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P A L E O N T O L O G Y

Jurassic avialan reveals stepwise evolution of bony tail 
in birds
Min Wang1*†, Jianrong Tang2†, Ke Deng2, Liping Dong1, Liming Xu2, Xing Xu1, Min Lin2,  
Honggang Du2, Ganmin Lin2, Runsheng Chen2, Chi Zhang1, Zhonghe Zhou1

The evolutionary assembly of the flight-adapted bird body plan encompasses some of the most profound mor-
phological changes in terrestrial vertebrate history. Beyond feathered wings, the short pygostyle-bearing tail has 
been pivotal to the clade’s ecological success. However, transition from the long bony tail to the short pygostyle-
bearing tail remains a mystery, hindered by the scarcity of early branching avialans with transitional morpholo-
gies. Here, we report on a new avialan, Zhengheornis buyu, gen. et sp. nov., from the Upper Jurassic of southeastern 
China, suggesting that the vertebral reduction and shortening preceded pygostyle fusion in early avialan evolu-
tion, providing critical evidence for the stepwise evolution of the bird tail. Z. buyu is smaller than all known non-
pygostylian paravians, expanding the species and body size diversity of stemward taxa.

INTRODUCTION
Distinguished from other reptiles including their dinosaurian an-
cestors, living birds have a short bony tail (1), which functions as a 
separate locomotor module with a high degree of evolutionary labil-
ity that contributes to their marked diversification (1–3). However, 
disentangling the transformation from the ancestral long bony tails 
of non-avialan dinosaurs and the earliest-diverging avialans to the 
short tails of pygostylian birds has been impeded by the exceeding 
rarity of early diverging avialans preserving intermediate morphol-
ogies (4–6). To further complicate matters, the fossil record shows 
near-simultaneous appearance of both long- and short-tailed avial-
ans in equivalent spatiotemporal distribution in their earliest evolu-
tionary stage (5, 7). Developmental studies suggest that the fused 
pygostyle arose from pleiotropic effects of relatively a few mutations, 
arguing that the absence of stem avialans with intermediate tail mor-
phologies may reflect a rapid evolutionary transition (8, 9). Here, 
we address this issue by describing a previously unidentified avialan, 
Zhengheornis buyu gen. et sp. nov., from the Tithonian of China, which 
preserves an abbreviated tail comprising 15 short caudal vertebrae 
but no pygostyle. Our phylogenetic analyses resolve Zhengheornis as one 
of the earliest diverging avialans just crownward of Archaeopteryx. 
This specimen constitutes the fourth avialan discovered from the 
previously unrecognized Late Jurassic Zhenghe Fauna (7, 10), and these 
taxa demonstrate varied morphologies and ecological adaptations. 
Together, these findings demonstrate that avialans were morphologi-
cally diverse by the end Jurassic (11–13).

RESULTS
Systematics
Theropoda Marsh, 1881. Maniraptora Gauthier, 1986. Avialae Gauthier, 
1986. Zhengheornis buyu gen. et sp. nov. Etymology: “Zhenghe” 
(Mandarin), referring to Zhenghe Country, where the holotype speci-
men was found; “ornis,” bird (Greek); “buyu,” unexpected (Mandarin), 
from the ancient Chinese book Guoyu, referring to the unique tail 

and pelvic morphologies preserved in this species. Holotype: Institute 
of Vertebrate Paleontology and Paleoanthropology (IVPP) V34168, 
an articulated and partially complete skeleton (most limb bones are 
preserved as molds) with feathers preserved on a slab and counter 
slab (Fig. 1, figs. S1 and S2, and table S1). Locality and horizon: Near 
Yangyuan Village, Zhenghe Country, Nanping City, Fujian Province; 
Upper Jurassic, Nanyuan Formation [Tithonian stage; (10)]. Diagnosis: 
IVPP V34168 is distinguishable from all other paravians in the fol-
lowing combination of characters (*denotes probable autapomorphy): 
short tail comprising 15 vertebrae that is shorter than the hindlimb 
(combined length of femur, tibia, and metatarsal III)*; middle and 
posterior caudal vertebrae less elongate (opposite to the condition 
in other long tailed avialans); final two caudal vertebrae box-like*; 
manual phalanx III-1 shorter than III-2, opposite to the condition in 
Archaeopteryx and Fujianvenator [the three manual digits of mani-
raptorans are here identified as I, II, and III, as in (14)]; manual pha-
lanx III-3 50% longer than III-2 (the length ratio greater than 2 in 
Anchiornis and Archaeopteryx); slender ischium that has a knob-like, 
distally located obturator process and lacks the posterior process*; 
short fibula that terminates far proximal to the ankle; metatarsal I 
that articulates at the distal third of metatarsal II; metatarsal II that 
ends far proximal to metatarsal III trochlea; short hallux with an un-
gual that is smaller than that of other pedal digits; and robust digit II 
that has the longest non-ungual (II-2) and ungual pedal phalanges.

Description
The holotype of Zhengheornis is a small avialan. We interpreted IVPP 
V34168 to be subadult or adult on the basis of fused synsacrum and 
tibiotarsus, considering that fusion of these elements occurred in 
late developmental stage in early avialans (15, 16). IVPP V34168 is 
estimated to have a body mass of ∼74 to 163 g using empirical equa-
tions on basis of femoral midshaft circumference (Materials and Meth-
ods) (17, 18). Complete measurements of IVPP V34168 are provided 
in table S1.

