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Gansus yumenensis Hou and Liu, 1984 is a basal ornithuromorph bird that has been recovered from the Lower Cretaceous
Xiagou Formation in the Changma Basin of Gansu Province in northwestern China. Although it bears important significance
in understanding the origin and early evolution of Ornithuromorpha, this taxon has only received preliminary morphological
study. Here, we provide a detailed description of the postcranial morphology of Gansus yumenensis based on seven new
specimens and new data from previously reported specimens, and update diagnosis for this taxon. Our phylogenetic analysis
including new morphological data on Gansus yumenensis resolves all known four genera of Changma ornithuromorphs as
more derived taxa than Jehol members of this clade, indicating the difference between Changma and Jehol avifauna.
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Introduction

Gansus yumenensis Hou and Liu, 1984 was named based
on an isolated left foot (IVPP V6862) collected from the
Lower Cretaceous Xiagou Formation in the Changma
Basin of Gansu Province in northwestern China. At the
time of its discovery, this specimen represented the first
Mesozoic fossil bird from China and the second oldest bird
in the world, younger only than Archaeopteryx (Hou and
Liu 1984). Renewed field efforts in the Changma Basin
nearly two decades later produced a wealth of far more
complete specimens and You et al. (2006) reported five
specimens among them (CAGS-1G-04-CM-001 ~ 004, -
008), describing Gansus yumenensis as ‘a nearly modern
amphibious bird’. Their phylogenetic analysis resolved
this taxon as a basal member of Ornithurae. Li et al. (2011)
provided additional information on the morphology of the
sternum, forelimb and hind limb based on nine
fragmentary new specimens (IVPP V15074-15077,
1507915081, 15083, 15084). In addition to Gansus,
three other ornithuromorph taxa: Yumenornis huangi,
Changmaornis houi and Jiugquanornis niui (Wang et al.
2013), one enantiornithine Qiliania graffini (Ji et al. 2011)
and three unnamed enantiornithine specimens (You et al.
2005; Harris et al. 2006; Lamanna et al. 2006) have also
been described from the same locality. However, the vast
majority of Changma avian specimens are referred to
Gansus.

Here we describe seven new specimens of Gansus
yumenensis (GSGM-07-CM-009, -07-CM-011, -06-CM-

011, -07-CM-006, -05-CM-014, -04-CM-018 and -04-CM-
031), all from the Changma locality. We also describe some
details of two specimens (CAGS-1G-04-CM-003, -004)
reported in You et al. (2006). They together provide a rare
opportunity to study the detailed postcranial anatomy of
basal ornithuromorphs. Notably, three of the new speci-
mens preserve gastroliths, contributing new information
about the habit of Gansus yumenensis.

Institutional abbreviations

CAGS-IG, Chinese Academy of Geological Sciences,
Institute of Geology, Beijing; GSGM, Gansu Geological
Museum, Lanzhou; IVPP, Institute of Vertebrate Paleontol-
ogy and Paleoanthropology, Beijing.

Systematic paleontology
Aves Linnaeus, 1758
Pygostylia Chiappe, 2002
Ornithothoraces Chiappe and Calvo, 1994
Ornithuromorpha Chiappe, 2002

Gansus yumenensis Hou and Liu, 1984

Holotype specimen

Distal left tibiotarsus and left tarsometatarsus with
complete pedal digits IVPP V6862; Hou and Liu 1984).
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Figure 1. Geographic location of the Changma Basin (indicated by star), Gansu Province, People’s Republic of China. Source: Modified

from Wang et al. (2013).

New referred specimens

GSGM-07-CM-009, articulated three caudalmost thoracic
vertebrae, synsacrum, pygostyle and partial pelvic girdle
consisting of right ilium, proximal pubis and ischium
(Figure 2); GSGM-07-CM-011, articulated skeleton and
gastroliths, lacking the skull, cervical and caudal
vertebrae, pectoral girdles and forelimbs (Figure 3);
GSGM-06-CM-011, nearly complete sternum, sternal ribs,
partial furcula, sternal ribs and gastroliths (Figure 6);
GSGM-07-CM-006, left proximal scapula, coracoid and
partial left forelimb, with feather impression (Figure 7);
GSGM-05-CM-014, complete left and partial right
forelimbs, complete hind limbs, scattered ribs and
gastroliths (Figure 8); GSGM-04-CM-018, articulated
left tibiotarsus and fibula (Figure 9); GSGM-04-CM-031,
proximal and distal portions of left tarsometatarsus
(Figure 10).

Locality and horizon

In the vicinity of the Changma Township, Yumen City,
Jiuquan area, Gansu Province, northwestern China; Lower
Cretaceous (early Aptian), Xiagou Formation (You et al.
2005; Harris et al. 2006; Lamanna et al. 2006; Suarez et al.
2013; Figure 1).

Revised diagnosis

Gansus yumenensis is distinguished from other known
ornithuromorphs by the following unique combination of
characters: pygostyle narrow throughout length with
dorsal spinous ridge; sternum with well-developed
craniolateral and lateral processes; lateral trabeculae of
sternum curved medially; sternum bearing a pair of caudal

fenestrae; coracoid with a cranially hooked lateral process;
tibiotarsus long, with two strongly proximally projected
cnemial crests; position of metatarsal II trochlea high and
plantarly displaced relative to the metatarsal III trochlea;
pedal digit IV longest (autapormorphy); pedal claws with
pointed flexor tubercles.

