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Birds are descended from non-avialan theropod dinosaurs of the Late Jurassic
period, but the earliest phase of this evolutionary process remains unclear owing to

the exceedingly sparse and spatio-temporally restricted fossil record'™. Information
about the early-diverging species along the avialan line is crucial to understand

the evolution of the characteristic bird bauplan, and to reconcile phylogenetic
controversies over the origin of birds®*. Here we describe one of the stratigraphically
youngest and geographically southernmostjurassic avialans, Fujianvenator prodigiosus
gen. et sp. nov., from the Tithonian age of China. This specimen exhibits an unusual
set of morphological features that are shared with other stem avialans, troodontids
and dromaeosaurids, showing the effects of evolutionary mosaicismin deep avialan
phylogeny. F. prodigiosus is distinct from all other Mesozoic avialan and non-avialan
theropodsin havinga particularly elongated hindlimb, suggestive of a terrestrial or
wading lifestyle—in contrast with other early avialans, which exhibit morphological
adaptationsto arboreal or aerial environments. During our fieldwork in Zhenghe
where F. prodigiosus was found, we discovered a diverse assemblage of vertebrates
dominated by aquatic and semi-aquatic species, including teleosts, testudines and
choristoderes. Using in situ radioisotopic dating and stratigraphic surveys, we were
able to date the fossil-containing horizons in this locality—which we name the Zhenghe
Fauna—to 148-150 million years ago. The diversity of the Zhenghe Fauna and its
precise chronological framework will provide key insights into terrestrial ecosystems

of the Late Jurassic.

Our understanding of the earliest evolutionary history of the Avialae,
the mostinclusive clade that contains allmodern birds but not Deinon-
ychusor Troodon®, has been hampered by the limited diversity of fossils
from the Jurassic period, when avialans diverged from the main line
of theropods*’. Specifically, few avialans have been reported from
localities other than the Middle-Late Jurassic Yanliao Biota in north-
east China (166-159 million years ago (Ma)) and the slightly younger
Solnhofen Limestones in Germany (the latter site lacks radioisotopic
dates)*®7°, leaving a gap of approximately 30 million years until the
oldest knownrecord of Cretaceous avialans—the Protopteryx-bearing
Huajiying Formation®. The earliest diverging avialans are key to deci-
pheringthe evolutionary origin of the characteristic avialan morpholo-
gies that contributed to their first global-scale diversification in the
Cretaceous®*, and, more importantly, to revealing the increasingly
complex evolutionary history of stem avialans®>”". Here we describe a
newly identified avialan, Fujianvenator prodigiosus gen. et sp.nov., from
the Upper Jurassic of southeastern China. Our comparative analyses
show that Fujianvenator is distinct from all other Mesozoic avialan
and non-avialan theropods in the architecture of its hindlimbs, but

notthat of the forelimbs. The unusually elongated lower leg and other
morphologies of Fujianvenator, combined with geological and palae-
ontological data from the Zhenghe locality, suggest that it lived in a
swamp-like environment—a previously unknown ecological niche for
early avialans. Our fieldwork uncovered more than 100 well-preserved
vertebrate fossils from the Zhenghe locality, constituting a promising
new Late Jurassic terrestrial lagerstétte, which we name the Zhenghe
Fauna.

Systematic palaeontology

Theropod Marsh, 1881
Maniraptora Gauthier, 1986
Avialae Gauthier, 1986
Fujianvenator prodigiosus gen. et sp. nov.

Etymology. ‘Fujian’ (Mandarin), referring to Fujian Province, where
the holotype was discovered; ‘venator’, hunter (Latin); ‘prodigiosus’,
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Fig.1/|Morphology, phylogenetic and palaeogeographical position of
F.prodigiosus, IVPP V31985. a,b, Photograph (a) and line drawing (b) of the
holotype of F. prodigiosus (composite drawing based on both the slab and

the counterslab). ¢, Time-scaled phylogenetic tree showing the position of
F.prodigiosus (red star), with a palaeomap of the Late Jurassic (150 Ma) showing
thedistribution of the known Jurassic avialan fossils. The green and blue stars
denote the Yanliao Biotaand the Solnhofen Limestones, respectively. See
Extended DataFigs.4 and 5 for complete results of phylogenetic analyses.
Abbreviationsinbare as follows: ch, chevron; cv, caudal vertebra; dv, dorsal

bizarre (Latin), referring to the odd hindlimb morphology preserved
inthis species.

Holotype. Institute of Vertebrate Paleontology and Paleoanthropol-
ogy (IVPP) V31985, an articulated and partially complete skeleton
preserved on a slab and counter slab (Fig. 1, Extended Data Fig.1and
Supplementary Table1).

Locality and horizon. Near Yangyuan Village, Zhenghe Country,
Nanping City, Fujian Province; Upper Jurassic, Nanyuan Formation
(Tithonian stage; 149.9-150.2 Ma; see Methods).

Diagnosis. Fujianvenator differs from all other paravians in the fol-
lowing combination of features (* indicates probable autapomor-
phy): chevrons located posterior to the fourth caudal vertebra twice
longer anteroposteriorly than dorsoventrally; scapulaless than half
the length of the humerus; sternum ossified; humerus longer than
femur; metacarpals I and Il that have asymmetric ginglymoid distal
articulations with enlarged medial condyles* (the three manual digits
of maniraptorans are here denoted as|, Iland ll, following a previous
study'); ungual of manual digit I much larger than that of other digits;
manual phalanxII-1longer thanII-2; pubic apron mediolaterally broad
andimperforated; shortischium that has a distally located obturator
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vertebra; gs, gastralia; If, left femur; Ifi, left fibula; Ih, left humerus; li, left ilium;
lis, leftischium;Ir, left radius; Is, left scapula; It, left tibia; lu, left ulna; mI to mV,
metatarsalItoV; mcltolll, metacarpal I tolll; pd, pedal digit; pt, proximal tarsal;
pu, pubis; rh, right humerus; ra, radiale; rc, right coracoid; rf, right femur;

rfi, right fibula; ri, rightilium; ris, rightischium; rr, right radius; rs, right scapula;
rt, right tibia; ru, right ulna; st, sternum; un, ulnare; ?sv, possible sacral vertebra;
I-1to1-2, manual phalanxI-1and I-2; 1I-1 to 1I-3, manual phalanx II-1to II-3; llI-1 to
11I-4, manual phalanx I1I-1to I11-4. Scale bars, 20 mm.

processand a posterior process distally located*; elongated tibia twice
aslongasthe femur*; and metatarsal [l mediolaterally wider than other
metatarsals.