The trunk posterior to the shoulder is complete and articulated 
(Fig. 1 and fig. S1). The middle and posterior dorsal vertebrae have 
basally constricted neural spines that are dorsoventrally higher than 
the centrum height, but the opposite is true in other Jurassic para-
vians such as Fujianvenator (10), Archaeopteryx (19), and Caihong 
(20). The ventral margin of the dorsal centrum is concave in lateral 
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view. The synsacrum probably consists of five sacrals, comparable to 
that of other early paravians (20–23), but fewer than in crownward 
avialans (24). The last sacral has a pair of elongate posterolaterally 
directed transverse processes. The complete tail consists of 15 verte-
brae (Fig. 2, A and B). Considering the proximity of the synsacrum 
and the caudal vertebrae, and the articulated vertebral column, 
one or two additional anterior-most caudal vertebrae might have 
been present. Nevertheless, the tail is notably shorter than in other 
long-tailed paravians in terms of both vertebral count and rela-
tive length. Specifically, there are 23 to 24 caudals in Archaeopteryx 
(25, 26), 22 to 27 in Jeholornis (24), and >30 in other early paravians 
such as anchiornithines and Jianianhualong (fig. S3 and table S2) 
(20, 22, 23, 27, 28). The tail measures only two-thirds of the length of 
the hindlimb (combined length of femur, tibia, and metatarsal III), 
contrasting with the fact that the tail is longer than the hindlimb in 
most other long-tailed paravians (tables S3 and S4) (4, 19, 22, 24, 29). 
As in stem paravians (22, 30, 31), the anterior caudal vertebrae are 
much shorter than the posterior dorsal vertebrae. Transverse process-
es are only developed on the anterior five caudal vertebrae, indicating 
that the transition point occurs around the sixth caudal vertebra as in 
Archaeopteryx and Anchiornis (22, 24), whereas in deinonychosaurs, 
it is located posteriorly to the 9th to 10th vertebrae (fig. S4) (4, 32, 33). 

Some oviraptorosaurians and scansoriopterygids such as Ambopteryx, 
although having a short tail with most caudal vertebrae bearing trans-
verse processes, lack a clearly defined transition point (4, 34). As 
in Anchiornis and troodontids (32, 35), the transverse processes 
are slender, contrasting with the distally flared condition seen in 
Archaeopteryx and dromaeosaurids (fig. S4, A to E) (21, 33). The ver-
tebrae posterior to the transition point are less elongate than in other 
early paravians such as Fujianvenator and Archaeopteryx, in which 
the centra are more than four times as long as they are wide (fig. S4) 
(4, 10, 19, 22). The two terminal vertebrae differ greatly from preced-
ing ones in being box-like and having bluntly convex caudal ends. All 
these features compare favorably with Caudipteryx (figs. S5, A and 
B, and S6) (4). The 14th and 15th caudals are proportionally shorter 
than proximal ones (the length/depth ratio is 1.4, compared with 
greater than 2 in 10th to 13th caudals; table S1). By contrast, in other 
long-tailed paravians and scansoriopterygids, the vertebrae in equiv-
alent positions are splint-like, with a length/depth ratio greater than 
3 (figs. S4 and S5, C and D) (23, 24, 27, 36, 37). Although the caudal-
most two caudals are not well preserved, the overall preservation of 
IVPP V34168 (most bones remain articulated, and no other vertebra-
like elements are found on both slabs) suggest that additional verte-
brae posterior to the 15th caudal are unlikely to be present. Moreover, 

Fig. 1. Holotype of Zhengheornis buyu, IVPP V34168. (A and B) Photograph (A) and line drawing (B) of the holotype of Z. buyu (IVPP V34168). ch, chevron; cv, caudal 
vertebra; dr, dorsal rib; dv, dorsal vertebra; gs, gastralia; is, ischium; lf, left femur; lfi, left fibula; li, left ilium; lr, left radius; lt, left tibia; lu, left ulna; mcI to mcIII, metacarpal I 
to III; mtI to mtV, metatarsal I to V; pdI to pdIV, pedal digit I to IV; pu, pubis; rh, right humerus; rf, right femur; rfi, right fibula; rr, right radius; rt., right tibia; ru, right ulna; ?sc, 
possible scapula; sy, synsacrum; I-1, manual phalanx I-1; II-1 to II-3, manual phalanx II-1 to II-3; III-1 to III-4, manual phalanx III-1 to III-4. Scale bars, 10 mm [(A) and (B)].
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there are no avialan or non-avialan theropods that show similar cau-
dal morphology (suddenly changing from splint-like to box-like 
form) in the middle or posterior region of the tail (fig. S4). In contrast, 
such box-like and bluntly ended caudals are seen in the end of the tail 
in Caudipteryx. Therefore, we posit that the 14th and 15th caudals are 
genuinely the caudalmost caudals. The terminal caudals are unfused 
with one another. Given the relatively skeletal maturity of IVPP 

V34168, the unfused condition cannot be ascribed to ontogeny. As 
in Archaeopteryx and Anchiornis (22, 36), the anterior chevrons are 
dorsoventrally deep and rectangular, rather than being rod-like as in 
many deinonychosaurians and oviraptorosaurs (Fig. 2A and fig. S4) 
(22). The middle and posterior chevrons are elongate anteroposteri-
orly, but to a lesser extent than in other paravians in which the hyper-
elongated chevrons contact with each other such as in Anchiornis, 