Description

Anatomical nomenclature primarily follows Baumel and
Witmer (1993). English translations are used for
osteological terminology while Latin is maintained for
muscles.

Figure 2.  (Colour online) Photograph (A) and line drawing (B) of
Gansus yumenensis GSGM-07-CM-009. Abbreviations: acf,
acetabulum foramen; ca, caudal vertebrae; dp, dorsal process; il,
ilium; is, ischium; lp, lateral depression; pu, pubis; py, pygostyle; ri,
ridge; sp, spinous process; syn, synsacrum; tv, thoracic vertebrae.
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Vertebral column and ribs

GSGM-07-CM-009 preserves the caudalmost three thor-
acic vertebrae in lateral view and GSGM-07-CM-011
preserves two isolated thoracic vertebrae in caudal view.
The thoracic vertebrae possess well-developed rectangular
spinous processes, the dorsoventral height of which is
nearly half the total height of the associated vertebra
(Figure 2). The transverse processes are long and robust
(CAGS-IG-04-CM-004; You et al. 2006). The vertebral
foramen is large, nearly the same size as the articular
surface of the centrum (Figure 3). The length of the centrum
is markedly greater than the midpoint width (Figure 2). The
thoracic vertebrae appear to be amphicoelous. Like
enantiornithines, the lateral depressions on the centra are
developed as elongated grooves rather than broad fossae as
in other ornithuromorphs (Figure 2).

Based on the number of transverse processes, the
synsacrum is composed of ten fully fused vertebrae

(Figure 2), as in Apsaravis and Ichthyornis (Clarke and
Norell 2002; Clarke 2004); whereas the synsacrum is
formed by nine vertebrae in Yanornis and Yixianornis
(Zhou and Zhang 2001; Clarke et al. 2006), nine or ten in
Jianchangornis (Zhou et al. 2009), 11 in Changmaornis
(Wang et al. 2013) and only seven in the basal
Archaeorhynchus (possibly due to ontogenetic variation)
(Zhou and Zhang 2006; Zhou et al. 2013).

The caudal series consists of seven free vertebrae, the
cranial five of which possess robust transverse processes;
the processes become increasingly slender distally
(Figure 2). The pygostyle is short, slightly tapering to
the end; its length is approximately equal to the combined
length of three free caudal vertebrae, as in CAGS-1G-04-
CM-002 (You et al. 2006). The pygostyle is narrow
throughout its length and bears a spinous ridge along the
dorsal surface (Figure 2), whereas the pygostyle is much
fatter proximally in most other basal ornithuromorphs

Figure 3. (Colour online) Photograph (A) and line drawing (B) of Gansus yumenensis GSGM-07-CM-011. Abbreviations: fe, femur; fi,
fibula; gs, gastroliths; il, ilium; is, ischium; ke, keel; It, lateral trabecula; mf, medial fenestra; pd, pedal digits; pu, pubis; rib, ribs; st,
sternum; syn, synsacrum; tb, tibiotarsus; tm, tarsometatarsus; tv, thoracic vertebrae; vf, vertebral foramen.
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Figure 4. (Colour online) Photograph (A), detail of the ribs (B)
and detail of the coracoid of Gansus yumenensis CAGS-1G-04-
CM-004 (You et al. 2006). Abbreviations: ap, acrocoracoid
process; lp, lateral process; pp, procoracoid process; up,
uncinated processes.

(e.g., Yixianornis, Yanornis, Archaeorhynchus). The total
length of the caudal vertebrae and the pygostyle is more
than half the length of the synsacrum (Figure 2).

The thoracic ribs are slender, slightly curved and
relatively elongate. Six uncinate processes are preserved in
CAGS-1G-04-CM-004 (Figure 4(B)), contrary to You
et al. (2006); they are elongated and slender, nearly
crossing two ribs. At least one of the uncinate processes is
in articulation with the rib, but their scattered positions in
the fossil suggest that they were not fused to the ribs. The
preserved sternal ribs are straight, short and slender; four
articulate with the left margin of the sternum, but poor
preservation prevents determining the exact number of the
sternal ribs (Figure 6). No gastralia is preserved in any
specimen, although this element is present in some Jehol
ornithuromorphs, such as Archaeorhynchus, Piscivoravis,
Iteravis and the recently reported new species of Gansus,
Gansus zheni (Zhou et al. 2013; Liu et al. 2014; Zhou,
O’Connor, et al. 2014; Zhou, Zhou, et al. 2014).

