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A REVISED LOOK AT LIAONINGORNIS LONGIDIGITRUS ( AVES)

Jingmai K. O’CONNOR
(Key Laboratory of Evolutionary Systematics of Vertebrates, Institute of Vertebrate Paleontology and Paleoanthropology ,
Chinese Academy of Sciences Beijing 100044  jingmai@ usc. edu)

Abstract Many of the earliest discovered ornithurine birds from the Jehol Group in northeastern China
are highly fragmentary; this current study on the only known specimen of Liaoningornis longidigitrus ,
first described by Hou in 1997, indicates the taxon is in fact a member of Enantiornithes. Although
based on fragmentary and poorly preserved material, the absence of a well-developed sternum, lack of
developed cnemial crests on the tibiotarsi and reduced pedal unguals suggests Liaoningornis should be
excluded from the more advanced ornithothoracine clade. The taxon remains distinct from all known en-
antiornithines, although it shows similarity to the Spanish taxon Eoalulavis hoyasi; shared features of the
sternum suggest a close relationship between these two, although disparity from other enantiornithines
suggests this may be an artifact of ontogeny. The only Liaoningornis specimen is too fragmentary to be
able to make strong inferences about its placement within the diverse enantiornithine clade.

Key words Yixian Formation, Enantiornithes, Ornithurae, Ornithuromorpha, Liaoningornis

1 Introduction

The Jehol Group of northeastern China continues to be the world’s richest source of know-
ledge on Mesozoic avifaunas (Zhang et al., 2003 ; Zhou and Zhang, 2006a; Chiappe, 2007).

Multiple lineages of birds are recognized, each with their own intraclade diversity, ranging from
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primitive long-tailed birds to the close relatives of modern birds, the earliest known members of
the clade Ornithurae ( Ornithuromorpha). Although the fossil record suggests enantiornithines
dominated this Early Cretaceous ecosystem (Zhou and Zhang, 2006a; O’Connor, 2009 ), the
discovery of more advanced ornithurine taxa has continued, steadily revealing a diversity of spe-
cies (e. g. Hongshanornis, Yanornis, Yixianornis, Archaeorhynchus, Jianchangornis; Zhou and
Zhang, 2001, 2005, 2006b; Zhou et al., 2009 ). Early discoveries assigned to Ornithurae were
very fragmentary (e. g. Chaoyangia, Liaoningornis, Songlingornis; Hou and Zhang, 1993;
Hou, 1997a,b), but more recent finds have been largely complete (e. g. Hongshanornis,
Yanornis, Yixianornis, Archaeorhynchus; Zhou and Zhang, 2001, 2005, 2006b). The absence
of available comparative material at the time of the earlier discoveries made it difficult to make
taxonomic assignments and, for this reason, restudying fragmentary specimens in light of current
information can lead to new insights on fossil taxa ( O’Connor et al., 2011).

One of the first of the fragmentary ornithurine discoveries was the bizarre Liaoningornis lon-
gidigitrus IVPP V 11303 (Hou, 1997a) (Figs. 1, 2). This taxon, first described as a * carinate’
bird, is now widely considered to be an ornithurine ( Zhou and Hou, 2002; Clarke et al.,
2006 ; Zhou and Zhang, 2006a). The holotype and only known specimen is fairly incomplete
however it does preserve several autapomorphies, primarily bizarre and unique morphologies of
its sternum. At the time the Liaoningornis specimen was published only a few Chinese ornithu-
rine specimens were known (a foot from Gansus, and the incomplete and poorly preserved
Chaoyangia; Hou and Liu, 1984; Hou and Zhang, 1993), none of which preserved sternal
material for comparison. Liaoningornis was nevertheless assigned to Ornithurae ( Hou et al.,
1996 ; Hou 1997a) , although this taxonomic assignment was never rigorously supported by mor-
phological characters (the proposed characters in support of this assignment do not define Orni-
thurae [ Haeckel, 1866; sensu Gauthier and de Queiroz, 2001 ], e. g. sternum with carina;
Hou, 1997a). The possible exception is one character presented by Hou (1997a), a broad
sternal margin of the coracoid, which does differentiate most ornithurines from enantiornithines
[ Walker, 1981]. The original diagnosis was subsequently revised in light of more recent dis-
coveries (Zhou and Hou, 2002) and Liaoningornis is currently defined as follows: smaller than
Cathayornis ; elongate sternum with a keel extending along its full length; craniolateral proces-
ses of sternum long; sternum broad cranially, caudally narrowing progressively defining a large
deep lateral notch on each side; sternum with laterally expanded xiphoid process; tarsometatar-
sus short and about half as long as tibiotarsus; tarsometatarsus fused at both ends but not along
a majority of the shaft; and claws curved. This diagnosis, while able to distinguish Liaoningor-
nis from other Mesozoic birds based on sternal characters, fails to provide definitive evidence for
its inclusion within Ornithurae. For example, an elongate keeled sternum is plesiomorphic to
Ornithothoraces [ Chiappe and Calvo, 1994 ], and a proximally and distally fused tarsometatar-
sus that is unfused medially does not characterize any group of birds, with ornithurines typically
possessing fully fused tarsometatarsi (in the absence of a complete growth series, degree of fu-
sion is more likely to reflect ontogeny than taxonomy and thus a poor diagnostic character). In
addition, all known Jehol ornithurines are larger than Cathayornis, with Liaoningornis represen-
ting a distinct outlier in body size (Zhou and Zhang, 2006a).

