehensive matrix targeting the phy-
logeny of Mesozoic birds. The matrix contains 280 morphological charac-
ters and 70 taxa and was analyzed in TNT v1.5 (44) under maximum
parsimony. We performed morphometric analyses to infer the flight style
of Jinguofortis, and histological thin sections were prepared to assess on-
togenetic information of major basal avian groups. The age of the
Jinguofortis-bearing site was obtained using the SIMS U-Pb zircon dating
method. Detailed procedures of the phylogenetic analysis, Pb-U zircon
dating, morphometric analysis, laser-stimulated fluorescence (LSF) pho-
tography, histological study, and complete data matrix are provided in the
SI Appendix, SI Text.
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