Fig. 2. Anatomy of Z. buyu, IVPP V34168. (A and B) Caudal vertebrae under normal (A) and laser light (B). The numbers 1 to 15 denote the free caudal vertebrae. (C) Left 
manus. (D) Pelvic girdle. (E and F) Feet under normal (E) and laser light (F). ch, chevron; is, ischium; ip, iliac peduncle of ischium; mcI to mcIII, metacarpal I to III; mtI to mtV, 
metatarsal I to V; op, obturator process; pI-1 to pI-2, pedal phalanx I-1 and I-2; pII-1 to II-3, pedal phalanx II-1 to II-3; pIII-1 to III-4, pedal phalanx III-1 to III-4; pIV-1 to IV-5, 
pedal phalanx IV-1to IV-5; pp, pubic peduncle of ischium; tp, transverse process; I-1, manual phalanx I-1; II-2 to II-3, manual phalanx II-2 and II-3; III-2 to III-4, manual 
phalanx III-2 to III-4. Scale bars, 10 mm [(A) to (F)].
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Jeholornis, and deinonychosaurians (fig. S4) (19, 22, 24, 32, 33, 38). 
Specifically, the chevron located posterior to the 10th caudal is rela-
tively shorter than in Archaeopteryx [the depth/length ratio is 0.47, 
compared with 0.27 in the latter taxon; (19)]. No uncinate processes 
are preserved, as in other stem avialans. The slender gastralia are 
nearly straight and taper at both ends.

The humerus is weakly expanded dorsoventrally at its distal end. 
As in Archaeopteryx (36), but not in Anchiornis or Fujianvenator 
(10, 22), the ulna is bowed dorsally (Fig. 1). Quill knobs for the 
attachment of the remiges are absent, a plesiomorphic condition 
for avialans (31, 36, 39, 40). The straight radius measures 85% of the 
width of the ulna. The manus retains the ancestral theropod condi-
tion in having a phalangeal formula of 2-3-4 (Fig. 2C and fig. S7A) 
(12, 39). As in other early paravians (7, 10, 22, 41), metacarpal I lacks 
an extensor process and ends in a ginglymoid articulation. The 
unguals are strongly curved and have prominent flexor processes. 
Phalanx II-2 is longer than II-1, a primitive condition of avialans 
(19, 39). As in Anchiornis and Caihong (20, 22), phalanx III-1 is 
slightly shorter than III-2, but the opposite is true in other stem 
avialans, including Fujianvenator, Archaeopteryx, and Baminornis 
(fig. S7 and table S3) (7, 10, 19). Phalanx III-3 is 1.5 times as long as 
III-2, comparable to that of Baminornis (7)—proportionately short-
er than in other Jurassic avialans (table S3) (10, 19, 27).

The strap-like ischium is slender and lacks the prominently ex-
panded distal end that is present in other non-avialan theropods and 
Jurassic avialans (Fig. 2D and fig. S5, E, F, and H) (10, 28, 30, 35, 42). 
As in Fujianvenator, Anchiornis, and Archaeopteryx (10, 31), the ob-
turator process is distally located, but lacks the constriction at its 
base that is characteristically present in the former three taxa (fig. S5, 
H to K). By contrast, the obturator process is more proximally lo-
cated in many dromaeosaurids and troodontids (32, 33). The small 
obturator process is knob-like, which contrasts with both the rect-
angular form, seen in Anchiornis and Archaeopteryx (21, 31), and 
the triangular form, seen in Fujianvenator and non-avialan coeluro-
saurians (10, 30, 42). The obturator process is independently lost in 
scansoriopterygids and later avialans (30, 37). As in Anchiornis and 
Baminornis (7, 31), the ischium lacks the posterior process that is 
widely distributed among early paravians, with two in Archaeopteryx 
and deinonychosaurians (31–33), and one in Fujianvenator and many 
Cretaceous avialans (fig. S5) (10, 43, 44). As in some deinonycho-
saurs (28, 31, 42), the ischium ends bluntly posteriorly, rather than 
tapering into a pointed posterior end as in Fujianvenator, Anchiornis, 
and Archaeopteryx (fig. S5, E to K) (10, 25, 31). The pubis is rod-like.

The robust femur measures 70% of the length of the tibia, com-
parable to that of Archaeopteryx and Anchiornis (19, 22), but pro-
portionately longer than in Fujianvenator (table S3) (10). The tibia is 
straight laterally. Both tibiae are preserved in articulation with the 
proximal tarsals with little displacement, suggesting that these ele-
ments are partially or fully fused into a tibiotarsus (Figs. 1 and 2, E 
and F). Unlike other Jurassic paravians and most non-paravian the-
ropods (10, 19, 45), the fibula ends far proximal to the ankle (Fig. 1 
and fig. S1), a derived feature previously known in avialans from the 
Cretaceous onward (45). A short fibula is convergently developed in 
some Late Cretaceous alvarezsaurids and oviraptorosaurs (46). As in 
early avialans (10, 47), the metatarsus is gracile (Fig. 2, E and F), 
contrasting with the stout form that is seen in many non-paravian 
theropods and Cretaceous avialans such as Jeholornis and confuciusor-
nithids (39, 43, 47). Metatarsals II to IV are unfused with one an-
other or with the distal tarsals, a plesiomorphic condition of avialans 