Since Liaoningornis was described, it has not been extensively restudied (Zhou and Hou,
2002 ; Zhou and Zhang, 2006a). It has, however, appeared in several cladistic analyses,
which typically resolve it within Ornithurae (Zhou and Zhang, 2005, 2006b). However, one
previous analysis considered this taxon as a basal pygostylian, diverging earlier than Confuciuso-
rnis ( You et al., 2006 ), and others have placed it within Enantiornithes ( O’Connor, 2009
You et al., 2010), highlighting the need for a reassessment of this taxon. The continued dis-
covery of new, well-preserved specimens of ornithurine birds has, in the meantime, lead to a
fairly extensive understanding of basal ornithurine morphologies; in particular the sternum is
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Photograph (A) and camera lucida drawing (B) of the main slab of IVPP V 11303

Anatomical abbreviations: cor. coracoid; fem. femur; gas. gastralia; hum. humerus; mt I-IV. metatarsals I-IV; pd I-IV ph 1-4. pedal digits
Dark grey indicates matrix, white represents bone and lightgrey indicatespoor preservation

Fig. 1
I-IV first-fourth phalanx; rad. radius; stn. sternumj; tbt. tibiotarsus; tmt. tarsometatarsus; uln. ulna; r. right; 1. left

now well-known, as most recent discoveries preserve this element (e. g. the holotypes of Yi-
xtanornis, Yanornis, Hongshanornis, Longicrusavis and Archaeorhynchus, and new specimens of
Gansus ) (Hou and Liu, 1984 ; Zhou and Zhang, 2001, 2005, 2006b; O’Connor et al., 2010).
Here the bizarre morphology of Liaoningornis longidigitrus is re-evaluated in light of recent dis-
coveries and a re-examination of the holotype.
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car. carina; fib. fibula; hyp. hypocleidium

Fig.2 Photograph (A) and camera lucida drawing (B) of the counterslab of IVPP V 11303
Anatomical abbreviations not listed in fig. 1

Institutional abbreviations FRDC, Fossil Research and Development Center, Third Institu-
te of Geology and Mineral Resources, Gansu Provincial Bureau of Geology and Mineral Re-
sources, Lanzhou, China; GMV, Geological Museum of China, Beijing, China; IVPP, Institu-
te of Vertebrate Paleontology and Paleoanthroplogy, Beijing, China; LH, Las Hoyas Collec-
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tion, Museo de Cuenca, Cuenca, Spain.
2 Morphology

The only known specimen of Liaoningornis longidigitrus (IVPP V 11303) is a small indi-
vidual in a slab and counterslab preserving a partial skeleton of recrystallized bone in ventral
view (Hou, 1997a) (Figs. 1, 2). The specimen preserves only the distal part of the right cora-
coid, the sternum, a partial right wing, the complete left hindlimb, and the right foot (Fig.1).
Some feather impressions are preserved in the counterslab near to the right tibiotarsus (Fig.2A).
The bones are not well-preserved ; most elements are either largely abraded ( partial wing) , bro-
ken (tibiotarsus), or split between the two slabs ( coracoid). The poor preservation of the
specimen is exacerbated by a shiny coat of glue that obscures contacts between individual ele-
ments and the degree of fusion in the tarsometatarsus.