Description

IVPP V31985 is an avialan around the size of a koklass pheasant, with a
body mass of approximately 641 g (estimated using an empirical equa-
tion based on the diameter of the femur shaft'®). The specimen is not
skeletally mature, given the unfused metacarpals and tibiotarsus. On
the basis of the closed neurocentral sutures of the dorsal vertebrae, the
fused astragalus and calcaneum and the ossified sternum, we interpret
IVPP V31985 as a subadult.

The trunk is almost complete and consists of 10-12 articulated ver-
tebrae (Fig. 1a,b and Extended Data Fig. 1). As in Archaeopteryx and
Anchiornis®*, the rectangular neural spines of the middle and posterior
dorsalvertebrae are posteriorly located and slightly expand posteriorly
along their dorsal margins. The incomplete tail preserves only eight
anterior vertebrae with recognizable features (Fig. 2a,b). Consider-
ing the articulated vertebral column, the proximity of the ilium and
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Fig.2|Anatomy of F. prodigiosus, IVPPV31985.a,b, Photograph of caudal
vertebrae under normallight (a) and under laser light (b). The numbers

1'to 8’ denote therecognized first to eighth caudal vertebrae. ¢, Left hand.

d, Magnified view of left metacarpalsland llunderlaser light. The red
arrowheadsinc,d show the asymmetric ginglymoid distal articulations of
metacarpalslandll. e, Right hand under laser light.f, Pelvis. Purple arrowhead
denotesthe elongated tapering posterodistal end; blue arrowhead shows the
constrictionat the base of the obturator process. g, Metatarsals. Greenand

caudal vertebrae and the position of two possible caudalmost sacral
vertebrae, one or two additional vertebrae might have been present
anterior to those eight centra. The length of these vertebrae increases
more rapidly than in Archaeopteryx, but is comparable to the case in
Jeholornis®, with the fifth vertebrabeing twice as long as the first one.
Thechevronslocated posterior to the fourth caudal vertebraare twice
aslonganteroposteriorly than dorsoventrally, and the anterior exten-
sionis longer than the posterior one. By contrast, in Archaeopteryx
and Anchiornis®™ the chevronsin equivalent locations are rectangular
and dorsoventrally deep. Theribs are curved and associated with the
dorsal vertebrae. The gastraliaare more delicate than the ribs and taper
atbothends.

The scapula measures approximately 40% of the length of the
humerus, andis substantially shorter thanin other theropods, includ-
ing Anchiornis and Xiaotingia, in which the ratio is greater than 60%
(ref.16). Alarge, plate-like element is preserved in the chest and close
totheright coracoid (Figs.1aand 2c). We tentatively interpretit as the
sternum, given its size and position. If this is the case, Fujianvenator
represents the second oldest record so far of an ossified sternum,
and is only stratigraphically younger than the scansoriopterygid
Epidexipteryx among maniraptoran theropods®".

The humerusis considerably longer than the femur (ratio of around
1.38)—reminiscent of, but to a greater extent than, the condition in
Cretaceousavialans—whereas the oppositeis true in other non-avialan
theropods, except the scansoriopterygids'®* (Supplementary Table 2).
Asinother]urassic paravians”®?, the humerus has a small deltopectoral
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blue arrowheads denote the ginglymoid metatarsal Ill and non-ginglymoid
metatarsalll, respectively. Abbreviations as follows: ch, chevron; dI-1, pedal
phalanxI-1; dIV-1, pedal phalanx IV-1; ips, iliac peduncle of ischium; is, ischium;
Ic, lateral condyle; mc, medial condyle; mlto mlll, metacarpal I to Ill; mtlto mtV,
metatarsalltoV;ob, obturator process; pa, pubicapron; pb, pubicboot; ppi,
pubicpeduncle of ilium; pp, posterior distal process; pps, pubic peduncle of
ischium; st, sternum; I-1and I-2, manual phalanx I-1and I-2; [I-1, manual phalanx I1-1;
I1I-1to 11I-4, manual phalanx 11l-1to I1I-4. Scale bars, 10 mm.

crest and a distal margin that is perpendicular to the longitudinal
axis of the shaft. Similar to most non-avialan theropods™?, the ulna
is shorter than the humerus. As in Anchiornis and Eosinopteryx™*?2,
but unlike other paravians such as Archaeopteryx and many deinon-
ychosaurs*®?, the ulna is straight. The olecranon process is poorly
developed. The radius measures approximately 80% of the width of the
ulna. The metacarpals are unfused with one another or with the proxi-
mal carpals (Fig. 2c-e). Metacarpal l is approximately one-quarter of
thelength of metacarpalll, proportionally shorter than in Anchiornis™,
troodontids?** and dromaeosaurids?*?, but comparable to that of
Archaeopteryx and more crownward taxa®®?. Metacarpals I and Il
terminate in asymmetrical ginglymoid articulations in which the hyper-
trophied medial condyle projects medially well beyond the medial
margin of the shaft (Fig. 2d and Extended Data Fig. 2a,b), a feature
that is unknown in other theropods®®*.. As in most paravians, but not
in Xiaotingia or enantiornithines?>”*>, metacarpal Il extends further
distally than metacarpal lll. Metacarpal lllis straight and appressed to
metacarpal I, rather than being bowed laterally asin many paravians'*,
The slender metacarpal 1l is less than half the width of metacarpalll,
similar to Anchiornis and Alcmonavis®. By contrast, metacarpal Ill is
the most robust metacarpal in Xiaotingia’. The manual phalangeal
formulais 2-3-4, and the phalangeal portion is much longer than the
metacarpus, asin Xiaotingia, Archaeopteryx and some oviraptorosaurs’.
The unguals have prominent flexor processes proximally. Similar to
Archaeopteryx®, thelongest non-ungual phalanxisI-1, rather than being
11-2 as in Xiaotingia and Anchiornis™™. Digit | (excluding the ungual) is



as long as metacarpal Il, representing an intermediate stage from the
ancestral theropod condition to the shortened forminlater-diverging
avialans*?”***, The ungual of digit I is much larger than that of other
digits (Fig. 2e), a feature absent in most non-avialan theropods,
Anchiornis* and Archaeopteryx®’ but present in many Cretaceous
avialans'®®, In contrast to what is seen in early-diverging theropods
and Jurassic paravians***¥, phalanx II-1is longer than 112, a derived
condition of avialans®. As in most non-avialan theropods, phalanxI1-1
isas gracile as other non-ungual manual phalanges®#**. By contrast, it
isthe most robust phalanxinAnchiornis, Alcmonavis and more crown-
ward taxa>*'. Asin Anchiornis™, phalanges Ill-1and I1l-2 are nearly equal
inlength, in stark contrast to the large difference between them that
is present in other paravians, such as Archaeopteryx and Xiaotingia’.

