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A NEW DROMAEOSAUR (DINOSAURIA: THEROPODA) FROM THE
EARLY CRETACEOUS YIXIAN FORMATION OF
WESTERN LIAONING

XU Xing WANG Xiao-Lin
(Institute of Vertebrate Paleontology and Paleoanthropology, Chinese Academy of Sciences Beijing 100044 )

Abstract A specimen collected from the Early Cretaceous lowest part of Yixian Formation of Liaoning,
northeastern China, represents a new genus and species of dromaeosaurid theropod. It comprises a fragmen-
tary maxilla with some teeth, a few caudals, almost complete fore limbs, and partial hind limbs and is here
named Graciliraptor lujiatunensis gen. et sp. nov. Distinctive characteristics of the new species include a
laminal structure connecting the postzygapophyses of middle caudals, middle caudals extremely long and
slender, small manual ungual I, proximal end of metacarpal III strongly expanded, proximal tibiotarsus shaft
rectangular in cross section, astragalar medial condyle significantly expanded posteriorly, metatarsal II dis-
tally much wider than the other metatarsals and long and slender pedal phalanx III-1. Being the earliest def-
initive dromaeosaurid species known to date, G. lujiatunensis provides new information important for under-
standing the early evolution of the group. On one hand, G. lujiatunensis displays a few features similar to
those of basal birds, such as caudals significantly elongated, semilunate carpal small and primarily contact-
ing metacarpal II, and manual digit I short, providing further evidence for a close relationship between the
Dromaeosauridae and the Aves; on the other hand, it is similar to troodontids in some features on the cau-
dals. The discovery of G. [lujiatunensis also indicates a high diversity of the Dromaeosauridae in the Early
Cretaceous Jehol Biota. Combined with other lines of evidence, it is inferred that the Dromaeosauridae rap-
idly diversified taxonomically but remained relatively stable morphologically in the early evolution of the
group.

Key words Western Liaoning, Early Cretaceous, Yixian Formation, Dromaeosauridae

1 Introduction

Originally discovered from the Late Cretaceous North America (Matthew and Brown, 1922),
dromaeosaurids are now known to have a much wider distribution both geographically and stratigraph-
ically (Osbom, 1924; Sues, 1978; Barsbold, 1983; Kirkland et al., 1993; Perle et al., 1999;
Xu et al., 1999, 2000). The earliest fossils definitively referable to the Dromaeosauridae are from
the shales of the lower Yixian Formation (Xu et al., 1999; Ji et al., 2001), which is dated as
about 125 Ma (Swisher et al., 1999). Here we describe a new dromaeosaurid specimen that was
collected from the lowest part of the Yixian Formation that is at least 3 million-year older than Sinor-
nithosaurus -fossil-bearing beds ( Swisher et al., 2001). It is therefore the oldest definitive dromaeo-
saurid, and allows us to review the distribution of some characters that are important for understand-
ing the early evolution of the Dromaeosauridae.

2 Systematic paleontology

Theropoda Marsh, 1881
Maniraptora Gauthier, 1986
Dromaeosauridae Matthew et Brown, 1922

Graciliraptor lujiatunensis gen. et sp. nov.
(Figs. 1~3)

Holotype IVPP V 13474 (Institute of Vertebrate Paleontology & Palecanthropology, Bei-
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jing), a fragmentary maxilla with some teeth, a few caudals, almost complete forelimbs, and partial
hindlimbs .

B 1 B 48 20 (B s Fiff) IEBUARAS (IVPP V 13474), LEBIR = 1 em
Fig. 1 Holotype of Graciliraptor lujiatunensis gen. et sp. nov. (IVPP V 13474), scale bar = | cm
A. A SMIAL some maxillary teeth in lateral view; B. TR EMETS . dorsal view of middle caudals; C.
I EB FEMERE MH, ventral view of middle caudals
&=~ B Abbreviations: 1. lamina #URZ5# s pz. postzygapophysis J5 915 % s re. rod-like extensions of caudals
FEMERIBRIRZEH4 s vs. ventral sulcus I8 74

Etymology The generic name is derived from the slender limbs and tail of the animal (graci-
lis, L. slender), and the suffix “raptor”, commonly used for dromaeosaurid dinosaur names. The
specific name “ Lujiatun” refers to the village near which the holotype was found.