(39, 48). Metatarsal I articulates with the posteromedial side of meta-
tarsal II at its distal third-length (Fig. 2E and fig. S2), whereas it is 
more distally located in other early paravians except Fujianvenator 
(10, 47–49). Metatarsal III is the longest, followed by metatarsal IV, 
and metatarsal II terminates far proximal to the proximal margins of 
the trochleae of metatarsals III and IV (Fig. 2F). This configuration 
is unique among early paravians. For instance, metatarsal II is either 
slightly shorter than or as along as metatarsal IV in Archaeopteryx, 
Fujianvenator, Anchiornis, and some dromaeosaurids (10, 21, 22, 30,  
47), whereas in troodontids metatarsal IV is characteristically longer 
than other metatarsals (32, 50). As in Fujianvenator and Anchiornis 
(10, 22)—but unlike Archaeopteryx and many non-avialan theropods 
(21, 30)—metatarsal III is not pinched proximally. Like many enan-
tiornithines (44), metatarsal III is the most robust metatarsal, and 
metatarsal IV is narrower than metatarsal II. By contrast, metatar-
sal II is stouter than other metatarsals in other Jurassic avialans and 
some dromaeosaurids (10, 19, 33), but in troodontids, metatarsal IV 
is the most robust metatarsal (32). The reduced metatarsal V mea-
sures one-sixth of the length of metatarsal III (Fig. 2E), proportion-
ately shorter than in Archaeopteryx and Anchiornis (19, 22).

The hallux is notably short (Fig. 2, E and F). Phalanx I-1 is less 
than two-thirds of the length of II-1. The hallucal ungual is small-
er than that of other digits, as in Xiaotingia and Anchiornis (31, 35). 
A short phalanx I-1 is the ancestral condition of maniraptorans 
(22), which is relatively long in Archaeopteryx and is longer than 
II-1 in more crownward taxa such as Jeholornis and jinguofortisids 
(19, 24, 41). In Archaeopteryx and many crownward taxa, the hallu-
cal ungual is no smaller than that of digit IV (19, 40, 41). In contrast 
to what is observed in other Jurassic avialans (19, 22), digit II is more 
robust than digit III, as in some enantiornithines (40). The longest 
non-ungual phalanx is II-2, rather than being III-1 as in other Jurassic 
avialans (e.g., Archaeopteryx, anchiornithines) (19, 22, 23), whereas 
in most deinonychosaurs, phalanx II-2 is shorter than II-1 (32, 33). 
Phalanx II-2 readily differs from that of Archaeopteryx, anchiorni-
thines, and deinonychosaurs in lacking the features associated with 
hyperextension, including the proximoventral heel and the distal 
articulation that expands dorsally and bears dorsally located lateral 
ligament fossa (Fig. 2F) (31–33). As in Archaeopteryx and Anchiornis 
(19, 22), the phalangeal lengths of digit III decrease distally.

The entire skeleton is surrounded by a halo of feather traces (Fig. 1 
and fig. S1), which also extend down the proximal part of the meta-
tarsus, as in other early avialans (35). The remiges terminate with 
pointed ends and appear to be asymmetrical. Features of the rectri-
ces are hardly recognizable.

Morphometric analyses
To explore the ecological adaptation of Zhengheornis, phylogeneti-
cally corrected morphometric analyses were conducted to compare 
hindlimb proportions among Mesozoic theropods (Supplementary 
Materials). The results of phylogenetic principal components analy-
sis (pPCA) using measurements of femur, tibia, and metatarsal III 
show that Zhengheornis is placed in an intermediate position between 
non-avialan and avialan theropods along principal component (PC) 
1 (Fig. 3, A to C and fig. S8A). PC 1 correlates negatively with all 
variables with approximately equal eigenvector coefficients, indicat-
ing that it captures elongation of the hindlimb and thus correlates 
with body size (table S5). PCs 2 and 3 describe the elongation of the 
femur and metatarsal III relative to other elements, respectively. Non-
avialan and avialan theropods overlap substantially along these axes 
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(Fig. 3, B and C, and fig. S8A). Enantiornithines and ornithuro-
morphs are separated from each other along PCs 2 and 3, reflecting 
their contrasting ecological preferences—arboreal and terrestrial 
(51). Zhengheornis falls in the intermediate position between enan-
tiornithines and ornithuromorphs, and it is located far away from 
Archaeopteryx, Anchiornis, and Fujianvenator, which plot near the 
morphospace of ornithuromorphs (Fig. 3, B and C, and fig. S8A). 
Similar results are recovered with conventional PCA, and pPCA focus-
ing on Mesozoic avialans (figs. S7 and S8 and tables S6 and S7). The 
discovery of Zhengheornis brings nuanced impacts on the hindlimb 
disparity of Jurassic avialans. Quantitative metrics that describe 
the average dissimilarity among species (sum of variance and the 
median distance from centroids) change little with and without 
Zhengheornis (52), whereas Zhengheornis increases the disparity of 
Jurassic avialans in terms of sum of ranges, which reflects the overall 
distribution of hindlimb proportion (Fig. 3D) (53). Rarefaction anal-
yses showed that these results are not strongly affected by sam-
pling bias (fig. S10). The morphometric analyses and the lack of clear 

morphological features for terrestrial or arboreal adaptations (e.g., 
short and proximally located hallux, less elongate tibia, weakly curved 
unguals) suggest that Zhengheornis was not well adapted to neither 
habitats, a niche preference different from other Jurassic avialans, 
particularly the co-occurring long-legged Fujianvenator (10, 13).

