
letters to nature

NATURE | VOL 409 | 11 JANUARY 2001 | www.nature.com 181

detrital zircons. Geochim. Cosmochim. Acta 55, 1915±1932 (1991).

14. Paces, J. B. & Miller, J. D. Precise U-Pb ages of Duluth Complex and related ma®c intrusions,

northeastern MinnesotaÐgeochronological insights to physical, petrogenetic, paleomagnetic and

tectonomagmatic processes associated with the 1.1 Ga midcontinent rift system. J. Geophys. Res. 98,

13997±14013 (1993).

15. Quidelleur, X. et al. Thermal evolution and slip history of the Renbu Zedong Thrust, southeastern

Tibet. J. Geophys. Res. 102, 2659±2679 (1997).

16. Schuhmacher, M., de Chambost, E., McKeegan, K. D., Harrison, T. M. & Migeon, H. in Secondary Ion

Mass Spectrometry SIMS IX (eds Benninghoven, A. et al.) 919±922 (1994).

17. Valley, J. W., Kinny, P. D., Schulze, D. J. & Spicuzza, M. J. Zircon megacrysts from kimberlite: oxygen

isotope variability among mantle melts. Contrib. Mineral. Petrol. 133, 1±11 (1998).

18. Mattey, D., Lowry, D. & Mcpherson, C. Oxygen isotope composition of mantle peridotite. Earth

Planet. Sci. Lett. 128, 231±241 (1994).

19. Harmon, R. S. & Hoefs, J. Oxygen isotope heterogeneity of the mantle deduced from global 18O

systematics of basalts from different geotectonic settings. Contrib. Mineral. Petrol. 120, 95±114 (1995).

20. Eiler, J. M. et al. Oxygen isotope variations in ocean island basalt phenocrysts. Geochim. Cosmochim.

Acta 61, 2281±2293 (1997).

21. O'Neil, J. R. & Chappell, B. W. Oxygen and hydrogen isotope variations in the Berridale Batholith,

Southeastern Australia. J. Geol. Soc. Lond. 133, 559±571 (1977).

22. Taylor, H. P. & Sheppard, S. M. F. in Stable Isotopes in High Temperature Processes (eds Valley, J. W. et

al.) Rev. Mineral. 16, 227±271 (Mineralogical Society of America, Washington DC, 1986).

23. Chivas, A. R., Andrew, A. S., Sinha, A. K. & O'Neill, J. R. Geochemistry of Pliocene±Pleistocene

oceanic arc plutonic complex, Guadalcanal. Nature 300, 139±143 (1982).

24. Longstaffe, F. J. & Schwarcz, H. P. 18O/16O of Archean clastic metasedimentary rocks: A petrogenetic

indicator for Archean gneisses? Geochim. Cosmochim. Acta 41, 1303±1312 (1977).

25. Zheng, Y.-F. Calculation of oxygen isotope fractionation in anhydrous silicate minerals. Geochim.

Cosmochim. Acta 57, 1079±1091 (1993).

26. Amelin, Y., Lee, D. C., Halliday, A. N. & Pidgeon, R. T. Nature of the Earth's earliest crust from

hafnium isotopes in single detrital zircons. Nature 399, 252±255 (1999).

27. White, A. J. R. & Chappell, B. W. Ultrametamorphism and granitoid genesis. Tectonophysics 43, 7±22

(1977).

28. Halliday, A. Terrestrial accretion rates and the origin of the Moon. Earth Planet. Sci. Lett. 176, 17±30

(2000).

29. Mojzsis, S. J. et al. Evidence for life on Earth before 3,800 million years ago. Nature 384, 55±59 (1996).

Supplementary information is available on Nature's World-Wide Web site
(http://www.nature.com) or as paper copy from the London editorial of®ce of Nature.

Acknowledgements

This work was supported by grants from NASA and NSF. Technical assistance from
C. D. Coath is gratefully appreciated. We thank S. Claesson and J. Valley for providing the
zircon oxygen standards. We also thank A. Halliday and C. Miller for comments on the
manuscript. We are grateful to the McTaggart family of Mt Narryer station and the Broad
family of Milly Milly station, Western Australia, for their hospitality in the ®eld. We
acknowledge support from the Instrumentation and Facilities Program of the National
Science Foundation.

Correspondence and requests for materials should be addressed to S.J.M.
(e-mail: Steve.Mojzsis@lasp.colorado.edu).