Locality and horizon Lujiatun, Beipiao City, western Liaoning, China; the lowest member
of the Yixian Formation ( Hauterivian; Swisher et al., 1999, 2001).

Diagnosis  Graciliraptor lujiatunensis can be differentiated from all other known dromaeosaurid
species based on the following derived features: a laminal structure connecting the postzygapophyses
of middle caudals; extremely long and slender middle caudals; ungual of manual digit I much small-
er than that of manual digit II; proximal end of metacarpal I1I strongly expanded; extremely slender
tibiotarsus; proximal tibiotarsus shaft rectangular in cross section; astragalar medial condyle signifi-
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cantly expanded posteriorly; metatarsal I distally much wider than the other metatarsals; and long
and slender pedal phalanx III-1.

3 Description

The holotype of G . lujiatunensis might represent an adult animal as indicated by the partial fu-
sion of the astragalus and calcaneum to the tibia.

The skull is represented only by a partial left maxilla with a few teeth (Fig. 1A). The anterior
teeth appear to have no serrations on both anterior and posterior carinae, but the tips are all broken
and these might have been serrated. The middle and posterior teeth are similar to those of the ve-
lociraptorines in that the posterior serrations are significantly larger than the anterior ones ( Currie,
1995) .

Ten caudals are preserved on the holotype. The centra of the middle caudals are significantly
elongated (Figs. 1B, C). As in other dromaeosaurids, the prezygapophyses are extremely long,
forming bundle-like structures. Unusually a laminal structure is developed connecting the two post-
zygapophyses, covering the anterior one-eighth of the succeeding caudal. The chevrons attached to
the middle caudals are similar to those of other dromaeosaurids in forming a rod-like structure except
for some minor differences such as that both anterior and posterior processes of the chevrons are bi-
furcated in ventral view and the posterior process appears also to be elongated, though not as elon-

‘.

:remmesE

Bl 2 FEFKEAAEEI GBI ) IEARA (IVPP V 13474) , EBIR = 1 em
Fig.2 Holotype of Graciliraptor lujiatunensis gen. et sp. nov. (IVPP V 13474), scale bar = 1 cm
A. BB right forelimb; B. ZERIE left forelimb
7L BH Abbreviations: ce. centrale 1 F ;dec. deltopectoral crest = F Bl ; fi. flexor tubercle J& AIL45 7 ;
h. humerus JiE ;1-1 to l-4. manual phalanx I-1 to I11-4 895 I-1 ~ 1-4; me I-111. metacarpal I-I1T B~
3% F ;mp. medial projection FIIIZE; r. radius B8 H; ra. radiale BEMUIFEH s. semilunate carpal
X ABE ;u. ulna RB
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gated as the anterior process.

An almost complete right forelimb and a partial left forelimb were preserved on the holotype,
including some carpal elements (Fig. 2). The humerus is long and slender, with a relatively short
deltopectoral crest. The ulna is comparatively long, about 86 % the humeral length, which is prop-
ortionately longer than that in other dromaeosaurids. The radius is much thinner than the ulna,
about 53 % the thickness of the latter at the mid-length. The manus is long, about 130 % the
length of the humerus, a ratio larger than that in other dromaeosaurids (Xu, 2002) . The semilunate
is small in size compared with most other non-avian maniraptorans, covering only the proximal end
of metacarpal II. Metacarpal I is stout and short, less than one third the length of metacarpal 1I.
Metacarpal Il is long and comparatively robust. Metacarpal III is slighily shorter and much thinner
than metacarpal 11, and is bowed laterally. Unlike in other dromaeosaurids, the proximal end of
metacarpal Il is quite deep dorsoventrally, even deeper than that of metacarpal II. The manual pha-
langeal formula is 2-3-4 as in most coelurosaurians. Manual phalanx I-1 is relatively short. Phalanx
[-2, the ungual of digit I, is strongly curved, and has a moderately developed flexor tubercle proxi-
moventally and a lip proximodorsally. Phalanx ITI-1 is the most robust of the phalanges. Phalanx 1I-
2 is longer than phalanx II-1. Phalanges of digit Il are much thinner than those of digit II. Phalanx
III-1 is significantly longer than phalanx I1I-2. As in some dromaeosaurids, a prominent ventral heel
is present on the proximal end of phalanx 1II-2.