DISCUSSION
Our phylogenetic analyses consistently recovered Zhengheornis as 
one of the earliest diverging avialans that is just crownward of the 
anchiornithines and Archaeopteryx, a result that is corroborated by 
maximum parsimony and Bayesian tip-dating analyses (Fig. 4A and 
figs. S11 and S12). Referral of Zhengheornis to the Avialae is sup-
ported by two synapomorphies, and one of them can be accessed in 
IVPP V34168: transition point located proximal to the seventh cau-
dal vertebra (character state 114.2). The more crownward position 
of Zhengheornis relative to Archaeopteryx is supported by three syn-
apomorphies, and two of them can be scored: metatarsal II ending 
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distally only as far as the base of metatarsal IV trochlea (character 
state 433.2) and distal end of humerus less than twice the width of its 
shaft (character state 796.1). Considering the exceedingly rare fossil 
record of the earliest diverging avialans, Zhengheornis not only 
increases the known diversity of Jurassic avialans, but, more impor-
tantly, also fills a morphological gap between the ancestral long bony-
tailed avialans and the derived short-tailed pygostylians. For instance, 
the ischium, although bearing an obturator process, is much slender 
than in most other Jurassic avialans (fig. S5, H to K), and the fibula 
terminates far proximal to the distal end of the tibia (Fig. 1), a de-
rived feature previously known in pygostylians (45).

Acquisition of the characteristic bird body plan involves numer-
ous changes in musculoskeletal and epidermal structures, some of 

which stand as unrivaled morphological innovations in terrestrial 
vertebrate evolution (12, 51, 54). Among these, a short pygostyle-
bearing tail is functionally and ecologically vital to living birds, 
which enables tail fanning and conveys aerodynamic advantages 
(2, 54–56). The continuing discoveries of stemward avialans and 
their kin have demonstrated the short-lived coexistence of long- 
and short-tailed avialans in equivalent spatiotemporal distribu-
tion (4–6), exemplified by the recent discoveries of Fujianvenator 
and Baminornis from the Late Jurassic Zhenghe Fauna (7), wherein 
the long-tailed Early Cretaceous Jeholornis has more caudal verte-
brae than Archaeopteryx, but it is crownward of Baminornis that has 
a pygostyle, demonstrating the complexity of tail evolution. The 
Early Cretaceous Zhongornis was originally described as an avialan 
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Fig. 4. Phylogeny, tail length, and body mass evolution of Mesozoic theropods. (A) Time-scaled phylogeny showing the position of Z. buyu. See figs. S11 and S12 for 
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that may have preserved an abbreviated unfused tail (57). However, 
this specimen has been interpreted to have 20 caudal vertebrae and 
assigned to scansoriopterygids by recent studies (4, 9).

Developmental studies have suggested that pleiotropic effect of 
relatively few mutations and inflammation can cause tail shortening 
and fusion of the pygostyle (9, 58), and the coexistence of long- and 
short-tailed birds shortly after their origins without intermediate 
forms is not unexpected (6, 7). Therefore, species with transitional 
morphologies such as an abbreviated and unfused tail have been 
thought unlikely to have existed (6, 7). However, the discovery of 
Zhengheornis just fills this “hypothetic vacancy” by capturing a pre-
viously undocumented intermediate stage with a distally unfused 
tail consisting of fewer shorter caudal vertebrae (Fig. 4A and figs. S13 
and S14), challenging previous hypotheses (6).

To trace changes of the tail across non-avialan and avialan thero-
pods transition, we reconstructed the evolution of tail length using 
phylogentic comparative method. The result shows that Zhengheornis 
has the proportionately shortest tail among non-pygostylian paravi-
ans, with its general body plan approaching the derived condition 
(Fig. 4B and fig. S3). That tail morphology brings aerodynamic ben-
efits: A short tail reduces body weight and results in the anterior 
shift of the center of mass and lift force (2, 59); fewer caudal verte-
brae (fewer number of joints) increase stiffness of the tail that en-
hances fight control (60); and a short tail decreases the lever arm 
to raise or depress the tail feathers, which contributes stability and 
maneuverability. Moreover, Zhengheornis lacks elongate chevrons, pre- 
and postzygapophyses of the kind present in other non-avialan thero-
pods and long-tailed avialans such as Archaeopteryx and Anchiornis 
(38, 60), making its tail less rigid. Together, Zhengheornis demon-
strates that the reduction of free caudal counts (from >30 to 15) and 
the shortening of vertebral bodies occurred prior to the fusion of the 
pygostyle, disentangling the path of bird tail evolution.