The coracoid is missing its proximal half and is poorly preserved, split between the two slabs
(Figs. 1, 2). The sternal margin of the coracoid appears fairly wide, however, because the bone
is incomplete no ratio can be calculated for comparison and thus this character is ambiguous. The
lateral margin is slightly concave proximally and slightly convex distally; the sternal margin is
straight. A sternolateral process is absent. The coracoid has been flattened so the presence of a
dorsal fossa cannot be determined. A curved element extending from the right coracoid to the hu-
merus has been interpreted previously as the scapula (Hou, 1997a) ; closer examination of this
bone reveals that it is in fact two ribs, proximally in contact, but distally, where they are more
poorly preserved, diverging so that they do not contact along their distal third (Fig.3).

The sternum is nearly complete and defines the specimen apart from other known taxa. It is
shaped like a spade (goblet) and caudal trabeculae are absent (Fig.1). The rostral margin is
parabolic but very low so that its midline is not markedly rostral to the craniolateral corners of
the sternum (Figs. 1-4). From the left craniolateral margin projects a thin strap-like piece of
bone; this has been interpreted as a sternolateral process ( Fig. 3) ( Zhou and Hou, 2002).
This region of the specimen is very difficult to interpret because it is unusual and poorly pre-
served. A faint margin can be determined between the process and the sternum suggesting that
this process is an L-shaped bone fragment, preserved closely pressed against and overlapping
the proximal lateral margin of the sternum, and is not a true process of the sternum ( Fig.3C).
A similar craniolateral process is absent on the right side of the sternum, where instead a rib is
preserved articulating laterally, supporting this current interpretation. In the counterslab there
are impressions of two rib fragments that are contiguous with the preserved margin of the right
sternum ( Fig.2). Given this evidence, the presence of a diagnostic long craniolateral process
is equivocal and here considered absent (conira Hou, 1997a; Zhou and Hou, 2002).

The sternum is broad proximally but sharply tapers into a thin waist; distally the xiphoid
process is expanded laterally so that the xiphial region has the shape of an inverted T and the
lateral margins of the sternum are deeply concave ( Zhou and Hou, 2002 ) ( Figs. 1-3). The ex-
panded caudal margin is nearly perpendicular to the long axis of the sternum; the two laterally
oriented rami of the xiphoid process are directed slightly distally so that the caudal margin is
gently concave (Figs.1-3). The ventral surface bears a well-developed keel that diverges dis-
tally onto the xiphoid process and forms a distinct ventrally projecting labum on the caudal mar-
gin (Figs.1-3). Most of the height of the keel is broken off and preserved in the counterslab
(Fig.2). Approximately a quarter of its length from the cranial margin, the rostral end of the
keel diverges into a narrow fork and does not continue further proximally ( contra Zhou and
Hou, 2002). In the counterslab, a rod-like bone is preserved descending almost to the level of
the forked keel; in agreement with Hou (1997a), this bone is interpreted as the hypocleidium
of the furcula (Fig.3B).
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Fig.3 Close up photographs of the sternal region of the holotype of Liaoningornis longidigitrus IVPP V 11303
A. main slab; B. counterslab; C. close up of rectangular region highlighted in A ('main slab)
Cracks are indicated with arrows

The rostral fifth of the sternum is separated from the rest, and was described as a possible
“presternum” bone by Hou (1997a). On the right, a crack runs across the sternum, separa-
ting the rostral margin from the main sternal body (Figs. 1-3). In the corresponding area on the
left, a raised line of bone results from an underlying rib fragment; just distal to this rib frag-
ment, the sternum bears a clean, straight crack that parallels the raised part of the sternum, as
well as the articular margin for the coracoid (although a groove for the articulation with the ster-
num is not visible, contra Hou, 1997a) (Fig. 3C). This crack is interpreted as the result of
compression of the sternum over the underlying rib fragment; the preserved pieces of sternum
are reconstructed as having formed a single element in life (Fig.4). Hou (1997a) also noted
these cracks and his statement regarding the presternal bone was equivocal; although either
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Fig.4 Reconstructions of Early Cretaceous bird sterna
A. ornithurine Yixianornis; B. ornithurine Yanornis; C. ornithurine Hongshanornis; D. ornithuromorph FRDC-
05-CM-021; E. Liaoningornis; F. enantiornithine FEoenantiornis; G. Spanish enantiornithine Foalulavis;
H. enantiomithine Rapaxavis pani; 1. juvenile enantiornithine GMV 2159. Sterna not figured to scale