Most of the left tibiotarsus and part of the right tibiotarsus and femur are preserved (Figs.
3A ~D). The most conspicuous feature of the tibiotarsus is its slenderness. The estimated length/
midshaft-diameter ratio is about 28, larger than that in all known non-avian theropods. The proximal
end of the tibiotarsus is not preserved and the preserved proximal shaft is sub-quadrangular and the
distal shaft oval in cross section. In anterior view the fibular crest is straight for most of its length

B3 R EAEEECHEHF) ERARZA (IVPP V 13474) , EBIR = [ em
Fig.3 Holotype of Graciliraptor lujiatunensis gen. et sp. nov. (IVPP V 13474), scale bar = 1 e¢m
A. ZE{B% BB FHBEE BUAR left tibiotarsus and fibula in anterior view; B. Z- M EE B 1B B i 554 left astra-
galus and calcaneum in distal view; C. 75102 B & ZMUHL right tibiotarsus in lateral view; D. 5 {2 ¥ & /5
) right tibiotarsus in posterior view; E. FEEG B BE . left metatarsus in ventral view; F. ZEMEE 2 Bk P00
left pedal digit II in medial view; G. #3{0 III-1 A1 II1-2 Btk P WA right pedal phalanges III-1 and I1I-2
in medial view
TR Abbreviations: ap. ascending process FF3; ¢, calcaneum PR ;f. fibula HEE ;fe. fibular crest fHE
BIE; gr. groove f; TI-1 to [1-2. pedal phalanx 1I-1 to pedal phalanx I11-2 Bt ¥ [I-1 ~ TI-2; lc. lateral con-
dyle HME . me. medial condyle NEL; mt [I-IV. metatarsals II-IV 58 2 ~ 28 4 BB pvh. proximoventral heel
RS s 1d. ridge
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rather than convex laterally as in most other theropods. The astragalus has a much larger medial con-
dyle relative to the lateral one, which is significantly expanded posteriorly.

Both the left and right pes are partially preserved (Figs. 3E ~ G). In general, the pes is simi-
lar to that of other basal dromaeosaurids and troodontids in having a partial arctometatarsus ( Holtz,
1994; Xu, 2002). Unlike other dromaeosaurids (Xu, 2002), metatarsal II is distally much wider
than metatarsals III and 1V. The distal end of metatarsal II is strongly ginglymoid. The shaft of
metatarsal III is subtriangular in cross section due to the extremely narrow ventral margin and it is
inferred to be similar to some basal dromaeosaurids and troodontids in having a pinched proximal
end, though its proximal portion is missing. Unlike most other dromaeosaurids, the distal end of
metatarsal III is not ginglymoid. Metatarsal IV is the most slender element among the metatarsals.
The pedal phalanx II-1 and II-2 are much more robust than the other pedal phalanges and the latter
is longer than the former. The ungual of pedal digit II is enlarged as in other dromaeosaurids and
troodontids. Pedal phalanx III-1 is long and slender, about twice as long as the pedal phalanx II-1.
A noteworthy feature is the medial condyle of the distal end is much larger than the lateral condyle.

4 Discussion

Although the holotype, the only specimen of the species, preserves a small part of the skele-
ton, it does provide many phylogenetic signals.

The dromaeosaurid status of G. lujiatunensis is indisputably indicated by the presence of ex-
tremely elongated prezygaphophyses and chevrons that is unique to dromaeosaurid dinosaurs among
theropods (Ostrom, 1990; Xu, 2002) . Other features suggesting the dromaeosaurid affinities of G .
lujiatunensis include: significant size difference between the anterior and posterior denticles on the
maxillary teeth and manual phalanx III-2 significantly shortened. Significantly shortened manual
phalanx III-2 is a feature previously unnoticed for diagnosing the Dromaeosauridae. Primitively in
theropods, the length difference between manual phalanx III-1 and III-2 is minor, usually with the
former slightly longer than the latter. Dromaeosaurids have much shorter manual phalanx I11-2 rela-
tive to phalanx ITI-1 (Ostrom, 1969; Norell and Makovicky, 1997, 1999; Xu et al., 1999). Liao-
ning dromaeosaurids such as Sinornithosaurus and G. lujiatunensis have an even shorter phalanx
[M1-2.