.................................................................
Fossil that ®lls a critical gap
in avian evolution
Mark A. Norell* & Julia A. Clarke²

* Division of Paleontology, American Museum of Natural History,

79th Street at Central Park West, New York, New York 10024-5192, USA
² Department of Geology and Geophysics, Yale University, PO Box 208109,

New Haven, Connecticut 06520-8109, USA

..............................................................................................................................................

Despite the discoveries of well-preserved Mesozoic birds1±5, a key
part of avian evolution, close to the radiation of all living birds
(Aves), remains poorly represented6. Here we report on a new
taxon from the Late Cretaceous locality of Ukhaa Tolgod,
Mongolia7, that offers insight into this critically unsampled
period. Apsaravis and the controversial alvarezsaurids8 are the
only avialan9 taxa known from the continental deposits at Ukhaa
Tolgod, which have produced hundreds of fossil mammals, lizards
and other small dinosaurs7. The new taxon, Apsaravis ukhaana, is
the best-preserved specimen of a Mesozoic ornithurine bird dis-
covered in over a century. It provides data important for assessing
morphological evolution across Avialae, with implications for,

®rst, the monophyly of Enantiornithes and Sauriurae; second, the
proposition that the Mesozoic sister taxa of extant birds, as part of
an `ecological bottleneck', inhabited exclusively near-shore and
marine environments2; and third, the evolution of ¯ight after its
origin.

Systematic paleontology
Theropoda Marsh 1881
Avialae Gauthier 1986

Ornithurae Chiappe 1991
Apsaravis ukhaana new taxon

Type specimen. IGM (Institute of Geology, Mongolia) 100/1017
(Figs 1±3).
Etymology. `Apsara' (sanskrit), winged consorts prominent in
Buddhist and Hindu art, plus `avis' from the Greek aves for bird.
`Ukhaana' refers to the type locality Ukhaa Tolgod.
Type locality. Camels Humps amphitheater, Ukhaa Tolgod,
Mongolia, ?Campanian7.
Diagnosis. Apsaravis is differentiated from other avialans by the
derived presence of a strong tubercle on the proximal posterior
surface of the humerus directly distal to the humeral head (Fig. 1), a
hypertrophied trochanteric crest on the femur and well-projected
wings of the sulcus cartilaginis tibialis on the posterodistal tibio-
tarsus (Figs 1 and 3). Nine additional characters optimize as local
apomorphies in the phylogenetic analysis (Fig. 4).
Description. The holotype specimen is three-dimensionally pre-
served and partially articulated (Figs 1 and 2). The fragmentary
skull has a ring of scleral ossicles in the left orbit. A fragment (the left
quadrate?), lies against the cranium close to the ®rst of 12 preserved
heterocoelic cervical vertebrae (Fig. 2). Part of the right jaw is a
crushed arch of bone near the ®rst phalanx of right manual digit II
(Fig. 1). Another fragment includes the tips of toothless dentaries
joined in an ossi®ed symphysis (Fig. 1).

Seven opisthocoelic dorsal vertebrae and ten ankylosed sacral
vertebrae are visible ventrally. Five free caudal vertebrae and a
pygostyle, broken at its base and distal tip, complete the series.
The pectoral and pelvic arches are nearly complete. The V-shaped
ulnare and radiale are preserved and metacarpals I±III are fused (at
least proximally) into a carpometacarpus (Figs 1 and 2). The
proximal tarsals and tibia are coossi®ed (Figs 1 and 3). The right
tibiotarsus is in articulation with the tarsometatarsus (Fig. 3). In
both tarsometatarsi, the distal tarsals and metatarsals II±IV are co-
ossi®ed completely and enclose the distal vascular foramen. Meta-
tarsal V is not present, and pedal digit I was not present or is not
preserved. Distal to the area of the hypotarsus, an ossi®ed tendon
lies against metatarsal III. Semi-articulated pedal phalanges (Figs 1
and 3) decrease in length distally.

The phylogenetic position of Apsaravis close to crown-clade Aves
(Fig. 4) is strongly supported. Apsaravis uniquely and unambigu-
ously shares with Aves, and the only other well-preserved Mesozoic
ornithurines1 Ichthyornis and Hesperornithiformes10 (for example,
Hesperornis and Baptornis), at least ten ankylosed sacral vertebrae;
pubis and ischium sub-parallel and closely appressed; pubis medio-
laterally compressed; a patellar groove on the distal femur; lateral
condyle of the tibiotarsus equal to, or surpassing, the width of the
medial; and metatarsal III pinched proximally between II and IV.