Theilium is convex anteriorly, which contrasts with both the con-
cave form, as in Anchiornis and some dromaeosaurids**, and the
straight condition, asin some troodontids™ (Fig. 2fand Extended Data
Figs.2cand 3). The pubes meet extensively and form a mediolaterally
broad apron distally (Fig. 2f), a feature unique to troodontids among
theropods™. A slit-like opening in the middle of the apron, which is
widely distributed among dromaeosaurids****, is absent. The pubic
apron extends over half the length of the shaft, and is proportionally
longer than in Anchiornis and early avialans®>*°. The pubic boot has
a posterior triangular expansion, similar to that of Anchiornis and
Archaeopteryx’. The strap-like ischium measures one-third of the
length of the pubis—proportionally shorter than in many paravians’.
The obturator process is distally located and constricted at its base,
afeature that is is only observed in Archaeopteryx and Anchiornis
among theropods’ (Extended Data Fig. 3). Specifically, this process
is more proximally located and lacks the constriction in other paravi-
ans, including Aurornis and deinonychosaurs**?, Unlike otherJurassic
paravians, except Archaeopteryx™**, the ischium has a posterior
process that is distally located (Fig. 2f and Extended Data Fig. 2c).
A second and proximally located posterior process that is present in
Archaeopteryxand many troodontids”*, is absent; this processis more
prominentin later-diverging avialans**2. The ischium terminates with
atapered posterior end that projects posteriorly prominently, as in
Anchiornis, rather than being ventrally directed as in Archaeopteryx’;
by contrast, that end is blunt in deinonychosaurs?*** (Extended
DataFig. 3).

The robust femur is straight, and the hyperelongated tibia is twice
as long as the femur, markedly exceeding the ratio in all other known
Mesozoic theropods'™ (Supplementary Table 3). The astragalus and
calcaneum are fused with each other, but not to the tibia. The medial
condyle is mediolaterally wider than the lateral condyle (Fig. 2g and
Extended Data Fig. 2d), a plesiomorphic condition in theropods®.
The splint-like fibula extends distally and nearly contacts the lateral
condyle. The gracile metatarsus is slightly longer than the femur, but
the opposite is true in most other theropods'**. Metatarsal l articu-
lates with the medial side of metatarsal Il at its mid-length (Fig. 2g),
whereas it is more distally located in other paravians'®*. As in stem
avialans such as Anchiornis*¢, metatarsal lllis not pinched proximally,
contrasting with the sub- or arctometatarsal condition thatis observed
introodontids and many non-avialan theropods**%. Metatarsals Il and
IV terminate distally level with the proximal margin of metatarsal Ill
trochlea. Asinsome dromaeosaurids*’, Archaeopteryx and some enan-
tiornithines®**—but unlike other paravians including Anchiornis'*—
metatarsal llis mediolaterally wider than the other metatarsals (Fig. 2g
and Extended Data Fig. 2d). By contrast, troodontids characteristically
have ametatarsal IV thatislonger and stouter than metatarsal 1173, As
inAnchiornis, Archaeopteryx and troodontids®**¢, metatarsal Il lacks
the ginglymoid distal articulation that is present in dromaeosaurids®
(Fig.2g). Unlike in Archaeopteryx and some troodontids (for example,
Sinornithosaurus and Jianianhua)***, metatarsal lll is ginglymoid, a
plesiomorphic condition for paravians**°. The vestigial metatarsal V
islessthan one-seventh of the length of metatarsal lll-proportionally

shorter thanin Anchiornis and some dromaeosaurids'**'. The proximal
pedal phalanges are spool-shaped and have well-developed ginglymoid
distal facets.

Morphometric analyses

To compare the body shape of VPP V31985 with that of other Mesozoic
avialan and non-avialan theropods, phylogenetic principal component
analysis (pPCA) was performed to investigate changesin limb propor-
tion across theropod evolution (Fig. 3). pPCA of all limbs shows that
PCl correlates nearly equally with all limb segments, indicating that it
mainly describes overall size changes (Supplementary Table 4). PC2
shows opposite signs of eigenvector coefficients with forelimb and
hindlimb, respectively, and thusit describes the elongation of the fore-
limb relative to the hindlimb. Avialans are well separated from basal
non-avialan theropods along this axis (Extended Data Fig. 4a). The
eigenvector coefficients of PC3 show that it reflects the elongation of
metacarpal lll relative to the humerus and ulna. Phylomorphospace
of the first three principal components (PCs) (accounting for around
92% of the variance) shows that Fujianvenator, Archaeopteryx and
Anchiornis are located close to one another, and that together they
occupy an intermediate position between the morphospace of the
non-avialantheropods and that of other avialans (Fig. 3aand Extended
DataFig. 4a,b).

pPCA of the forelimb shows that PC1 corresponds to the overall size
oftheforelimb, and thuslarge-bodied non-avialan theropods are widely
separated from avialans along this axis (Supplementary Table 5). PC2
reflects the relative elongation of metacarpal Il,and PC3 describes the
elongation of the humerus relative to the ulna. The phylomorphospace
of'the forelimb is largely comparable to that of the six limb segments,
andresolves theseJurassicavialansinanintermediate positionbetween
the morphospaces of the non-avialan theropods and those of other
avialans (Fig. 3b and Extended Data Fig. 4c¢,d). pPCA of the hindlimb
shows that PC1 negatively correlates with the femur, tibiaand metatar-
sallll, with subequal loading of eigenvector coefficients (Supplemen-
tary Table 5); differences along this axis distinguish most large-bodied
non-paravian theropods from avialans (Fig. 3c and Extended Data
Fig. 4e,f). PC2 reflects the elongation of the femur relative to meta-
tarsallll. PC3 corresponds to the elongation of the tibia with respect to
other segments, with Fujianvenator and the flightless ornithuromorph
Patagopteryx exhibiting the lowest scores. Notably, Fujianvenator is
located far away from all other avialan and non-avialan theropods in
hindlimb morphospace. Similar results were obtained using conven-
tional PCA without accounting for phylogeny (Supplementary Figs. 1
and2). Together, our pPCA analyses show that the resemblance between
Fujianvenator and other avialans in overall bauplan is mainly driven
by forelimb changes, despite the unique hindlimb architecture that
evolved in Fujianvenator.

