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Anchiornis (Deinonychosauria: Troodontidae), the earliest known
feathered dinosaur, and Sapeornis (Aves: Pygostylia), one of the
basalmost Cretaceous birds, are both known from hundreds of
specimens, although remarkably not one specimen preserves any
sternal ossifications. We use histological analysis to confirm the
absence of this element in adult specimens. Furthermore, the excel-
lent preservation of soft-tissue structures in some specimens sug-
gests that no chondrified sternum was present. Archaeopteryx, the
oldest and most basal known bird, is known from only 10 specimens
and the presence of a sternum is controversial; a chondrified ster-
num is widely considered to have been present. However, data from
Anchiornis and Sapeornis suggest that a sternum may also have
been completely absent in this important taxon, suggesting that
the absence of a sternum could represent the plesiomorphic avian
condition. Our discovery reveals an unexpected level of complexity
in the early evolution of the avian sternum; the large amount of
observable homoplasy is probably a direct result of the high degree
of inherent developmental plasticity of the sternum compared with
observations in other skeletal elements.
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hypertrophied ossified sternum characterizes all living birds,

and enlarged sterna are also present in other flying vertebrates
(Ornithodira: Pterosauria, Mammalia: Chiropterygidae) (1). How-
ever, the presence of a sternum in Archaeopteryx, long considered the
oldest and most primitive bird known, is controversial—it is absent
in every known specimen (2, 3). An ossified sternum is also
absent in every reported specimen of Sapeornis chaoyangensis
(n = 10), the largest known Early Cretaceous bird and one of the
most primitive birds with a shortened tail ending in a pygostyle
(Aves: Pygostylia: Sapeornithiformes) (4, 5). The sternum in living
birds provides a large surface area for the attachment of the two most
important flight muscles: the m. pectoralis and m. supracoracoideus
(6). Thus, where an ossified sternum is absent in fossil birds, the
element is still inferred to be present but cartilaginous (5, 7). The
absence of a large ossified sternum and other skeletal differences
(e.g., absence of a procoracoid process) suggest that flight capa-
bilities would be severely limited in basal birds (8, 9).

Sternal ossifications are absent in Troodontidae (Maniraptora:
Paraves), a clade of dinosaurs considered closely related to birds
(10, 11). In most phylogenetic analyses, Troodontidae and Dro-
maeosauridae form a clade (Deinonychosauria) that is the sister
group of Aves (12). However, the fossil record of troodontids
remained highly fragmentary until the recent discovery of a wealth
of small, feathered taxa from the Late Jurassic and Early Creta-
ceous of China. Among these fossils was Anchiomnis huxleyi, a small,
feathered troodontid from the Jurassic that has alternatively been
resolved as an archaeopterygid; however, this conclusion removes
this clade from Aves (13, 14). Published specimens of Anchiornis
also do not preserve sternal elements of any kind (n = 3) (13-15).

The absence of an ossified sternum in Troodontidae, Ar-
chaeopteryx, and Sapeornithiformes is counterintuitive to the
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inferred importance of the sternum as part of the avian flight
apparatus and at odds with the phylogenetic distribution of os-
sified sterna among maniraptoran theropods. All other groups
that are or have been considered closely related to birds (Scan-
soriopterygidae, Dromaeosauridae, and Oviraptorosauria) pos-
sess paired, ossified sternal plates that fuse into a singular
element (sternum) late in ontogeny in at least some taxa (e.g.,
dromaeosaurid Microraptor, oviraptorosaur Ingenia) (16-19).
Admittedly, the sternum is not one of the best-known skeletal
elements in these clades; the presence of sternal plates is af-
fected by ontogeny and even in adults, these thin, plate-like
elements are often not preserved (19). This observation has lead
to the assumption that the absence of sternal elements in Ar-
chaeopteryx, Sapeornis, and troodontids could potentially be due
to preservational or ontogenetic bias in the fossil record (5, 7).
To test this hypothesis for troodontids, we use Anchiornis, for
which a large number of specimens are available at the
Shandong Tianyu Museum of Nature (STM). This museum holds
the largest collections of any single dinosaurian taxon in the world
(more than 200 specimens each of Anchiornis and Microraptor),
providing a unique environment in which we can investigate
assumptions based on previously limited material. This study
represents the largest published dataset of a single extinct di-
nosaurian taxon to date. Here, we examine a large number of
previously unpublished specimens referable to Anchiornis and
Sapeomnis for sternal elements and discuss the implications of the
absence of sternal ossifications at the base of the avian clade.