interpretation is plausible, to date no presternal bone has been identified in any juvenile enan-
tiornithine or other Mesozoic bird.

A few sternal ribs are preserved, but no uncinate processes can be identified. A few thin
rib elements preserved near the distal right half of the sternum are interpreted here as gastralia.

Only the distal-most humerus and proximal halves of the ulna and radius are preserved
from the wing. The humerus is badly abraded but it appears its distal margin was angled relative
to the long axis of the bone. The ulna is bowed and more robust than the straight radius. The
width of the radius is half that of the ulna.

The femur is long, 82% the length of the tibiotarsus. It is preserved in craniomedial view,
preventing the identification of a posterior trochanter ( one characteristic of enantiornithines
birds). The medial surface of the femoral head appears to be deeply concave, although whether
this is for ligamental attachment (Hou,1997a) or abrasion cannot be determined.

The tibiotarsus is preserved in craniomedial view; this element is poorly preserved as a
partial impression with some bone remaining. The proximal end is crushed and most of the bone
is missing, however no cnemial crests are visible in the voids. Due to preservation it cannot be
said definitively that these crests were absent, however, if they were present, they would not
have been extensive, lacking significant cranial or proximal projection. Whether, or not, the
proximal tarsals were fully fused to the tibia also remains uncertain; however, the faint outline
of the triangular ascending process of the astragalus can be discerned (Fig. 1B) which indicates
fusion was incomplete. Distally, the condyles have been completely abraded away although their
preserved outlines suggest they were large and bulbous ( Fig. 2B) , consistent with other enan-
tiornithines (e. g. Rapaxavis, Soroavisaurus, Qiliania) ( Chiappe, 1993 ; Morschhauser et al.,
2009; Ji et al., 2011).

The tarsometatarsus is approximately half the length of the tibiotarsus. The distal tarsals ap-
pear fully fused to the metatarsals but the degree of intermetatarsal fusion is unclear. Hou
(1997a) reported the distal tarsometatarsus as “unfused” while Zhou and Hou (2002) described
this bone as “fused proximally and distally and unfused medially. ” The poor preservation and
glue make this region difficult to interpret. However, while contacts are obscured in some areas,
the metatarsals can easily be identified for most of their length, especially on the left tarsometa-
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tarsus and in the counterslab (which does not appear to have been coated in glue) (Fig.2). The
tarsometatarsus is reinterpreted as fused proximally and poorly fused along the lengths of the meta-
tarsals, a morphology consistent with other enantiornithines ( Chiappe, 1993 ; O’Connor, 2009 ).
Proximally, a well-developed intercotylar eminence is absent. Metatarsals II, III and IV are
coplanar and metatarsal Il is not plantarly displaced. The mediolateral width of metatarsal 111
exceeds that of I and IV, which appear subequal. The third metatarsal is also the longest, fol-
lowed by IV and then II. The medial surface of the right metatarsal II swells craniomedially, in-
terpreted as the attachment site of the M. tibialis cranialis. The first metatarsal is P-shaped, and
articulates on the caudomedial surface of metatarsal II. The articular surface of metatarsal I for
metatarsal II is strongly concave. The distal end of the metatarsal is caudally deflected. The two
articular surfaces of the first metatarsal are nearly parallel so that the hallux would have been cau-
domedially oriented. The first metatarsal is more than one quarter the length of the tarsometatar-
sus; on the right it appears slightly disarticulated, as it is preserved overlapping the cranial sur-
face of metatarsal II. The distal articular surface ends proximal to that of the other metatarsals.