Discussion

Our phylogenetic analyses consistently recovered Fujianvenator within
the clade Anchiornithidae, which unites other Anchiornis-like taxa®
andis resolved as the earliest diverging group of the Avialae (Fig. 1b).
Archaeopteryx was resolved within the Avialae as the sister to other
avialans except the anchiornithids. This result is robust to maximum
parsimony and Bayesian analyses using tip-dating methods (Extended
DataFigs.5and 6). Given thatitis at present the southernmost record
of Jurassic avialans, and is 10 million years younger than the Yanliao
taxa (Fig.1b), Fujianvenator contributes agreat deal of spatio-temporal
information about early avialan diversification close to the end of the
Jurassic. Fujianvenator is largely comparable with Archaeopteryxin
having similar manual phalangeal proportions. On the other hand, its
pelvisshows features that are used to diagnose Anchiornis and troodon-
tids (Extended DataFig. 3): the shortischiumis Anchiornis-like, bearing
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Fig.3|Three-dimensional morphometric space oflimbbonesand
cursoriality of Mesozoic theropods.a-c, First three PCs of pPCAs of the
lengths of six limb segments (a), forelimb (b) and hindlimb (c). d, Box plots
showing the cursoriality of selected Mesozoic therapods on the basis of
cursoriallimb proportion (CLP) scores (n =78 independent taxacompared
with Fujianvenator). Alvarezsauria: minimum=-0.17, 1st quartile=1.62,
centre=6.29,3rd quartile=11.20, maximum=13.70; Jurassic avialans:
minimum =-0.84, Ist quartile=1.71, centre =3.56, 3rd quartile=7.70,
maximum =7.70; other theropods: minimum =-19.67, 1st quartile =-10.99,
centre=-5.23,3rd quartile=-0.56, maximum =14.04; Compsognathidae:

adistally located obturator process that is constricted at its base”?,
whereas the pubes resemble these of troodontids in having a mediolat-
erallybroad, proximodistally elongated imperforated apron®. Notably,
the hindlimb of Fujianvenator exhibits mixed morphologiesinits finer
aspects, including non-arctometatarsal feet like those in Archaeopteryx
and Anchiornis®**; ametatarsalll that is mediolaterally broader than meta-
tarsalsllland 1V, as in Archaeopteryx™; anon-ginglymoid metatarsalll,
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minimum=-9.91, 1st quartile =-8.54, centre =-7.24, 3rd quartile =-4.03,
maximum =-4.03; Dromaeosauridae: minimum =-20.25, 1st quartile =-5.70,
centre=-1.33,3rd quartile=11.58, maximum=19.72; Scansoriopterygidae:
minimum=-26.04, 1st quartile=-17.72, centre =-11.50, 3rd quartile =-5.94,
maximum = 0.42; Troodontidae: minimum=1.01, 1st quartile =6.61, centre =9.83,
3rd quartile=12.95, maximum =18.24; Tyrannosauridae: minimum =-1.46,
1stquartile=4.26, centre =10.86,3rd quartile =11.47, maximum = 22.04. See
Extended DataFig. 6 for binary plots. Silhouettes except Ambopteryx (modified
froma previousreport®) and Fujianvenatorare adapted from PhyloPic under
the Creative Commonslicence CCO 1.0 (listinthe Supplementary Information).

as in troodontids**%; a metatarsal Il trochlea that is wider than that
of other metatarsals, as in Anchiornis and some dromaeosaurids™*’;
and a ginglymoid metatarsal Ill, as in dromaeosaurids and some
troodontids® (Fig. 2g and Extended Data Figs. 2d and 3). The unique
combination of postcranial features shared with early paravians that
is preserved in Fujianvenator shows how deeply the avialan phylog-
eny has been affected by evolutionary mosaicism. That, in turn, partly



Fig.4 |Stratigraphiclogand vertebrate fossil assemblage discovered from
the Late JurassicZhenghe Fauna. a, Photograph and composite stratigraphic
log of the excavation site, showing the fossil-bearing horizons and the localities
ofradiometrically dated horizons. SW245° denotes the strike direction of the

explains the controversy about the interrelationships among these
early-diverging paravians**’*,

Functional morphological changes along the line to avialans have
longbeen ascribed to selection relating to powered flight; forexample,
reduction in body size and elongation of the forelimbs**>**, However,
unlike other Jurassic avialans****, Fujianvenator preserves few skeletal
modifications that might have contributed to the refinement of aerial
performance. For instance, metacarpal Il and its associate digit are
gracile, rather than being robust asin Anchiornis and more crownward
taxa, where they serve as the attachment for primary remiges'**; and
metacarpals I and Il are strongly ginglymoid with an enlarged medial
condyle (Fig. 2¢,d)—indicative of a high degree of flexion (which would
aid prey capture, for example)—rather than forming animmobile unit
for feather attachment®. The gracile and elongated hindlimb, combined
withthe proximally located hallux (also seenin later-diverging deinon-
ychosaurians with terrestrial habits*), instead implies cursorial adap-
tation®. When all the limb segments or only the forelimb are analysed
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in pPCA, Fujianvenatoris located close to other Jurassic avialans in
morphospace, and they occupy an intermediate position between
the morphospaces of avialan and non-avialan theropods (Fig.3a,b and
Extended DataFig.4a-d). However, when only the hindlimbis analysed,
Fujianvenator is located far away from all other theropods, including
other Jurassic avialans (Fig. 3d and Extended Data Fig. 4e,f). These
results show that marked changes in body plan occurred along the
stemavialanline, largely driven by the forelimb (principal components
mainly aligned with forelimb variables; Supplementary Tables 4 and 5)
and eventually giving rise to the typical limb proportions of crown birds
(for example, an ulna that is longer than the humerus). Fujianvenator
isanexample of anavialan that diverged from this main trajectory and
evolved bizarre hindlimb architecture; however, that transformation
has been overshadowed by changes in the forelimb.