Methods

Two hundred twenty-six specimens of Anchiornis sp. (S Appendix, Table S1)
were studied at the STM, Shandong Province, China; 96 specimens of
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Sapeornis chaoyangensis were studied (S/ Appendix, Table S2). We selected
a comparably sized taxon with an ossified sternum for comparison and to
determine the extent of preservational bias; 88 specimens of Jeholornis
(Aves: Jeholornithiformes), a long bony-tailed bird considered only more
derived than Archaeopteryx within Aves, were studied (S/ Appendix, Table
S3). Published data were also included for all three taxa. The quality of
preservation, femur length (measured by using stainless hardened digital
calipers), and presence of sternal elements (sternal plates and ribs) and
gastralia (these delicate elements act as a second proxy for quality of pres-
ervation) were noted for each specimen (S/ Appendix, Tables S1-S3). Speci-
mens near the lower and upper size limits were sampled histologically to
confirm the presence of an ontogenetic series (S/ Appendix, SI Methods).
Clearly, no very young juveniles are present in the sample; no specimen
preserves juvenile features such as small size, a large orbit, or incompletely
ossified periosteal surface.

Results

Anchiornis specimens (including previously published material; n =
229) range in femur length (as a proxy for size) from 40 to 93 mm
(SI Appendix, Table S1). No specimen preserves sternal ribs or

plates (Fig. 1); 78% preserve gastral elements, but in only 10% is
the basket even moderately well preserved.

Sapeornis (n = 106) specimens range in femoral length from ~50
to 90 mm (SI Appendix, Table S2). Of the sample, no specimen
preserves sternal elements (including sternal ribs), 50% preserve
gastralia, but only 13% preserve complete or nearly complete
baskets (SI Appendix, Table S2 and Fig. S1).

Jeholornis (n = 95) specimens preserve femora ranging from
~50 to 85 mm long (SI Appendix, Table S3). Approximately half
the specimens (52%) preserve sternal ossifications and slightly less
preserve gastralia (44%). The sternum is similar to that of the
dromaeosaurid Microraptor gui (SI Appendix, Fig. S2F), except it is
proportionately shorter (quadrangular), as in confuciusornithi-
forms (SI Appendix, Fig. S3C), with small craniolateral processes,
and large, simple lateral processes (SI Appendix, Fig. S34). In
some specimens, clefts are located on the rostral and caudal
midline, indicating that fusion of the two sternal plates was in-
complete (e.g., STM2-16, 2-39). An additional pair of ossifications
is preserved, associated with the sternum in multiple specimens

Fig. 1. Three specimens of Anchiornis sp. preserving the complete or nearly complete gastral basket but no sternal ossifications including sternal ribs: STMO-
165 (A); STMO0-120 (B); STMO0-52 (C). (Scale bars: 1 cm.) cor, coracoid; fem, femur; fur, furcula; gas, gastralia; isc, ischium; pub, pubis; sca, scapula.
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(81 Appendix, Fig. S34) and is inferred to have articulated on
the lateral surface, functioning as lateral trabeculae although in
no specimen are the “lateral trabeculae” fused to the sternum
(20), and their in vivo articulation with the sternal body is un-
known (20, 21). Four to five pairs of sternal ribs articulated with
the sternum; costal facets appear not to be developed (present in
some nonavian theropods, the basal bird Confuciusornis, and
ornithuromorphs) (22-24).

Histological samples were taken from both the upper and lower
size limit; STM15-32, a larger specimen of Sapeornis, and STMO0-§,
the largest sampled Anchiornis, both preserve an avascular outer
circumferential layer (OCL) marked by multiple lines of arrested
growth (LAGs) and a well-developed ICL (SI Appendix, SI Meth-
ods and Figs. S4-S9). The first LAG in Sapeornis STM15-32 is
a double LAG, separated from the closely packed LAGs in the
OCL, indicating that Sapeornis took several years to reach maturity
and then continued to grow, albeit slowly (SI Appendix, Fig. S5).
No previously sampled specimen of Sapeornis preserves LAGs (25,
26) to our knowledge. STM15-32 preserves a fully fused tibiotarsus
and fused proximal carpometacarpus and tarsometatarsus (S/
Appendix, Fig. S10), which together with histological data strongly
suggests this specimen is a skeletally mature adult (27). Histology
confirms that no young juvenile Sapeornis or Anchiomis are present
in the sample; even the smallest specimens (Anchiomis STMO-5,
Sapeornis STM15-6) preserve an ICL, indicating medullary ex-
pansion (bone remodeling) had already occurred at least once (S
Appendix, Figs. S8 and S9). Notably, despite its smaller size relative
to STM15-70, the histology of STM15-32 appears to be more ma-
ture, with an OCL marked by several LAGs (S Appendix, Figs. S5SB
and S7). We suggest that this observation may be indicative of
sexual dimorphism in Sapeornis.