Other derived forelimb characters present in Apsaravis,
Ichthyornis and Aves are indeterminable in the highly apomorphic,
diving Hesperornithiformes. These include a globose humeral head;
an extensor process on the proximal surface of metacarpal I;
phalanx 1 of manual digit II posteriorly compressed; and a ¯at,
and posteriorly bowed, metacarpal III less than one-half the
diameter of metacarpal II. Apsaravis shares with Ichthyornis and
Aves the derived presence of an anteriorly developed midline ridge
associated with an anterior sternal keel, which is absent in ¯ightless
Hesperornithiformes, missing data in Patagopteryx deferrariisi11 and
unknown in more basal avialans where a keel, if present, is posteriorly
developed5,12. Apsaravis, Ichthyornis and Aves also share the derived
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presence of an `obturator ¯ange' on the proximal ischium and a
mediolaterally orientated postacetabular ilium (Fig. 1); both char-
acters are not present in Hesperornthiformes or more basal taxa.

The Apsaravis hypotarsus lacks distinct ridges or grooves as in
Hesperornithiformes and Patagopteryx11. Ichthyornis shares with
Aves, exclusive of Apsaravis and more basal avialans, the presence
of at least one hypotarsal ridge, a procoracoid process and a medially
curved acrocoracoid process. Apsaravis and Ichthyornis lack syna-
pomorphies of Aves: the deltopectoral crest of the humerus projects
primitively dorsally not anteriorly; the humeral pneumotricipital
fossa does not contain a pneumatic foramen; there is one proximal
vascular foramen in the proximal tarsometatarsus as opposed to two;
and an ossi®ed supratendinal bridge on the tibiotarsus is absent.

Several characters shared with Patagopteryx and Ornithurae place

Apsaravis closer to Aves than Enantiornithes. These taxa share the
derived presence of completely heterocoelic cervical vertebrae
(absent in Ichthyornis); a curved scapular shaft; loss of the cuppe-
dicus muscle fossa on the ilium; distally non-contacting pubes;
metatarsals and distal tarsals fused to form a tarsometatarsus with
the distal vascular foramen enclosed; a discrete area on the poster-
oproximal metatarsals for an incipient hypotarsus; and a proximal
vascular foramen between metatarsals III and IV (absent in Hesper-
ornithiformes). Twenty-seven unambiguous synapomorphies place
Apsaravis as a derived ornithurine (Fig. 4).

Apsaravis displays several previously reported enantiornithine
synapomorphies11±16 that our analysis shows to either be plesio-
morphic or no longer optimize as unique to Enantiornithes because
they also occur in Apsaravis and/or other avialan taxa. For example,

Figure 1 Apsaravis ukhaana, holotype IGM 100/1017. Photograph of holotype (left) and

annotated diagram (right). an, antitrochanter; c, coracoid; cr, cranium; cv, caudal

vertebrae; crv, cervical vertebrate; cm, carpometacarpus; dv, dorsal vertebrae; ep,

extensor process; f, femur; fns, foramen n. supracoracoideus; h, humerus; il, ilium; is,

ischium; m, mandible; ms, mandibular symphysis; or, orbit; ph1, phalanx 1 manal digit II;

p, pubis; py, pygostyle; r, radius; re, radiale; ri, rib; s, scapula; st, sternum, t, tibiotarsus;

tm, tarsometatarsus; u, ulna; ue, ulnare. The `r' and `l' pre®xes before these abbreviations

indicate right and left, respectively. (The distal right humerus was removed for further

preparation; see Fig. 3.)

Figure 2 Apsaravis ukhaana, holotype IGM 100/1017. Photograph of holotype (left) and

annotated diagram (right). c, coracoid; cr, cranium; crv, cervical vertebrae; cm,

carpometacarpus; d, dentary; fs, fossa on anterior bicipital crest; fns, foramen n.

supracoracoideus; h, humerus; j?, jugal?; ph1, phalanx 1 manual digit II; q?, quadrate?;

re, radiale; s, scapula; spc, scapular cotyla; u, ulna. The `r' and `l' pre®xes before these

abbreviations indicate right and left, respectively.
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in Apsaravis and Enantiornithes11±15, there is a deep `dorsal fossa' (or
a strong concavity) of the posterodorsal coracoid. Because this
concavity is present in non-avialan theropods17, as well as in
Confuciusornis, it is loss of the fossa in Ornithurae that is derived
within Avialae.