The unusual hindlimb proportion of Fujianvenator still holds true
when it is compared with a phylogenetically broad sample of crown
birds thatencompass diverse ecomorphologies (Extended DataFig. 7).
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The elongation of the lower leg—tibia and metatarsus—is generally
considered anindex of running speed among modern vertebrates®*,
because of theincreased stride length®®. We used a quantifiable measure
of cursoriality*® to compare Fujianvenator with other major theropod
groups. Fujianvenator was recovered with a cursorial score that was
substantially higher than that of other non-avialan theropods, including
troodontids and tyrannosaurids, which have long been viewed as good
runners***® (Fig. 3d). These results show that Fujianvenator was well
adapted for terrestriallocomotion andis likely to have been capable of
runningatahigh speed—consistent with the terrestrial-related skeletal
features mentioned above. Elongated lower legs are also present in
some crownbirds, such aswaders (for example, storks and cranes), and
Fujianvenatoris located close to the hindlimb morphospace of those
crown taxa, suggesting that a wading ecology is equally possible for
this taxon. Unfortunately, the pedal digits, which are pertain function-
ally to locomotion strategy and thus could help distinguish cursorial
fromwading ecology, are poorly preserved, meaning that the ecology
of Fujianvenator remains an open question at this point.

The Fujianvenator-bearing horizon of the Nanyuan Formation is
composed of black carbonaceous mudstone and shale, interstratified
with tuffite® (Fig. 4a). The assemblage of vertebrate fossils discovered
inthisareais dominated by aquatic and semi-aquatic vertebrates, such
as teleosts, testudines and choristoderes (Fig. 4 and Extended Data
Fig.8). These geological and palaeontological datalead ustointerpret
Fujianvenator as an agile predator or a wader living in a swamp-like
environment (Methods)—different from those Yanliao avialans (for
example, Anchiornis) that show morphological features for arboreal
adapatation®. The Nanyuan Formation and contemporaneous depos-
its distributed in Zhenghe are certainly fossiliferous—more than 100
reptile fossils, most of them well preserved, were discovered in our
month of fieldwork (Fig. 4 and Extended Data Fig. 8). The discovery
of an avialan, and the abundant choristoderes, the later of which
have not been reported from the Yanliao Biota and the Solnhofen
Limestones'®, make this locality unique with regard to the early evolu-
tion of these lineages. The sheer diversity of fossils, and the distinctive
palaeoenvironment, combined with the precise age constraints of the
fossil-bearing horizons (148-150 Ma; see Methods), show the great
potential of Zhenghe as an emerging Jurassic vertebrate fauna that
fills a key temporal and geological gap in our understanding of the
ecosystems of northeast Asia in the Late Jurassic.
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Methods

Geological and preservational setting of the IVPP
V31985-bearing horizon

The holotype of F. prodigiosus (IVPP V31985) was discovered in Daxi
Basin near Yangyuan Village, Zhenghe Country, Nanping City, Fujian
Province, China, by the joint expedition of the Institute of Vertebrate
Paleontology and Paleoanthropology (IVPP) and the Fujian Institute of
Geological Survey (FIGS) from 14 October to 14 November 2022 (Fig. 4
and Extended Data Fig. 9). The IVPP V31985-bearing horizon belongs
to the Nanyuan Formation, which was assigned to the Late Jurassic
by a previous geological survey®. This is confirmed by our fieldwork
and radioisotopic dating (Extended Data Fig. 10). During the Late
Jurassic-Early Cretaceous, southeastern China underwent intensive
tectonic activity owing to the subduction of the paleo-Pacific plate,
whichresulted in widespread magmatism and coeval fault-depression
basins®®®, That geological background is essentially the same as that
ofthe LateJurassic period innorthand northeastern China, where the
older Yanliao biota is preserved®>®,

Tovisualize the geographical distribution of the known Jurassic avi-
alans, apalaeomap of the Late Jurassic (here, 150 Ma) was constructed
using data of reconstructed coastlines and continental plates from
the GPlates Web Service (https://gwsdoc.gplates.org/). We assem-
bled palaeocoordinates of these Jurassic avialan-bearing horizons (the
Yanliao Biota, the Solnhofen Limestones and the Nanyuan Formation
inZhenghe) from the Paleobiology Database (https://paleobiodb.org/;
last accessed on 9 March 2023), and then plotted these sites onto the
palaeomap.

The section that we excavated is 3.6 m in depth and belongs to the
lower part of the Nanyuan Formation. The deposits are mainly com-
posed of black carbonaceous mudstone and shale, interstratified with
tuffite (at least four tuffite layers were recognized) (Fig. 4a). As well
as IVPP V31985, we have collected numerous teleosts and more than
100 partially complete and articulated reptiles, including testudines,
choristoderes and one non-avialan theropod from this excavated area
of around 100 m? (Fig. 4 and Extended Data Figs. 8 and 9). Consider-
ing the widely exposed contemporaneous strata that have not been
investigated, the diversity and abundance of vertebrate fossils already
recovered strongly indicate that this locality documents a terrestrial
fauna, which we name the Zhenghe Fauna. The lithofacies and the
vertebrate assemblage of the Zhenghe Fauna, which is dominated by
aquatic and semi-aquatic animals, indicate that these fossiliferous
sediments represent lacustrine swamp deposits. This preservational
setting is different from that of the Yanliao Biota (166-159 Ma), where
the fossil-bearing horizons are interpreted as freshwater lacustrine
deposits®*®2, Some differences between these two faunas are readily
appreciable, such as the absence of known teleosts, testudines and
choristoderes from the Yanliao Biota®*¢*. Future palaeontological and
taphonomic studies of the Zhenghe Fauna are needed to allow more
systematic comparisons with other Mesozoic biotas.