Discussion

Based on this study conducted on the largest published sample of
specimens referable to a single dinosaurian taxon (Anchiornis,
n = 229; Sapeornis, n = 106; Jeholornis, n = 95) (SI Appendix,
Tables S1-S3), we consider the absence of sternal elements in
Anchiornis and Sapeornis to be a true feature of these taxa and
not an artifact of preservation or ontogeny. The known collec-
tions of Jehol specimens are heavily biased toward more com-
plete specimens, which should increase the likelihood of sternal
elements being preserved in the available material (71% of the
Anchiomnis specimens sampled are approximately >90% com-
plete, compared with 62% of all Sapeornis specimens and 52% of
all Jeholornis specimens; more fragmentary specimens are rarely
less than 50% complete). Sternal plates and ribs are absent in all
specimens of Anchiornis and Sapeornis regardless of preserva-
tional quality. Sternal morphology is affected by ontogeny, but
sternal ossifications appear fairly early in basal birds, present in
all known enantiornithine hatchlings and subadult jeholornithiform
and ornithuromorph specimens (21, 28-30). In the one specimen of
subadult confuciusornithiform, although there is no ossified sternum,
a chondrified sternum is preserved (31). Sternal ribs ossify even
earlier than the sternal plates in paravians, but this feature is also
consistently absent in all specimens of Anchiornis and Sapeornis,
further indicating a chondrified sternum was most likely not pre-
sent. Specimens of both Anchiomis and Sapeornis occupy a con-
siderable size range (SI Appendix, Tables S1 and S2); although
there is a known bias toward juveniles in the fossil record of larger
dinosaurs (32), this observation should not account for their ab-
sence in at least Sapeornis because sternal ossifications typically
appear fairly early in ontogeny and subadults—not juveniles—
appear to dominate the fossil record of Mesozoic birds. Histo-
logical analysis confirms our sample includes skeletally mature
specimens, indicating that the absence of sternal plates is not an
ontogenetic artifact. In light of the large number of specimens
used for each taxon in this study, many of which are complete and
fully articulated, and some of which boast exceptional preservation
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including soft-tissue impressions such as feathers and stomach
contents, we feel there is sufficient evidence to conclude that
a sternum, chondrified or ossified, was truly absent in both
Anchiornis and Sapeornis. Ossification is driven by BMP sig-
naling (33); to ossify a cartilaginous element requires only
a simple change in transcription factors. The mechanical stress
of volant activity would therefore be expected to readily induce
the evolution of an ossified sternum in animals with a cartilagi-
nous precursor, especially given that an ossified sternum is
present in more basal maniraptorans, indicating the genetic
potential for this feature. However, younger Jiufotang Forma-
tion sapeornithiforms, separated from their Yixian relatives by
a period of ~8 million years, also do not preserve any evidence for
sternal ossifications, further suggesting no cartilaginous element
was present at any stage during sapeornithiform evolution.
However, given the vagaries of taphonomy and preservation and
the delicate nature of the thin sternum even when ossified, we
cannot conclude unequivocally that a chondrified sternum was
absent in either Anchiornis or Sapeornis.

In contrast, the adult long boney-tailed Jehol bird Jeholornis has
fully fused sternal plates (SI Appendix, Fig. S3A4). Of the sampled
specimens, one-half (52%) preserve a sternum including the
subadult holotype of “Jixiangornis” CDPC 02-04-001 (29). Com-
parison with this comparably sized sympatric taxon supports
interpretations that the absence of a sternum in Sapeornis is not
preservational or the result of a sampling bias.

Compensatory Morphologies. It is commonly accepted that Archae-
opteryx and Sapeornis were volant (4, 34), thus they may have
compensated for the absence of a sternum through other mor-
phologies. In crocodilians, several muscles attach to the gastralia
and the cranial pair of gastralia articulates with the sternum (35).
This plesiomorphic condition is retained, and the gastralia are ob-
served to articulate with the sternum in some theropods and basal
birds (Jeholornis, Confuciusornis, Eopengornis, Parabohaiornis; SI
Appendix, Fig. S11 A and B). Gastralia are notably highly modified
within Theropoda compared with other groups of amniotes, and
proximally fused gastralia have been proposed to function similarly
to the sternum in tyrannosaurids (35). Gastralia are absent in living
birds, considered functionally redundant in the presence of the large
ossified sternum that characterizes Neornithes (35), thus bridging
the possibility that the large gastral basket in Sapeornis (5) may have
functioned as a compensatory feature in the absence of a sternum
and that the extensive gastral basket of basal birds with sterna may
also have participated in supporting or reinforcing the sternum and
the flight muscles (SI Appendix, Fig. S1). However, the absence of a
sternum in Sapeornis and Anchiornis would have left the gastral
basket free, suggesting it would have lacked the rigidity to support
large flight muscles. If the fused cranial row in tyrannosaurids
functioned similar to the sternum of more derived theropods (35),
potentially the same may be true regarding Archaeopteryx and
Sapeornis. Although the first pair of gastralia in Sapeornis appears
to be similarly fused, the gastral basket is otherwise void of mod-
ifications to suggest it was the attachment site of robust muscula-
ture. We do not fully understand how the gastralia may have
supported the musculature necessary for volant activity, but in
the absence of a sternum, these muscles clearly would have had to
find attachment elsewhere.