G . lujiatunensis shows many distinctive features distinguishing it from other dromaeosaurids.
The most conspicuous feature is that it might represent the most slender skeleton among non-avian
theropods found to date. In general, coelurosaurians are more slender than other non-avian thero-
pods. G. lujiatunensis is among the most gracile coelurosaurs. The middle caudals have a centrum
length/width ratio of about 8.6, which is the largest among known non-avian theropods; the tibiotar-
sus has an estimated length/midshaft-diameter ratio of about 28, suggesting an extremely slender tib-
iotarsus; most pedal phalanges are elongate relative to the maximum depth or width, without signifi-
cantly expanded articular ends. These data, together with the data that it is a small sized animal,
suggest that G. lujiatunensis is extremely light in build, which represents an important evolutionary
trend towards birds (Sereno, 1999; Xu et al., 2000).

The other diagnostic feature of G. luyjiatunensis include a laminal structure connecting the two
postzygapophyses of middle caudals, small manual ungual I, proximal end of metacarpal III strongly
expanded, the proximal tibiotarsus shaft rectangular in cross section, astragalar medial condyle sig-
nificantly expanded posteriorly, and metatarsal II distally much wider than the other metatarsals.
Usually in dinosaurs the tibiotarsus shaft is sub-oval in cross section. The proximal section of the
tibiotarsus shaft bears distinctive ridges between which the shaft is flat, thus forming a rectangular
cross section. This feature represents an apomorphy for the taxon. The medial condyle of the astra-
galus of G. lujiatunensis is significantly enlarged not only anteriorly as in other coelurosaurs but
posteriorly, and it is about 1.7 times as thick as the lateral condyle. The other interesting diagnostic
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feature is metatarsal I distally much wider than the other metatarsals. The transverse width of the
distal articulation of metatarsal Il is about 1.5 times and 2 times that of metatarsal III and IV, re-
spectively. Metatarsal Il is either subequal to or more slender in robusiness than the other metatar-

sals in most other theropods including other dromaeosaurs.

Among the known dromaeosaurid taxa,
G . lujiatunensis is most closely related to
two other dromaeosaurids from Liaoning ( Si-
nornithosaurus and Microraptor ) because
they share a number of derived similarities
that are absent in other dromaeosaurs. For
example, radius significantly thinner than
ulna, ungual of manual digit II1 much small-
er than that of manual digit II, manual digit
I significantly shortened, manual phalanx
III-2 extremely short, and presence of proxi-
moventral heel on manual phalanx III-2.
Primitively in theropods manual digit | is
long and robust. G. lujiatunensis is similar
to Sinornithosaurus and Microraptor in hav-
ing a short manual digit I with the ratio of
the combined length of metacarpal I and

Allosaurus fragilis

Tyrannosaurus rex

Albertosaurus libratus

Harpymimus okladnikovi

Pelecanimimus polyodon

Garudimimus brevipes

Struthiomimus altus

Gallimimus bullatus

Omitholestes hermanni

Alvarezsaurus calvoi

Patagonykus puertai

Mononykus olecranus

Shuuvuwia desertt

Alxasaurus elestaiensis
Segnosaurus galbinensis
Erfikosaurus andrews:
Incisivosaurus gauthiern

Caudipteryx zoui

Chirostenotes pergracilis
Avirmimus portentosus
Ingeria yanshint
Oviraptor philoceratops
Microvenator celer
Oviraptor mongoliensis
Conchoraptor gracilis
Archaeopteryx lithographica
Confuciusornis sanctus

Rahonavis ostromi

Sinovenator changii

Byronosaurus jaffei

Sinomithoides youngi

Troodon formosus
Saurormithoides mongoliensis
Saurornithoidas juntor
Sinornithosaurus millenni

Microraptor zhaoianus

Graciliraptor lujiatunensis

Paraves

Dromaeosaurus albertensis
Deinonychus antirrhopus
Velociraptor mongoliensis
Unenlagia comahuensis
Adasaurus mongohensis
Utahraptor ostrommaysorum
Saurornitholestes langstoni
Achillobator giganticus

Bl 4 FEREL M (HRHM)MRENE
Fig.4 A strict consensus tree of 132 most parsimonious
trees (tree length = 737; CI = 0.43; Rl = 0.68)
showing the phylogenetic position of Graciliraptor lujiatun-

ensis gen. el sp. nov.
The analysis is based on a dataset of 45 taxa and 260 cha-

racters; see Xu, 2002 for more detailed information

phalanx I-1 to metacarpal II length less than
1; in birds other than Archaeopteryx and
Confuciusornis this ratio is also less than 1
(Chiappe et al., 1999; Wellnhofer, 1992,
1993). There are also some pleisomorphic
similarities between G. lujiatunensis and
the other Liaoning dromaeosaurs. For exam-
ple, the pedal phalanx II-2 is not highly ab-
breviated and the second pedal ungual is
proportionately smaller relative to that of
most other dromaeosaurs. A phylogenetic
analysis suggests that all known lLiaoning dromaeosaurs including G. lujiatunensis, Sinornitho-
saurus , and Microraptor form a monophyletic group which is the sister group to all other dromaeo-
saurid taxa (Fig. 4; for details see Xu, 2002).