In Apsaravis, the supracoracoideus nerve foramen opens into the
proximal `dorsal fossa' (Fig. 2), a condition present within Enan-
tiornithes (such as Neuquenornis volans15). The second, antero-
medial, opening of the foramen in Enantiornithes lies in an elongate
depression, considered synapomorphic of that clade11,12,14. However,
as the foramen lies in this depression in Apsaravis (Fig. 1) and the

outgroups17, this morphology, like the fossa, is also primitive rather
than a synapomorphy of Enantiornithes.

A pit-shaped fossa on an anteriorly projected bicipital crest have
both been described as synapomorphies of Enantiornithes11,12. But
these conditions are also present in Apsaravis and in synapomor-
phies of a more inclusive avialan clade (Fig. 4). Slight anterior
projection of the bicipital crest is also known in Ichthyornis. The
distal humerus (Fig. 3) in Apsaravis displays other features con-
sidered characteristic of Enantiornithes11,13, including (1) antero-
posterior compression and dorsoventral expansion of the distal
humerus giving it a `spatulate' aspect11; (2) the angle of the dorsal

dc
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rt mw
tub
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Figure 3 Apsaravis ukhaana, holotype IGM 100/1017. Left, left humerus in anterior view;

right, right tibiotarsus and tarsometatarsus. dc, dorsal condyle; df, distal foramen; pvf,

proximal vascular foramen; t, tibiotarsus; tm, tarsometatarsus; tub, tuberositas retinaculi

extensoris; mw, medial wing of sulcus cartilaginis tibialis; vnc, ventral condyle. The `r' and

`l' pre®xes before these abbreviations indicate right and left, respectively.
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Figure 4 Strict consensus of ®ve most parsimonious cladograms (length, 354; CI, 0.69;

RI, 0.81; RC, 0.56) indicating the placement of Apsaravis ukhaana in an analysis (using

PAUP*4.0b2a25) of 199 characters and 17 taxa (see Supplementary Information). The tree

is rooted on Dromaeosauridae (Velociraptor and Deinonychus). Using Archaeopteryx

lithographica and Confuciusornis sanctus as outgroups does not change the resultant

topology. Possible character states at the base of Aves were estimated by the inclusion of

taxa sampling clades supported to be basal to Aves (see ref. 6): Anseriformes (for

example, Anas platyrhynchos, Chauna torquata) Galliformes (Gallus gallus, Crax pauxi)

and Palaeognathae (for example, Crypturellus undulatus). Apsaravis is diagnosed by the

following characters (numbers refer to Supplementary Information): dentary strongly

forked posteriorly (42); scapular blade narrow throughout its length (102); dorsal humeral

condyle angled transversely at high angle to axis of shaft (121); strap-like distal

humeral condyles (122); humeral distal margin angled (123) and anteroposteriorly

compressed (124); lateral condyle of tibiotarsus wider than the medial (182); neither

condyle of the tibiotarsus medially constricted (183); and the intercondylar groove less

than one-third the distal width of the tibiotarsus (184). Placing Apsaravis below

Hesperornis results in only one additional character change: Hesperornithiformes are so

apomorphic that few of the 63 included thoracic characters could be scored. The following

nodes are supported by the following unambiguous synapomorphies: node 1, 61, 83, 99,

108, 111, 112, 118, 131, 139, 146, 179, 189; node 2, 66, 101, 139, 153, 163, 166,

169, 170, 188, 192; node 3, 30, 31, 53, 54, 61, 156, 157, 165, 172, 178, 182, 190;

node 4, 74, 105, 156, 161, 164; node 5, 85, 95, 98, 125, 192; node 6, 8, 37, 55, 61, 90,

96, 113, 114, 115, 118, 119, 133, 147, 149, 179, 180, 193, 201.
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condyle relative to long axis of the humerus; and (3) the ventral
condyle developed as a weak ridge at the (4) angled distal edge of the
humerus.

The Apsaravis tibiotarsus has a narrow intercondylar groove13 and
`barrel-shaped', medially untapering condyles (Fig. 3). The ®rst
character has been considered an enantiornithine synapomor-
phy11±15. Both features are known from two fragmentary specimens:
Nanantius eos18, identi®ed as an enantiornithine; and Vorona
berivotrensis19, placed in an unresolved trichotomy with Enantior-
nithes and avialans more closely related to Aves19. However,
Nanantius eos, other Enantiornithes, Vorona and Patagopteryx
exhibit the primitive theropod condition5,20, with the medial con-
dyle wider than the lateral. In Apsaravis the medial condyle is
extremely narrow, whereas most other ornithurines have a broad
intercondylar groove and the condyles are roughly equal in width.