The morphology of the coracoid in Sapeornis also differs from
that of other basal birds in which this bone definitively articulates
with a sternum. Potentially the large coracoid of Sapeornis may
also have compensated for the absence of the sternum in some
way (7). Compared with other Cretaceous birds, the coracoid
is proportionately wide and short (SI Appendix, Fig. S2E). The
morphology in Sapeornis, which is similar to that of Anchiornis
(SI Appendix, Fig. S2C) and Archaeopteryx, is plesiomorphic to
a larger group of theropods, including nonavian paravians with
an ossified sternum. Caudipteryx, with its simple oval sternal
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plates, also has a plesiomorphic proportionately short coracoid
(SI Appendix, Fig. S2B). In contrast, the supposedly volant
Microraptor has a proportionately more narrow and elongate
coracoid relative to other derived maniraptorans, somewhat re-
sembling that of basal birds such as Jeholornis (SI Appendix, Fig.
S2 A and D and Table S4). It is interesting to note that in all
supposedly volant taxa with sterna (Microraptor, Jeholornis,
Confuciusornithiformes, and ornithothoracines), the coracoid
is elongated relative to the plesiomorphic condition, suggesting
these two features are correlated.

In the plesiomorphic theropod coracoid morphology, present in
Archaeopteryx and Sapeornis, the distal margin is convex, especially
along the distolateral margin, whereas in Microraptor and more
derived avian taxa, the sternal margins are straight for articulation
with the sternum (e.g., Jeholornis, Confuciusornis, ornithothoracines).
This convexity is particularly pronounced in troodontid taxa without
sterna (e.g., Mei long, Anchiornis), which also have proportionately
short coracoids (slightly wider than long; ST Appendix, Table S4).
Proximally, the sternolateral margin of the coracoid in Sapeornis
is expanded along the distal half (S Appendix, Fig. S2E), which may
also have served to provide a larger proximal attachment surface
for the pectoral muscles. Unfortunately, this hypothesis is also
not supported by any local rugosity, tubercle, or other indicator
on the coracoid to suggest that this convexity was, in fact, a site
of muscle attachment.

The Absence of Sternum in Archaeopteryx. The iconic “first bird”
Archaeopteryx is known from 10 published skeletal specimens (36).
Of these specimens, six are nearly complete and articulated (the
Berlin, Eichstatt, London, Munich, Solnhofen, and Thermopolis
specimens), four of which also preserve feather impressions.
No specimen preserves evidence of sternal plates or ribs,
although a complete or nearly complete gastral basket is pre-
served in several specimens (well preserved in the Berlin,
Eichstatt, Munich, Solnhofen, and Thermopolis specimens);
preservation of the latter, which is formed of numerous small,
delicate bones, suggests that the absence of sternal elements is not
taphonomic. What was described as the sternum in the Munich
specimen (2) has been reinterpreted as part of the coracoid (3).
However, because this element has such a centripetal role in neo-
rnithine-powered flight and is present in other nonavian manir-
aptorans, it was considered that a cartilaginous sternum was present
(37). Because of the small sample size (n = 10), the absence of an
ossified sternum may potentially be due to preservational or on-
togenetic bias. Archaeopteryx is in many ways morphologically
similar to the nonavian maniraptorans Anchiornis and Xiaotingia
(13). These taxa share more than the absence of a sternum in all
known specimens: They have similar skull morphologies with small
conical unserrated teeth; a short, quadrangular coracoid; a tetra-
radiate ischium; and a gastral basket composed of 12-14 pairs
of gastralia. These taxa have even been resolved together in
an “archaeopterygid” clade outside of Dromaecosauridae +