The pedal digits are robust and bear relatively large and recurved unguals (Fig. 1). The
pedal phalangeal formula is 2-3-4-5-x as in other Mesozoic birds. The first phalanx of the hallux
is the most robust and the longest in the foot. The first phalanx of the second digit is more ro-
bust but shorter than the penultimate phalanx of the same digit. The third digit is the longest,
formed by three robust long phalanges followed by a claw; the first of these appears the most
robust, while the middle phalanx is the shortest and the penultimate phalanx is the longest
(“subequal” to the first) but the most slender. The fourth digit is covered by the others; how-
ever, it appears not to be longer than the third digit and to bear a claw smaller than the other
toes. The proximal three phalanges are visible on the left; the first phalanx is longer than the
following two, which are subequal.

3 Discussion

Comparison with other Mesozoic birds The morphology of the sternum is the most dis-
tinctive feature of Liaoningornis and thus comparisons begin with this element. When this speci-
men was uncovered, no other Early Cretaceous ornithurine sterna were known (Hou, 1997a).
Now a majority of specimens preserve this element, revealing a fairly conservative morphology
with, unlike their sister clade the enantiornithines, limited variation between the known Early
Cretaceous ornithuromorphs. Nearly every taxon possesses a craniocaudally elongate, rectangu-
lar, largely imperforate sternum with a pronounced ventrally projecting carina ( Fig. 4A-C).
Lateral trabeculae are typically short, while intermediate trabeculae are long, although often no
longer free, curving in medially to demarcate a pair of caudal sternal fenestrae (Fig.4; e. g.
Yanornis, Yixianornis, Songlingornis and Gansus). A second morphology has been more re-
cently recognized (Zhou and Zhang, 2006b; You et al., 2010) ; in these specimens the ster-
num bears deep caudal notches, as in some enantiornithines, and thus the imperforate body of
the sternum is proportionately much shorter (Fig. 4D ). These taxa differ from enantiornithines
in that the intermediate trabeculae of the sternum are still very long, reaching or surpassing the
distal end of the xiphoid process ( Zhou and Zhang, 2006b; You et al., 2010). Enantiorni-
thines, in contrast with most ornithurines, have less massive sterna formed by a short rectangu-
lar imperforate region proximally with elongate lateral trabeculae and rudimentary intermediate
trabeculae extending caudally, and a small caudally restricted carina (Fig. 4H) (a well-deve-
loped, cranially projecting carina is known in a single Late Cretaceous taxon, Neuquenornis;
Chiappe and Calvo, 1994 ; O’Connor, 2009).

Enantiornithines, on the other hand, possess a wide range of sternal morphologies inclu-
ding several significant departures from the typical morphology, such as the spear-shaped ster-
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num of Eoalulavis ( Fig. 4G) , the moose-antler distal expansions of the lateral trabeculae in
Longirostravis, and the very long and laterally splayed trabeculae in the sternum of Elsornis
(Chiappe et al., 2007 ). Craniolateral processes of the sternum, when present in ornithotho-
racines, typically are triangular craniolateral projections; this feature is more common among
ornithurines , although the shape of this purported process in Liaoningornis is not consistent with
any previously recognized morphology (Fig.4).

The sternal morphology of Liaoningornis represents a significant departure from other recog-
nized ornithurines and bears a strong resemblance to the bizarre sternum of the Spanish Early
Cretaceous enantiornithine Eoalulavis hoyast (Sanz et al., 1996) , which is itself quite different
from other known enantiornithines. The completeness of the holotype (and only known speci-
men) , however, allows the specimen to be easily referred to Enantiornithes ( Sanz et al.,
1996). The sternum of Eoalulavis differs from Liaoningornis in that it is overall much more nar-
row ; proximally, it lacks ossified coracoidal sulci on the rostral margin as well as a craniolateral
process, and its widest point is the caudal margin (whereas it is the rostral margin in Liaoning-
ornis). The sternum of Foalulavis also possesses a deep and narrow mid-line notch that extends
its proximal third, contiguous with a low, caudally restricted keel. Because the rostral midline
is poorly preserved, it is unclear whether, or not, the sternal body possessed a deep notch in
IVPP V 11303, however the keel at least, forms a narrow rostral notch ( Figs.3C, 4E). The
keel is forked rostrally in a number of enantiornithines (e. g. Concornis, Elsornis) , however in
these taxa the diverging keel demarcates an angle of approximately 40°-60° (53° in Elsornis) ;
the notch in Foalulavis and in the keel of Liaoningornis form a much narrower angle of approxi-
mately 8° in the former and 25° in the latter. As in Liaoningornis, the keel in Eoalulavis ex-
tends for nearly the entire length of the sternum and is continuous with the T-shaped xiphoid
process, the caudal margin of which is slightly concave. The sternum of Liaoningornis and Eoa-
lulavis both lack caudal trabeculae; within Ornithothoraces, the absence of this feature is only
recognized in enantiornithine taxa (e. g. FEoenantiornis, Eoalulavis, and clear juveniles GMV
2158, GMV 2159, and “Liaoxiornis” ) (Fig. 4F, G, 1).