The holotype of Zhengheornis is, to our knowledge, the smallest 
adult individual of non-pygostylian theropods known thus far. Spe-
cifically, the femur of IVPP V34168 measures ∼63% the length 
of that of the holotype of Microraptor zhaoi (IVPP V12330)—the 
smallest previously known adult specimen of non-avialan thero-
pods (61); the femur is 10% shorter than that of the recently reported 
Chicago specimen of Archaeopteryx, which has been described 
as the smallest long-tailed avialan (21, 26); and IVPP V34168 is 
even smaller than the co-occurring short-tailed avialan Baminornis 
(table S3). Zhengheornis is smaller than other non-pygostylian the-
ropods, reaching the size class that is accessed by small Early 
Cretaceous enantiornithines such as Protopteryx (Fig. 4C and fig. S4). 
Miniaturization along the line to avialans contributed to the ap-
pearances of some evolutionary novelties including powered flight 
(18, 62, 63), and, more importantly, facilitated access to new niches, 
which have been constrained by threshold of body size (64). We in-
vestigated changes of body mass across the theropod tree under a 
phylogenetic comparative framework, focusing on the stage near 
the origin of avialans. As the smallest known Jurassic paravians, 
Zhengheornis demonstrates that some early-diverging avialans got 
much smaller earlier in their history than we used to think, which 
could represent an experimentation with volant behavior. Zhengheornis, 
Fujianvenator, and Baminornis show disparate bauplans (e.g., long 
and short tails), body sizes (leg length varies from 107 to 225 mm), 
and morphologies (e.g., robust and slender ischium, long and short 
tibia, and non-avialan and ornithothoracine-like pectoral girdle), 
clearly demonstrating that avialans were already well diversified by 

the end of Jurassic, supporting the recent macroevolutionary hy-
pothesis that birds were fairly diversified by the end of Jurassic 
(11, 12, 65).

MATERIALS AND METHODS
Provenance of IVPP V34168
The holotype specimen of Zhengheornis buyu (IVPP V34168) was 
discovered from the main excavation site of the Zhenghe Fauna 
[148 to 150 million years ago (Ma)] (10), near Yangyuan Village, 
Zhenghe Country, Nanping City, Fujian Province, in our 2024 field-
work (from 10 March to 28 April). In addition to IVPP V34168, the 
Zhenghe Fauna has thus far yielded another three avialans, includ-
ing Fujianvenator (IVPP V31985) (10), Baminornis (IVPP V33259), 
and an incomplete specimen represented by only a furcula (IVPP 
V33260) (7). The holotype of Zhengheornis and IVPP V33260 were 
preserved in “layer six,” above the horizon (“layer two”) that preserves 
the holotypes of Fujianvenator and Baminornis [see the composite 
stratigraphic log in figure 4 in (10)]. IVPP V34168 was prepared by 
a professional technician from the IVPP, under the supervision of 
the authors. The specimen (IVPP V34168) described in this study is 
archived and available from the IVPP, Chinese Academy of Sciences, 
Beijing, China.

Phylogenetic analysis
To investigate the phylogenetic position of IVPP V34168, we per-
formed both maximum parsimony and Bayesian tip-dating analyses 
using the latest version of Theropod Working Group matrix (TWiG) 
(66) with modifications following recent studies (7, 10, 67). The re-
vised matrix consists of 169 taxa and 853 morphological characters 
(data S1 and S2). Maximum parsimony analysis was conducted us-
ing the TNT software package (68) with the following settings: All 
characters were equally weighted and analyzed using the New Tech-
nology search algorithm with sectorial search, ratchet, tree drift, and 
tree fusion to find the most parsimonious tree; the minimum-length 
tree was searched for 20 replicates to find as many tree islands as 
possible; and the resulting parsimonious trees were fed into a second 
round of branch swapping using the traditional tree bisection-
reconnection method to search treespace more extensively. We cal-
culated the Bremer and the absolute frequency of the bootstrap 
values as the node-supporting indices. The Bremer support values 
were calculated using the Bremer script embedded in TNT. The ab-
solute boostrap values were calculated via 1000 replicates using the 
same setting as the primary search.

The strict consensus was relatively well resolved (length = 3583; 
consistency index = 0.304; retention index = 0.782). The interrela-
tionships of the major clades are consistent with most recent phylo-
genetic analyses (fig. S11) (7, 10, 67). IVPP V34168 was resolved 
in a stemward position within the Avialae, and it is just crownward 
of Archaeopteryx and the Anchiornithinae. The other two Zhenghe 
avialans—Fujianvenator and Baminornis—were recovered in the same 
phylogenetic position as in previous studies (7, 10), with the for-
mer falling within the Anchiornithinae and the latter emerging as 
the immediate outgroup to the clade uniting Jeholornis and more 
crownward taxa.