A few characters of G. lyjiatunensis deserve comments here. Although the caudals of some tro-
odontids, some dromaeosaurs, and Archaeopteryx (Wellnhofer, 1993) are not as elongated as those
of G. luyjiatunensis, they are comparatively much longer than in most other theropods. Elongation of
the middle caudals may represent an apomorphy for the Paraves. In some features, the cau-
dals of Graciliraptor are more troodontid-like than dromaeosaurid-like. The middle caudals have no
neural spine, instead they bear a shallow groove on the dorsal surface; ventrally the middle caudal
bears a deep sulcus. These features are all seen in middle caudals of troodontids and provide further
evidence for a close relationship between dromaeosaurids and troodontids. On the other hand, G.
lujiatunensts displays a few avian features. Primitively in theropods the thickness difference between
the ulna and radius is minor. The ratio of diameter of radius shaft to ulna shaft is approximately 0.8
in Allosaurus, 0.9 in Gallimimus, 0.8 in oviraptorosaurs, 0.9 in therizinosauroids, and more than
0.8 in most dromaeosaurs and troodontids. In more basal theropods the radius is subequal to the ul-
na in thickness. In birds, the radius becomes significantly thinner than the ulna, with a ratio of less
than 0.7 (Chiappe et al., 1996). Archaeopteryx retains the primitive condition, with a ratio of

Dromaeosauridae



118 W OB M O3 Y % R 2%

about 0.8. The radius is very thin in G. [uyjiatunensis, like other dromaeosaurs from Liaoning, less
than 60 % as thick as the ulna, which is a feature seen in advanced birds ( Chiappe et al., 1996) .
The size and position of the semilunate carpal are variable among maniraptorans. The semilunate is
large and covers proximal ends of both metacarpal I and Il in most non-avian maniraptorans and Ar-
chaeopteryx , though in the latter taxon it is more centered on metacarpal II (Martin, 1991). In most
birds such as Confuciusornis ( Chiappe et al., 1999), it is small and fused with proximal end of
metacarpal II. The semilunate carpal of G. lujiatunensis displays a derived condition among ma-
niraptorans in having a small-sized semilunate which articulates to the proximal end of metacarpal II.
A pronounced projection is present on the proximal end of metacarpal 1. This projection is medially
positioned and forms a smooth convex articular surface of the metacarpus together with the proximal
end of metacarpal II. This feature is also seen in some basal birds and may represent a further modi-
fication toward a fully flexed arm. The discovery of G. lujiatunensis as well as other dromaeosaurs
from Liaoning provides further evidence for a close relationship of the Dromaeosauridae, Troodontid-
ae and Aves. On one hand, new discoveries further shorten the morphological distance between the
groups; on the other hand, they bring more incongruence among these groups, suggesting an uneven
evolution toward the transition to birds.

G . luyjiatunensis represents the fourth named dromaeosaurid taxon from the Jehol Biota, sug-
gesting that the dromaeosaurids highly diversified in Early Cretaceous. The temporal distributions of
the three paravian groups combined with character distributions among the basal dromaeosaurids and
troodontids indicate that the basal deinonychosaur split might not be significantly earlier than Hau-
terivian, possibly in the earliest Cretaceous (Xu and Wang, in submission) . If this is the case, the
Dromaeosauridae possibly had a relatively rapid taxonomical diversification within the Early Creta-
ceous. However, the known early dromaeosaurids are similar in morphology, suggesting a relatively
slow morphological change. Interestingly, the Troodontidae, which was suggested by many studies to
be the sister-group of the Dromaeosauridae (Gauthier, 1986; Sereno, 1999; Xu, 2002), seems to
have a rapid rate of character evolution at the base of the group (Xu and Wang, in submission) .
These data suggest that the two deinonychosaurian groups might have different evolutionary patterns
in their early history.
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