Coracoidal morphology has been used previously to align Liaoningornis with Ornithurae
(Hou, 1997a). The sternal margin of the coracoid has been described as wide; generally
speaking, comparing ornithurines and enantiornithines, the coracoids of the latter are much nar-
rower, deeply excavated dorsally, and typically have shorter sternal margins. Unfortunately, the
presence of a relatively wide sternal margin of the coracoid cannot be confirmed in IVPP V
11303 due to the incomplete preservation of this bone, and thus this character cannot be used in
support of an ornithurine assignment for Liaoningornis. However, the sternolateral margin of the
coracoid is simple, lacking a rudimentary (e.g. Archaeorhynchus) or true lateral process (e. g.
Yixianornis, Hongshanornis) like that in most sympatric ornithurines ( exception, Schizooura ;
Zhou et al., 2012). In contrast, most enantiornithines do not possess this feature, with the
exception of the basal Protopteryx , which possesses a small expansion of the sternolateral margin
reminiscent of the lateral process in ornithurines ( Zhang and Zhou, 2000). Furthermore, the
preserved morphology of the lateral margin in IVPP V 11303, slightly concave proximally, and
slightly convex distally, is comparable to the morphology in Eoalulavis as well as some other en-
antiornithines (i. e. Elsornis, Concornis). Furthermore, a fragment of bone has been interpre-
ted as the hypocleidium of the furcula; although there is not enough information to make this
identification unequivocal, the presence of an elongate hypocleidium would also suggest an enan-
tiornithine affinity for the specimen (a short hypocleidium is definitively known in only a single
Early Cretaceous ornithurine, Schizooura; Zhou et al., 2012). A curved scapula is, on the oth-
er hand, characteristic of ornithurines but the curved bone previously interpreted as this element
(Hou, 1997a) is reinterpreted here as two closely associated ribs; no scapula is preserved.

The angled distal margin of the humerus is consistent with enantiornithines that have an en-



34 LT B T N 7/ B S 50 %

larged flexor process (e. g. Alexornis, Vescornis, Longirostravis) ( Brodkorb, 1976 ; Zhang et al.,
2004 ; Hou et al., 2004 ). This feature is also present in Eoalulavis. The tibiotarsus does not
appear to possess prominent cnemial crests, although small, low cnemial crests like that of some
enantiornithines cannot be ruled out (e. g. Soroavisaurus). All known basal ornithurines, even
those who lack derived features such as a globe-shaped humerus or a rostrocaudally elongate
sternum (e. g. Archaeorhynchus) , possess prominent cnemial crests (e. g. Longicrusavis, Yi-
xianornis, Yanornis, Jianchangornis) .

Distally the possibly incomplete fusion of the tibiotarsus and tarsometatarsus suggest an en-
antiornithine assignment, as these compound bones are fully fused in nearly every ornithurine,
with the exception of Archaeorhynchus that is known from a juvenile specimen ( Zhou and
Zhang, 2005). However, given that the ontogenetic age of the holotype of Liaoningornis is un-
known, this character is not very diagnostic. The morphology of the tarsometatarsus , however, is
also consistent with enantiornithines; the metatarsals are aligned in the same plane ( metatarsal
IIT proximally not plantarly displaced as in ornithurines, i. e. Yanornis, Longicrusavis, Pata-
gopteryx ) ( Chiappe and Calvo, 1989) , an intercotylar eminence is absent, and the tubercle for
the M. tibialis cranialis is proximodistally elongate, and located on metatarsal 1I approximately
20% from the proximal end (e.g. Rapaxavis, Longipteryx, Vescornis). In ornithurines, this
attachment site is typically much smaller, more proximally located, and completely on the
dorsal surface of metatarsal 11l (e. g. Longicrusavis, Gansus, Ichthyornis) .