Age of the IVPP V31985-bearing horizon and the Zhenghe Fauna

Samples were collected from the tuffite layers deposited below
(PM702-1) and above (PM701-4) the IVPP V31985-bearing horizon
(Fig. 4a). We also collected ignimbrite samples that underlie (Bdx03)
and overlie (Bdx04) the fossil-bearing sediments. Those samples were
usedinthezircon U-Pb dating experiments to obtain ages for the [IVPP
V31985-bearing horizonand the duration of the Zhenghe Fauna. Zircon
samples were dated using laser ablation inductively coupled plasma
mass spectrometry (LA-ICP-MS) at the Testing Center of Shandong
Bureau of China Metallurgical Geology Bureau, usinga Thermo Fisher
Scientific X2 ICP-MS connected to a GeoLas Pro193-nm laser ablation
system. The detailed experimental procedure is outlined in ref. 65.
Measurements were taken using Zircon 91500 as the external standard
with a?”’Pb/**U age 0f 1063.35 Ma, and a °°Pb/**8U age 0f 1062.4 Ma.

Elemental contents were calculated with NIST610 as the external stand-
ard and Zr as the internal standard. The U-Pb isotope ratios and con-
tents were calculated using the software ICPMSDatacCal. Isoplot (v.3.0)
was used to plot the concordia diagram and to calculate the weighted
mean U-Pb age®. The laser ablation inductively coupled plasma mass
spectrometry (LA-ICP-MS) method of dating produced concordant
zircon U-Pb ages 0f150.2 + 1.1Ma (PM702-1) and 149.9 + 1.1Ma (PM701-4)
for the lower and upper layers of the IVPP V31985-bearing horizons,
respectively (Extended Data Fig. 10). Concordant zircon U-Pb ages
of150 £ 1.8 Ma (Bdx03) and 148 + 1.9 Ma (Bdx04) were obtained from
theignimbrite samples. Together, these results constrainthe Zhenghe
Faunato a time interval of 148-150 Ma.

Laser-stimulated fluorescence imaging

Laser-stimulated fluorescence images were produced using a500-mW,
450-nmblue laser (MDL-111-450-1W, Changchun New Industries Opto-
electronics Tech. Co.), with an LP-500-62 light yellow long-pass filter
and a Nikon D850.

Phylogenetic analyses

Toinvestigate the phylogenetic position of VPP V31985, we scored this
taxoninto the current version of the Theropod Working Group matrix
with extensive modifications**"*%, Aswell as IVPP V31985, we added the
scansoriopterygid Yi gi and nine Cretaceous avialans that represent
the early-diverging members of the major clades of Mesozoic avialans:
the basal pygostylians Eoconfuciusornis zhengi, Yangavis confucii,
Changchengornis hengdaoziensis, Jinguofortis perplexus, Chongmin-
giazhengiand Cratonavis zhui; the basal enantiornithine Fopengornis
martini; and the basal ornithuromorphs Archaeorhynchus spatula
and Schizooura lii. Inclusion of these early avialans could help us to
understand character changes across the theropod-bird transitionin
broader phylogenetic scope. Inaddition, character scores of taxa have
beenrevised onthebasis of direct observations of the holotype speci-
mens, new published referred materials and computed tomography
data (Supplementary Information). The revised data matrix contains
853 characters and 167 taxa.

Maximum parsimony analyses were performed using the TNT soft-
ware package (v.1.5)%, with all characters equally weighted. The New
Technology search method, with sectorial search, ratchet, tree drift and
tree fusion, was used to conduct an heuristic tree search, with the short-
esttree foundin 20 replicates to recover as many treeislands as possi-
ble. The resulting most-parsimonious trees were fed into another round
of branch swapping using the traditional tree-bisection-reconnection
method to explore treespace more extensively. Bremer and bootstrap
values were calculated as support indices. Bremer values were calcu-
lated using the Bremer scriptembedded in TNT, and the bootstrap val-
ueswere calculated using1,000 replicates with the same setting asinthe
primary search. Inthe strict consensus tree, VPP V31985 was resolved
in a clade (Anchiornithidae, sensu stricto®) that unites Anchiornis,
Aurornis, Xiaotingia and Eosinopteryx, and the interrelationships
among these taxa were unresolved (Extended Data Fig. 5). This clade
Anchiornithidae emerges as the sister to the clade that contains Archae-
opteryx and other avialans, and thus represents the earliest-branching
group of the Avialae. The monophyly of the Deinonychosauria was
supported inthis study by recovering the sister relationship between
troodontids and dromaeosaurids. Notably, the scansoriopterygids
were recovered as the sister to the Oviraptorosauria, as in some pre-
vious studies®*”°. The phylogenetic placement of scansoriopterygids
haslongbeendebated, and has been placed in different positions; for
example, as the sister to avialans or to paravians>®.

Bayesian tip-dating analysis was conducted in MrBayes v.3.2.8
(ref. 71). The Mkv model”? with gamma rate variation across characters”
was used for the morphological characters. The prior for the time tree
was modelled by the fossilized birth-death process™. The root age was
assigned an offset-exponential prior with a mean age of 180 Ma and



minimum age of 170 Ma, referring to the oldest fossil. The fossil ages
were given uniform distributions based on the corresponding strati-
graphic ranges. The extant-sampling probability was fixed to 0.0005
based on the basis of the number of living bird species. The prior for
the evolutionary rate was modelled by the uncorrelated lognormal
and gamma mixed clock”, in which the mean evolutionary rate was
assigned an exponential prior with mean 0.01 (about one change per
characters per100 millionyears) and the variance parameter was given
an exponential prior with mean 1.0. We executed two independent
runs and four chains per run (one cold chain and three hot chains with
temperature 0.06) in Markov chain Monte Carlo. Each run was executed
for 80 million generations and sampled every 2,000 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 an effective sample size larger than 100 for all parameters and an
average standard deviation of split frequencies” smaller than 0.01. The
posterior trees were summarized as a50% majority-rule consensus tree
(Extended Data Fig. 6).