To place Apsaravis in Enantiornithes requires extensive conver-
gence throughout the skeleton (17+ additional steps). Enantior-
nithine monophyly, while supported (Fig. 4), is not consistently
diagnosed by any single unambiguous synapomorphy in all trees.
The distribution of proposed enantiornithine synapomorphies and
their status following this analysis is shown in Table 1 of the
Supplementary Information. Out of 30 characters considered char-
acteristic of Enantiornithes, only 12 are found exclusively in that
clade. Of those that varied across Avialae, 11 apply to more inclusive
clades, and the remaining characters either optimize ambiguously
or as convergently present in at least one non-enantiornithine clade.
Caution is suggested when referring material to Enantiornithes that
is based on the simple presence of one or more of these characters in
a fragmentary specimen.

This phylogenetic analysis presents further evidence against a
monophyletic `̀ Sauriurae''4,21. The proponents of this proposed
clade (including Archaeopteryx + Confuciusornis + Enantiornithes)
invoke convergence to explain characters shared by Enantiornithes
and Aves2. Many characters used to de®ne separate sauriurine and
ornithurine clades21 are found in Apsaravis. Apsaravis displays many
characters placing it close to Aves, but retains plesiomorphies
present in Enantiornithes and more basal theropods (Fig. 4).

It has been suggested that Enantiornithes were the `̀ dominant
land birds'' of the Cretaceous, whereas ornithurines were restricted
to near-shore environments and shorebird ecologies2. These `transi-
tional shorebirds' are supposed to have survived a terminal Creta-
ceous extinction to give rise to the extant radiation of birds in the
early Tertiary2. This pattern is based on inferring ecological habits
from a small number of specimens, which often comprise single
bones. Apsaravis provides contradictory evidence as it is an
ornithurine from continental (not near-shore or marine) deposits
and lacks derived af®nity with Ichthyornis or shorebirds (such as
Charadriiformes). Whatever the range of morphologies (and pre-
sumed ecology) of Mesozoic ornithurines, there is no evidence that
they were stuck in an `ecological bottleneck'. It may be considered
not only a preservational artefact, but also a result of poorly
supported referral of fragments to both Enantiornithes and
Ichthyornis (J. Clarke, manuscript in preparation) (and other taxa
considered to have a `̀ shorebird'' ecology10).

Apsaravis offers insight into the assembly of the modern ¯ight
apparatus. Apsaravis is the most basal avialan with an extensor
process (a strong, anteriorly projected muscular process on meta-
carpal I) (Fig. 1) related to the insertion of the extensor carpi radialis
muscle and the propatagial ligaments in Aves22. In Archaeopteryx
and non-avialan theropods, the proximoanterior edge of metacar-
pal I ¯ares slightly, but does not extend past the anterior limit of the
semilunate carpal. In Confuciusornis and Enantiornithes, the entire
surface is broadly convex6.

In Aves, the extensor carpi radialis muscle is typically the largest
forelimb muscle22. During the upstroke±downstroke transition, it
automatically extends the manus and attached primary ¯ight
feathers to reposition quickly this distal part of the wing for the

downstroke23. Avian automatic extension of the manus with exten-
sion of the forearm was described in non-avialan theropods as a
consequence of a semilunate trochlear surface in the wrist24. This
quick motion, repositioning the manus, was thought to be a
primitive action co-opted for ¯ight24.

There is considerable morphological evidence that many aspects
of the movements used in powered ¯ight were present before the
evolution of ¯ight1,9,17. Theropod dinosaurs more primitive than
Apsaravis may have had a mechanism enabling automatic exten-
sion. However, automatic extension of the manus in Aves is affected
primarily by muscles that span both elbow and wrist, and that insert
on the extensor process of metacarpal I (ref. 23). There is no
morphological evidence of avian coordinated extension, a key part
of the avian ¯ight stroke, phylogenetically before Apsaravis. The key
innovation in the evolution of avian ¯ight is better understood not as
the gain of a semilunate carpal in non-¯ying theropod relatives of
birds nor feathers nor ¯ight itself, but as the accrual of morphological
novelties both before ¯ight and well after its origin. M
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