The size and proportions of the pedal phalanges and unguals are also more consistent with
enantiornithines than with ornithurines; the distal elongation of the phalanges within the digit,
and the large size and strong degree of curvature of the claws, are both consistent with Early
Cretaceous enantiornithines (e. g. Concornis, Longipteryx, Rapaxavis). Although some extant
ornithurines share these morphologies ( Hopson, 2001 ), Early Cretaceous taxa typically have
proximally elongated pedal phalanges and small, weakly recurved claws (e. g. Hongshanornis,
Yanornis, Yixianornis, Jianchangornis).

Phylogenetic placement Recent cladistic analyses have all differed in the phylogenetic
placement of Liaoningornis ( You et al., 2006, 2010; Zhou and Zhang, 2005, 2006b) , likely
a combined result of the fragmentary nature of the only specimen and the objectiveness of cladis-
tic analyses. Analyses by Zhou and Zhang (2005, 2006b) consistently placed Liaoningornis in
a clade with other ornithurines. Analyses by You et al. (2006, 2010) have differed; an earli-
er, smaller analysis resolved Liaoningornis as a basal pygostylian. A more recent analysis,
which dealt with the discovery of a new ornithurine sternum, resolved Liaoningornis with enan-
tiornithines, forming a clade with Eoalulavis ( You et al., 2010). This node is weakly supported
by a single character regarding the caudal morphology of the sternum ( expanded into a T-
shape) , but receives unambiguous support from this one character ( You et al., 2010). An en-
antiornithine analysis that included all valid taxa and a large ornithurine in-group resolved the
same sister relationship between Foalulavis and Liaoningornis ( 0’Connor, 2009 ). Morphologi-
cal comparison with other Cretaceous birds most strongly aligns Liaoningornis with enantiorni-
thines, although the specimen does not definitively preserve any synapomorphies of the clade
(e. g. minor metacarpal extending beyond the distal margin of major metacarpal, Y-shaped fur-
cula). Because cladistic matrices reflect morphology, phylogenetic support for such a hypothe-
sis will always be limited until new Liaoningornis material is discovered.

This hypothesis has been suggested not only through morphology and cladistics, but
through morphometrics; a recent principle component analysis on the morphology of the tarso-
metatarsus in living birds applied to Mesozoic taxa has also suggested Liaoningornis be more
closely aligned with enantiornithines than ornithurines (Zhang, 2006). In this analysis, Liao-
ningornis represents a distinct outlier from other known ornithurines but groups well within the
enantiornithines. Alternatively, this could simply be an ecological signature, as could be sever-
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al of the morphologies used to align Liaoningornis with this clade (e. g. morphology of the pedal
phalanges ). Nevertheless, resolution of this debate is important because current hypotheses cite
Liaoningornis as the only Early Cretaceous evidence that ornithurines shared the arboreal-per-
ching ecological niche with enantiornithines ( Zhou and Zhang, 2006a) .

Although there are no characters that allow us to definitively assign Liaoningornis to Enan-
tiornithes, the preserved combination of features strongly suggests such a relationship, while
clear diagnostic features of ornithurines are entirely lacking from the specimen. Given the ab-
sence of any true enantiornithine synapomorphies preserved in IVPP V 11303, it would be most
parsimonious to await new material to support this reassignment. Such a discovery, however,
may take decades—the only known specimen was collected over 15 years ago and despite con-
tinuous collecting in the region, no referred material has surfaced. Liaoningornis is thus reas-
signed to Enantiornithes with the recommendation that researchers use this taxon with caution,
especially when forming evolutionary hypotheses that may rely upon it.