Caudipteryx 0]0)] 17-18

Deinonychosauria

Paraves

Microraptor 8 14-17
Linheraptor 10-12

sasnnnnnnnnnnnn fof @
snnnnnnnnnnnnnn Anchiornis @

Aves

Jeholornithiformes @ 8-9

-------------------------Sapeornis@

Pygostylia

Ornithothoraces

Enantiornithes

Confuciusornis Qy 12-13
Eopengornis m 10
Bohaiornis @ 6

Longipteryx M 4.5
Archaeorhynchus m 5

Ornithuromorpha

Yanornis @ 4

===== Neornithes m %ﬁ&; u

Fig. 2. A simplified cladogram of derived maniraptoran theropods showing sternal morphology. The size of the circle reflects body size; blue indicates the
absence of sternal ossifications, also indicated by short dashed branches (yellow, present). The number inside the circle indicates the number of gastralia (long
dash indicates branch where gastralia are absent). The smaller circle inside the larger circle for Neornithes is meant to indicate the extreme size range oc-

cupied by fossil and extant members of this clade.
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Troodontidae (10), highlighting the similarity between these taxa.
We have provided convincing evidence that the absence of an
ossified sternum in Anchiornis is not due to ontogenetic or pres-
ervational bias; we further propose that in light of the excellent
preservation of soft tissue in numerous specimens, it is safe to
conclude a chondrified sternum was also absent. Considering the
morphological similarity between Anchiornis and Archaeopteryx
and the absence of a sternum in Sapeornis, we argue a chondrified
sternum may also have been absent in the earliest bird,
Archaeopteryx.

Sternal Morphology and Avian Origins. Sternal plates (unfused and
cartilaginous) are plesiomorphic for the tetrapod crown group,
only known to be lost in turtles and various limbless clades like
snakes and caecilians (1). We have provided strong evidence that
Anchiornis and Archaeopteryx, taxa inferred to cross the dinosaurian-
avian transition (Fig. 2), had no sternum. This observation has im-
portant repercussions for theories regarding volant activity in the
earliest birds. Given the phylogenetic proximity of Troodontidae to
the base of Aves and the absence of a sternum in Archaeopteryx, it is
most parsimonious to interpret that this feature was the plesio-
morphic avian condition. Its absence in the basal pygostylian
Sapeornis may further suggest the avian lineage leading to Orni-
thothoraces also did not have a sternum,; this observation suggests
the sterna in Jeholornis and Confuciusornis could have evolved in-
dependently and may not be strictly homologous. Alternatively,
current popular phylogenetic hypotheses regarding basal bird rela-
tionships are incorrect (7); some analyses have resolved Sapeornis as
basal to Jeholornis (38, 39), which would suggest a single origin event
for the sternum within Aves (but multiple origins for the pygostyle).
Placing Archaeopteryx in Troodontidae would also require less
“steps” with regards to sternal evolution. However, among de-
rived maniraptorans, the sternum is highly homoplastic, as evi-
denced by the repeated parallel evolution of features such as a keel
and lateral trabeculae; this observation highlights the apparent
plasticity of this compound synstotic element (21), exemplified by
the novel ossification pattern evolved by some enantiornithines (21).
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The absence of a sternum in Archaeopteryx and Sapeornis goes
beyond its importance to the flight apparatus: This element is
present in all tetrapods with forelimbs (with the unique exception
of turtles in which the ribs are enlarged). Intuitively, we must infer
a cartilaginous sternum was present not only because of its phy-
logenetic distribution but also because we can infer no reasonable
benefit to volant activity gained through the loss of this feature,
which provides the major point of attachment for the primary flight
muscles (6). Most researchers tend to agree that Archaeopteryx had
extremely limited flight capabilities. Although Sapeornis possesses
features that are considerably more advanced such as its small
pygostyle, long rectrices arranged into a fan, elongate forelimbs,
and carpometacarpus with reduced manual digits (5, 26), derived
features are notably absent from the shoulder girdle. This obser-
vation may suggest that Sapeornis retained a primitive form of
flight and was not capable of a powerful up stroke, as inferred for
Archaeopteryx (8).

Conclusions

Using the largest published collection of any dinosaurian taxon to
date, we confirm the absence of sternal ossifications in Sapeornis
and Anchiornis. Furthermore, despite the bias toward complete or
exceptionally preserved material, there is no evidence of a chon-
drified sternum, widely assumed to be present in the absence of an
ossified element in taxa such as Archaeopteryx. Based on this
comparison, we suggest that Archaeopteryx, the oldest and most
basal bird, also had no sternum, cartilaginous or otherwise. This
observation suggests that this feature was the plesiomorphic con-
dition in Aves, which, in turn, suggests that basal bird sterna may
not be truly homologous.
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