Phylogenetic comparative analyses

To comparethebody shape of IVPP V31985 with other Mesozoic avialan
and non-avialan theropods, we performed phylogenetic comparative
analyses of the lengths of the appendicular limb segments. Length meas-
urements of the forelimb (humerus, ulna, radius and metacarpalIl) and
hindlimb (femur, tibia and metatarsal Ill) from major groups of thero-
podswere collected through direct measurement and published data™'®
(Supplementary Table 2). We only included specimens that preserved
complete length for all six limb segments, given the controversy that
exists withregard to scaling relationships of limb size. All of the sampled
specimens were subadults or adults on the basis of the well-ossified
periosteal surface of preserved bones, fusion degree of compound bones
and bone histology, whenever thisinformation was available. The data-
set contained 153 species, spanning the whole spectrum of Mesozoic
theropod phylogeny. The length measurements were log,,-transformed
tonormalize the distribution before downstream analyses. Aninformal
super tree that encompassed all taxa included in the limb dataset was
assembled based on our previous studies targeting the phylogeny of
Mesozoic theropods**’”¢””, To account for taxa withinconsistent phy-
logenetic positionsintheliterature, branches subtending to those taxa
were collapsed as polytomies. The super tree was time-scaled using tip
dates bounded by the first and last appearance datum of the geologi-
cal stages or epochs in which a given species was discovered. This was
performed using the ‘minimum branch length’ method embedded in
the timePaleoPhy function in the R package paleotree’. To account for
size-dependent limb measurements”®, the log,y-transformed length
dataweressize-corrected against body mass using the phyl.resid function
intheR package phytools®’. The body mass of Mesozoic theropodsinclud-
ing Fujianvenator was estimated using a published empirical equation
based onthe diameter of the femoral shaft”. We performed pPCA using
the size-corrected length residues to account for non-independence
in trait values between species because of shared phylogeny®2. pPCA
was forapplied toall the limb segments, the forelimb and the hindlimb,
respectively, toinvestigate the patterns of changesin differentaspects,
using the phyl.pca function in the R package phytools®. Both two- and
three-dimensional phylomorphospace was constructed toillustratethe
evolutionary changes of limb proportionacross the theropod tree (Fig.3
and Extended DataFig.4). We also conducted conventional PCA without
accounting for phylogeny and body size (Supplementary Tables 6 and 7
and Supplementary Figs.1and 2).

Morphometric analyses of hindlimb

To further investigate the hindlimb of Fujianvenator and its ecologi-
cal implications, a ternary plot of the proportions of the hindlimb
segments—femur, tibia and metatarsal lll—was built, using the afore-
mentioned length dataset with the addition of 535 crown birds that

spanthe whole avian crown phylogeny and ecologies® (Supplementary
Table 3). Fujianvenator is spaced far away from Mesozoic theropods
andislocated at the periphery of the morphospace of modern waders
and swimmers (Extended Data Fig. 7). Despite the similar hindlimb
proportions to some modern swimming birds, we refrain from sug-
gesting such highly specialized ecology for Fujianvenator, considering
the absence of morphological features that are regarded to be indica-
tors of aquatic adaptation, such as the large cnemial crests of the tibia
(presentin early avialans such as Gansus that are inferred to be aquatic
orsemi-aquatic)®*®, The vertically oriented pubes make the pelvis dor-
soventrally deep, contrasting with the streamlined body shape that is
seeninaquaticbirds. The gracile metatarsals are also markedly different
from the mediolaterally wide and dorsoventrally flattened form seen
in aquatic birds (for example, Hesperornis and penguins)®. Elongated
distalleg segments are widely seenin crown waders, and we posit that
awader-like ecology is possible for Fujianvenator, which s also consist-
ent with the swamp-like palaeoenvironment inferred for this locality.

The elongation of the lower leg (tibiaand metatarsus) is widely con-
sidered to be areliable index of running capability among modern
vertebrates®®, because of theincreased stride lengthin each step®®%¢,
Following that, the notably elongated tibiaand metatarsals preserved
in Fujianvenator are likely to reflect its adaptation to terrestrial loco-
motion. To test this hypothesis, a numeric measure—cursorial limb
proportion (CLP) scores*®*—was calculated as a quantifiable index
of cursoriality of Fujianvenator, non-avialan therapods and other
Jurassic avialans. A detailed methodology of CLP has been described
previously®. Inshort, CLP scores describe the relative elongation of
the lower leg by measuring the differences between the actual lower
leg length and that predicted on the basis of the scaling relationship
with the femur. A species with a large CLP score is interpreted to be a
good ‘runner’. We extract hindlimb measurements from the dataset
described above that was used in pPCA, combined with additional
non-avialan theropods sampled in a previous study*®. This dataset
contains 79 species (Supplementary Table 3), including specimens
fromallmajor theropod clades, particularly those that are considered
good ‘runners’. The length measurements of hindlimb segments were
log,,-transformed before downstream analyses. We used standard
major axis (SMA) regression to investigate the scaling relationship
between lower leg and femur. The SMA and statistical tests were per-
formed using the R packages smatr and Imodel2%#8, Then, the CLP
scores were calculated as described previously®. Our study shows
that Fujianvenator has the highest CLP score (43.86)—significantly
larger than in Anchiornis (17.12), Archaeopteryx (4.56), troodontids,
dromaeosaurids, and tyrannosauroids—suggesting that Fujianvenator
iswell adapted to terrestrial locomotion.

Reporting summary
Furtherinformationonresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

The specimen (IVPP V31985) described in this study is archived and
available on request from the Institute of Vertebrate Paleontology
and Paleoanthropology, Chinese Academy of Sciences. Phyloge-
netic data matrices that support the findings of this research are
included as Supplementary Information. The raw data used in mor-
phometric analyses are available at figshare (https://doi.org/10.6084/
mo9.figshare.22548385). The Life Science Identifier for Fujianvenatoris
urn:lsid:zoobank.org:act:E47B6E41-4D48-40A1-B3CD-974D84A1ES53E.