Bayesian tip-dating method was performed using the MrBayes 
(v. 3.2.7b) software (69), with same setting as in our previous study 
(7). Mkv model (70) with gamma rate variation across characters 
was used for the morphological characters (71). The prior for the 
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time-calibrated tree was modeled by the fossilized birth-death pro-
cess (72). The root age was assigned an offset-exponential prior with 
mean age of 180 Ma and minimal age of 170 Ma. The fossil ages were 
given uniform distributions based on the formations and horizons 
where the fossils were found. The extant-sampling probability was 
fixed to 0.0005 based on the number of living birds. The prior for the 
evolutionary rate was modeled by the uncorrelated lognormal and 
gamma mixed clock (73). The mean evolutionary rate was assigned 
an exponential prior with mean 0.01 (approximately one change per 
character per 100 million years), and the variance parameter was 
given an exponential prior with mean 1.0. Two independent runs 
and four chains per run (one cold chain and three hot chains with 
temperature 0.06) were conducted in Markov chain Monte Carlo. 
Each run was executed 60 million generations and sampled every 
2000 generations. The first 25% samples were discarded as burn-in, 
and the rest from the two runs were combined. Good convergence 
and mixing were diagnosed by the effective sample size larger than 
100 for all parameters and the average standard deviation of split 
frequencies (69) smaller than 0.01. The posterior trees were summa-
rized as a 50% majority-rule consensus tree. IVPP V34168 was re-
solved within the Avialae and forms the immediate outgroup to the 
clade encompassing Baminornis and more crownward taxa, a result 
consistent with maximum parsimony analysis (fig. S12).

Laser-stimulated fluorescence photographing
IVPP V34168 was photographed using the laser-stimulated fluo-
rescence method. Photos were taken using a 450-nm, 500-mW blue 
laser (MDL-III-450-1W, Changchun New Industries Optoelectron-
ics Tech. Co.), with an LP-500-62 light yellow long-pass filter and a 
Nikon D850.

Phylogenetic comparative analyses
To compare the hindlimb proportion of Zhengheornis with that 
of other Mesozoic theropods (including avialans), we performed 
phylogeny-based comparative analyses using the lengths of femur, 
tibia/tibiotarsus, and metatarsal III. Hindlimb proportion is eco-
logical informative and has been widely used to illuminate habitats 
of extinct vertebrates (74–77), and thus, our comparative analyses 
could help understand the ecological adaptation of Zhengheornis. A 
dataset of the length of the hindlimb elements spanning the whole 
spectrum of Mesozoic theropod phylogeny was compiled based on 
our direct measurement and the literature (table S8). To circumvent 
the controversy about the scaling relationships of limb size and on-
togenetic impacts, only adult and subadult specimens that preserve 
the complete length for all three hindlimb elements were included. 
The length dataset contains 138 species, including all the known 
Jurassic avialans. An informal supertree that contains all the taxa in 
the length dataset was constructed in Mesquite (v. 3.61) (78), with 
reference to current and latest phylogenetic analyses (30, 41, 66, 67). 
Branches subtending to taxa with competing phylogenetic posi-
tions were collapsed as polytomies. The supertree was time-scaled 
using tip dates constrained by the first and last appearance datum of 
the geological formations where the specimens were discovered 
(79). We applied the “minimum branch method” to calibrate the 
supertree using the timePaleoPhy function in the R package paleo-
tree (80). The dated supertree was used as the backbone in down-
stream analyses.

The length measurements were log10-transformed to normal-
ize the distribution prior to subsequent analyses. To account for the 

size-dependent limb measurements (81), we calculated the residues 
from a least-squares regression of the log10-transformed length data 
against body mass using the phyl.resid function of the R package 
phytools (82). Body masses of Mesozoic theropods were estimated 
using the empirical equation derived from living bipedal tetrapods 
(18). To account for nonindependence in phenotypes (here, body 
mass and limb measurement) due to shared evolution (83), we per-
formed pPCA using the phyl.pca function in the R package phy-
tools (82). The size-corrected residuals were fed into pPCA, which 
reconstructed ancestral states using maximum likelihood under a 
Brownian model of evolution. The resulting PCs and the phylogeny 
were used to construct the phylogenetic morphospace, which demon-
strated the interrelationships and the direction and magnitude of 
morphological variations along different branches. PC 1 explains 
82.9% of the variance and negatively correlates with all variables, show-
ing that it refers the overall elongation of the leg (body size relat-
ed) (table S5). As such, Mesozoic avialans are generally separated 
from the large sized non-avialan therapods along PC 1. Zhengheornis 
plots closer to the morphospace of Cretaceous avialans than other 
Jurassic avialans along PC 1 (Fig. 3, A to C, and fig. S8A). PC 2 cor-
relates positively with metatarsal III, but negatively with femur and 
tibia. The high loading of eigenvector coefficients on metatarsal III 
and femur suggests that PC2 corresponds to the elongation of the 
metatarsal III relative to the femur. The eigenvector coefficients of 
PC 3 are negatively related with tibia but positively correlate with 
the femur and metatarsal III, showing that this axis describes the 
relative elongation of the tibia. In living birds, terrestrial forms typi-
cally have elongate tibiotarsus and tarsometatarsus, because elongate 
distal elements are functionally beneficial in increasing stride dis-
tance, whereas arboreal birds usually have short distal elements, 
which helps bring their center of body mass close to the substrate 
(74, 77). In the binary plot of PCs 2 and 3, enantiornithines are gen-
erally separated from early ornithuromorphs, with Zhengheornis 
in the intermediate position (fig. S8A). Other Jurassic avialans—
Archaeopteryx, Fujianvenator, and Anchiornis—are placed on the more 
positive end of PC 2 and more negative end of PC 3, respectively 
(Fig. 3, B and C). Archaeopteryx, Fujianvenator, and Anchiornis are clos-
er to the morphospace of early ornithuromorphs than Zhengheornis, 
suggesting ecological diversification among these taxa. Convention-
al PCA, which do not account for phylogeny and body size, was also 
performed for comparison, and comparable results were recovered 
(fig. S8, C and D, and table S6). pPCA including only avialans pro-
duced similar results (fig. S9 and table S7).