Systematic paleontology ( revised )

Aves Linnaeus, 1758
Enantiornithes Walker, 1981
Ord. and Fam. Indet.
Liaoningornis longidigitrus Hou, 1997a

Revised diagnosis A small enantiornithine with the following unique combination of
characters; small, imperforate sternum lacking trabeculae; T-shaped xiphoid process; proxi-
mally forked, ventrally projecting keel that does not extend to the rostral margin; keel low dis-
tally and continuous with T-shaped xiphoid process; femur 82% of tibiotarsus; metatarsal I P-
shaped with nearly parallel articular surfaces; large curved claws.

Implications The possible reassignment of Liaoningornis longidigitrus to Enantiornithes
not only increases diversity in the latter clade, but also strongly affects existing hypotheses re-
garding avian evolution that have incorporated this taxon. For a long time, Liaoningornis was
considered the oldest and earliest phylogenetic divergence within ornithurine birds ( Hou et al.,
1996 ; Zhou and Zhang, 2006a). This widely accepted inference regarding the phylogenetic po-
sition of this taxon has been used to suggest that basal ornithurines were small ( Zhou and
Zhang, 2006a) and arboreal, an ecology retained ancestrally from closely related non-avian di-
nosaurs (Hou et al., 1996; Zhou and Zhang, 2006a). This also implies that the cursoriality of
ornithurines and their large size are derived features, and provides support for an arboreal origin
flight. However, the reassignment of this taxon to Enantiornithes would mean that the fossil re-
cord no longer supports these hypotheses.

The similarity between the sterna of Foalulavis and Liaoningornis (Fig.4) suggests a rela-
tionship between the two taxa, despite the temporal and geographical separation of the two spe-
cimens. Unfortunately, the poor preservation of the Liaoningornis holotype prevents the
identification of additional features to support such a relationship. The morphology of the sterna
of these two taxa is not only highly consistent, but also distinct from sympatric taxa (e.g. Con-
cornis from Las Hoyas, Spain; Longirostravis, Protopteryx, and Vescornis from the Yixian For-
mation) , all of which possess trabeculae, with the exception of juvenile specimens ( Chiappe et
al., 2007) and the controversial Eoenantiornis (IVPP V 11537; Hou et al., 1999; Zhou et al.,
2005; O’Connor, 2009 ). The sternum of Eoenantiornis is interpreted as lacking trabeculae
(Hou et al., 1999; contra Zhou et al., 2005; O’Connor, 2009 ) ; the illustrated trabecula in
Zhou et al. (2005) is interpreted here as the distal end of the right humerus (as in Hou et al.,
1999). The morphology in IVPP V 11537 ( Fig. 4F) is reminiscent of that in early juvenile
enantiornithines ( Chiappe et al., 2007 ). In all published juvenile enantiornithines, the ster-
num is small and incomplete ( Fig.41) ; the bone possesses a rounded rostral margin, followed
by a very short corpus, ending in a long xiphoid process (e.g. GMV 2158, GMV 2159, ¢ Liao-
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xiornis’ ) (Hou and Chen, 1999). This is essentially the morphology preserved in the holotype
of Eoenantiornis, however with more of the corpus ossified in the latter, larger specimen. Al-
though this cannot be verified without histological analysis, it is hypothesized that the sternum
in the holotype of Foenantiornis may have ossified trabeculae later during development. Given
that there are so few enantiornithine specimens with comparable sternal morphology, the mor-
phology in Eoalulavis and Liaoningornis, like that in Eoenantiornis, may represent an ephemer-
al ontogenetic stage, and thus departs from the more commonly preserved “adult” morphology.
Alternatively, there are no other enantiornithines with an expanded xiphoid process, a feature
unlikely to disappear with ontogeny, suggesting that this unique morphology does characterize
these taxa. Comparison with Liaoningornis and the differences between the two taxa suggests
that the morphology in the holotype of Eoalulavis may have been subject to further development
and possibly have ossified coracoidal sulei and a well-projected keel if the individual had not
died. These two specimens lack other indicators that they are subadults, such as unfused com-
pound bones, and pitted bone surfaces ( Sanz et al., 2002 ; Zhou et al., 2005). This suggests a
slow growth strategy in enantiornithines like that of the extant Apteryx, in which the animal rea-
ches skeletal maturity fairly quickly but takes several years to reach full size (Bourdon et al.,
2009). However, the preserved sternum may or may not represent the adult condition.
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