Code availability

The R code used in morphometric analyses is available at figshare
(https://doi.org/10.6084/m9.figshare.22548385).



minimum age of 170 Ma, referring to the oldest fossil. The fossil ages
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and gamma mixed clock”, in which the mean evolutionary rate was
assigned an exponential prior with mean 0.01 (about one change per
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To further investigate the hindlimb of Fujianvenator and its ecologi-
cal implications, a ternary plot of the proportions of the hindlimb
segments—femur, tibia and metatarsal lll—was built, using the afore-
mentioned length dataset with the addition of 535 crown birds that

spanthe whole avian crown phylogeny and ecologies® (Supplementary
Table 3). Fujianvenator is spaced far away from Mesozoic theropods
andislocated at the periphery of the morphospace of modern waders
and swimmers (Extended Data Fig. 7). Despite the similar hindlimb
proportions to some modern swimming birds, we refrain from sug-
gesting such highly specialized ecology for Fujianvenator, considering
the absence of morphological features that are regarded to be indica-
tors of aquatic adaptation, such as the large cnemial crests of the tibia
(presentin early avialans such as Gansus that are inferred to be aquatic
orsemi-aquatic)®*®, The vertically oriented pubes make the pelvis dor-
soventrally deep, contrasting with the streamlined body shape that is
seeninaquaticbirds. The gracile metatarsals are also markedly different
from the mediolaterally wide and dorsoventrally flattened form seen
in aquatic birds (for example, Hesperornis and penguins)®. Elongated
distalleg segments are widely seenin crown waders, and we posit that
awader-like ecology is possible for Fujianvenator, which s also consist-
ent with the swamp-like palaeoenvironment inferred for this locality.

The elongation of the lower leg (tibiaand metatarsus) is widely con-
sidered to be areliable index of running capability among modern
vertebrates®®, because of theincreased stride lengthin each step®®%¢,
Following that, the notably elongated tibiaand metatarsals preserved
in Fujianvenator are likely to reflect its adaptation to terrestrial loco-
motion. To test this hypothesis, a numeric measure—cursorial limb
proportion (CLP) scores*®*—was calculated as a quantifiable index
of cursoriality of Fujianvenator, non-avialan therapods and other
Jurassic avialans. A detailed methodology of CLP has been described
previously®. Inshort, CLP scores describe the relative elongation of
the lower leg by measuring the differences between the actual lower
leg length and that predicted on the basis of the scaling relationship
with the femur. A species with a large CLP score is interpreted to be a
good ‘runner’. We extract hindlimb measurements from the dataset
described above that was used in pPCA, combined with additional
non-avialan theropods sampled in a previous study*®. This dataset
contains 79 species (Supplementary Table 3), including specimens
fromallmajor theropod clades, particularly those that are considered
good ‘runners’. The length measurements of hindlimb segments were
log,,-transformed before downstream analyses. We used standard
major axis (SMA) regression to investigate the scaling relationship
between lower leg and femur. The SMA and statistical tests were per-
formed using the R packages smatr and Imodel2%#8, Then, the CLP
scores were calculated as described previously®. Our study shows
that Fujianvenator has the highest CLP score (43.86)—significantly
larger than in Anchiornis (17.12), Archaeopteryx (4.56), troodontids,
dromaeosaurids, and tyrannosauroids—suggesting that Fujianvenator
iswell adapted to terrestrial locomotion.

Reporting summary
Furtherinformationonresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

The specimen (IVPP V31985) described in this study is archived and
available on request from the Institute of Vertebrate Paleontology
and Paleoanthropology, Chinese Academy of Sciences. Phyloge-
netic data matrices that support the findings of this research are
included as Supplementary Information. The raw data used in mor-
phometric analyses are available at figshare (https://doi.org/10.6084/
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Extended DataFig.1| Counter slab ofholotype of F. prodigiosus, IVPP
V31985. a, Photograph. b, Line drawing. ch, chevron; cv, caudal vertebra;

dv, dorsal vertebra; gs, gastralia; If, left femur; Ifi, left fibula; Ih, left humerus;
li, leftilium;is, ischium; Ir, left radius; Is, left scapula; It, left tibia; u, left ulna;
mltomV, metatarsalltoV; mcltolll, metacarpal I toIll; pt, proximal tarsal;

mclll \
I1-1 [ “_u"‘h

mcl
mcll

\LHM -

pu, pubis; rh, right humerus; ra, radiale; rc, right coracoid; rf, right femur;
rfi, right fibula; ri, rightilium; rs, right scapula; rt, right tibia; st, sternum;
un, ulnare; ?sv, possible sacral vertebra; I-1to -2, manual phalanx I-land I-2;
I-1to II-3, manual phalanxII-1to I1-3; I1I-1to I11-4, manual phalanx I11-1to I11-4.
Scalebars,20 mm.
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Extended DataFig.2|Additional anatomy of F. prodigiosus, IVPP V31985. metacarpal [ toIll; mtlto mtV, metatarsallto V; ob, obturator process; pa, pubic
a,Righthand.b, Close-up of the left metacarpals. ¢, Pelvis. d, Proximal ends of apron; pb, pubicboot; pp, posterior distal process; ri, rightilium;I-1to1-2,
metatarsals. is, ischium; Ic, lateral condyle; Ict, lateral condyle of tibiotarsus; manual phalanxI-1and1-2; 1I-1, manual phalanx II-1; IlI-1 to I1I-4, manual phalanx

li, leftilium; mc, medial condyle; mct, medial condyle of tibiotarsus; mcl tolll, [I-1to111-4.Scale bars, 10 mm.
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Extended DataFig.3 | Comparison of the pelvicanatomy of F. prodigiosus Microraptor (f; modified fromref. 4). ob, obturator process; pdp, posterior

with that of other selected paravians. a,b, Photograph (a) and reconstruction  distal process; ppp, posterior proximal process. Thearrowheads denote
(b) of the pelvis of F. prodigiosus. c-f,Reconstructed pelvis: avialan Anchiornis the constriction atthe base of the obturator process. Line drawings are not
(c; modified fromrefs. 7 and 87), troodontid Sinovenator changii (d; modified toscale.

fromref.4),avialan Archaeopteryx (e; modified fromref. 4) and dromaeosaurid
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Extended DataFig. 8| Additional vertebrate fossils discoveredin i-k, Allochoristoderaindet. (Reptilia: Choristodera). All photographs were
the Zhenghe Fauna during the 2022 fieldwork. a,b, Teleosteiindet. takeninthe field shortly after the discovery of the corresponding specimens.
(Actinopterygii: Neopterygii). c-h, Testudines indet. (Reptilia: Pantestudines).



Extended DataFig.9|Photograph of the 2022 fieldworkin Zhenghe. Aerial shot showing the excavationarea.
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c,d, Samples from theignimbrites that underlie (a, Bdx03) and overlie (b, Bdx04)
the fossil-bearing sediments.
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