To quantify and compare the impact of Zhengheornis on the 
disparity of hindlimb proportion of Jurassic avialans, we calculated 
three widely used disparity metrics, the sum of ranges and varianc-
es, and the median distance from the centroids (52, 53). Ranges de-
scribe the overall morphological dispersion and are relatively robust 
to the bias induced by the splitting of specimens (53). Variances cap-
ture the average dissimilarity among specimens and are relatively 
independent from sample size bias (53). The median distance from 
the centroids describes the median Euclidean distance of individual 
specimens from the centroid of their group (52). Disparity metrics 
were calculated using the PC scores derived from pPCA, which were 
bootstrapped using 1000 replicates to produce a confidence inter-
val using the R package dispRity (84). For intergroup comparison, 
we divided Mesozoic theropods into four subgroups, Cretaceous 
avialans (n = 58), Jurassic avialans (n = 6), non-avialan paravians 
(n = 16), and non-paravian theropods (n = 58). We calculated the 
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disparity metrics with and without Zhengheornis, respectively, and 
then compared the results. The results show that Zhengheornis does 
increase the disparity of Jurassic avialans in terms of sum of ranges 
but bring little effect in the other two metrics (Fig. 3D). Rarefaction 
analyses were conducted to estimate how the disparity metrics were 
affected by the uneven species numbers among these subgroups, us-
ing the boot.matrix function in the R package dispRity (84).

A ternary diagram of the proportions of the non-ungual phalan-
ges of pedal digit III is a simple and useful method to distinguish 
tetrapods, particularly birds that are adapted to different habitats, 
e.g., arboreal and terrestrial (85, 86). We added Zhengheornis and 
other Jurassic avialans (n = 5) into the dataset in (85), which consists 
of 183 modern birds that are classified as either arboreal or terres-
trial (table S9). The result shows that the five Jurassic avialans plot in 
the overlap region of arboreal and terrestrial birds, showing that 
their pedal digits were not specialized to either habitats (fig. S8B). 
We further conducted discriminant function analysis using the lda 
function in the R package MASS (87). Length measurements of ped-
al digit III of modern birds were used as the training data, and 81% 
of modern birds can be accurately assigned to their original ecol-
ogy using the obtained discriminant function. Zhengheornis was as-
signed to the arboreal group based on the discriminant function.

Body mass estimate and change
Estimation of the body mass of extinct animals is notoriously diffi-
cult. Here, we used recently developed methods based on empirical 
scaling relationships between body mass and limb bone dimensions 
(17, 18). We first estimated the body mass of IVPP V34168 based on 
the correlation between body mass and circumference of the femur as 
in (18), which gave a body mass of 73.7 g. Alternatively, we used the 
equation based on body mass and femur length as in (17), which pro-
duced a larger value as 162.5 g. Despite the variation of these estima-
tions, the preserved limb elements (e.g., femur, tibia, metatarsus, and 
ulna) of IVPP V34168 is shorter than that in other non-pygostylian 
theropods, including the Eichstätt (regarded as a juvenile) and the 
Chicago specimens of Archaeopteryx (table S8). Therefore, we suggest 
that the holotype of Zhengheornis is the smallest individual of long-
tailed theropods (juvenile or younger individuals not considered) 
known thus far. To visualize change of body mass along the line to 
early avialans, we superimposed the phylogeny and the body mass 
estimations of Mesozoic theropods using the continuous character 
mapping method in the R package phytools (82). The fancyTree func-
tion was applied, which estimated the ancestral states using the max-
imum likelihood and produced the 95% confidence interval. The 
result clearly shows that IVPP V34168 expands the known body size 
diversity of early avialans, and it reaches the size class that was only 
available to small enantiornithines among the known Mesozoic the-
ropods (Fig. 4C and fig. S14).

Evolution of tail
To investigate change of the tail across the non-avialan and early 
avialan theropod transition, we compared the number of free caudal 
vertebrae and tail length using phylogenetic comparative methods. We 
compiled a dataset that includes, to our knowledge, all the Mesozoic 
theropods that preserve the complete tail (both the number of 
caudal vertebrae and entire tail length can be confidently accessed) 
through exhaustive literature search (table S2). The tail dataset con-
tains 41 species, including 27 Mesozoic avialans and 14 non-avialan 
theropods (no juvenile or younger individuals considered). The tail 

length is measured using the freehand method in ImageJ software 
(v. 1.53g) based on published resources. For specimens that preserve 
disarticulated caudal vertebrae, the tail length is calculated using 
the combined length of all caudal vertebrae. For pygostylian birds, 
the tail length equals the combined length of the free caudals and the 
pygostyle. A time-scaled informal supertree, which describes the phy-
logenetic position of the taxa included in the tail dataset, was con-
structed following the same method outlined above. The length ratio 
between the tail and femur (the latter as a proxy for body size) was 
calculated to reflect the relative elongation/abbreviation of the tail. To 
trace changes of the relative tail length across the phylogeny, the 
length ratio was mapped on the timed-scaled phylogeny using the 
fancyTree function in the R package phytools (Fig. 4B and fig. S13) 
(82), which also estimated the ancestral states using the maximum 
likelihood with 95% confidence interval.
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