Pectoral girdle

The furcula is delicate, U-shaped and lacks a hypoclei-
dium (Figure 5(B); You et al. 2006). This morphology is
characteristic of most basal ornithuromorphs. The furcula

Historical Biology 669

Figure 5. (Colour online) Photograph (A) and detail of the
furcula of CAGS-IG-04-CM-003 (You et al. 2006).
Abbreviation: fu, furcula.

has an intraclavicular angle of approximately 38° (You
et al. 2006), similar to Jiuguanornis (Wang et al. 2013),
but lower than that of Yixianornis, Archaeorhynchus,
Piscivoravis, Iteravis and Gansus zheni (Clarke et al.
2006; Zhou et al. 2013; Liu et al. 2014; Zhou, O’Connor,
et al. 2014; Zhou, Zhou, et al. 2014). The Jehol
ornithuromorph Schizooura possesses a robust V-shaped
furcula with a short hypocleidium, being reminiscent of
the enantiornithine condition (Zhou et al. 2012). The rami
are oval in cross-section at mid-shaft and taper to the omal
ends respectively (Figure 5(B); You et al. 2006), lacking
epicleidial processes like those present in Yixianornis.

In CAGS-IG-04-CM-003 and -004 (Figures 4 and 5;
You et al. 2006), the acrocoracoid process on the coracoid
is mediolaterally expanded, sub-rounded and slightly
hooked medially, with a shallow ligamental groove
present ventrally. The well-developed procoracoid process
projects medioventrally; its distal tip projects ventrally and
is expanded into a small tubercle (Figure 4(C); You et al.
2006). The ventral surface of the shaft of the coracoid is
convex. Distally, the sternal margin is straight; the
strongly concave lateral margin of the coracoid is longer
than the medial margin (Figure 4(C); You et al. 2006),

Figure 6. (Colour online) Photograph (A) and line drawing (B) of
Gansus yumenensis GSGM-06-CM-011. Abbreviations: clp,
craniolateral process; fu, furcula; gs, gastroliths; Ip, lateral process;
1t, lateral trabecula; mf, medial fenestra; sr, sternal ribs; st, sternum.
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whereas in Yumenornis, Yanornis and Yixianornis, the two
margins are nearly the same in length (Zhou and Zhang
2001; Clarke et al. 2006; Wang et al. 2013). A lateral
process is present as a distinct cranially hooked projection
(Figure 4(C); You et al. 2006), more projected than in
Gansus zheni and similar to some neornithines (e.g.,
Puffinus); however, this lateral process is absent in other
Jehol ornithuromorphs. The left coracoid is exposed
dorsally in GSGM-07-CM-006. The deep and circular
scapular cotyla on the dorsal surface of the coracoid
(Figure 7) resembles that of Ichthyornis (Clarke 2004).
The n. supracoracoideus foramen is absent, indicating this
nerve ran medial to the coracoid. The oval glenoid facet is
poorly concave and nearly twice as large as the scapular
cotyla. Caudally, the m. sternocoracoidei impression is

ule afh [scc hu
a

2cm

op

Figure 7. (Colour online) Photograph (A), line drawing (B) and
detail of the carpometacarpus (C) of Gansus yumenensis GSGM-
07-CM-006. Abbreviations: a, acromion; afh, articular surface
with humerus; cmc, carpometacarpus; co, coracoid; ct, coracoidal
tubercle; hu, humerus; ma, major metacarpal; mi, minor
metacarpal; op, olecranon process; pp, pisiform process; ra,
radius; rle, radiale; sc, scapula; scc, scapular cotyla; sci,
sternocoracoidei m. impression; sf, supratrochlear fossa; ul,
ulna; ule, ulnare; vt, ventral tubercle.

shallow and sub-triangular, similar to that in Yixianornis
and other ornithuromorphs (Figure 7).

The proximal end of the left scapula is preserved in
lateral view in GSGM-07-CM-006. The acromion process
of the scapula is long, extending far beyond the coracoidal
tubercle (Figure 7); whereas in Yumenornis, Yixianornis
and Archaeorhynchus, the acromion process extends only
slightly past the coracoidal tubercle and in Ichthyornis not
at all (Clarke 2004; Clarke et al. 2006; Zhou and Zhang
2006; Wang et al. 2013). A mediolaterally compressed
articular surface for the furcula is developed on the
acromion. The coracoidal tubercle is small, sub-rounded
and confluent with the glenoid facet (the articular surface
for the humerus), which is large and shallowly concave.
A deep sulcus is present on the surface of the scapular shaft
(Figure 7), also present in Ambiortus (Kurochkin 1982;
O’Connor and Zelenkov 2013).

The sternum is preserved in dorsal view in GSGM-06-
CM-011 and in ventral view in GSGM-07-CM-011.
Cranially, the sulci for the articulation of the coracoid are
well developed, but their exact depth cannot be determined.
The rostral margin of the sternum is rounded, defining an
angle of approximately 140° (Figure 6), contrasting to the
‘peaked’ rostral margin in Jianchangornis, Yixianornis,
Yanornis, Songlingornis, Yumenornis and Iteravis (Hou
1997; O’Connor and Zhou 2013; Wang et al. 2013; Zhou,
O’Connor, et al. 2014). The craniolateral processes are
deflected dorsolaterally, defining an obtuse angle of
approximately 100°, greater than that in Yanornis,
Songlingornis and Yumenornis. The lateral (zyphoid)
process (Clarke et al. 2006) is a craniocaudally elongated
rectangular process with weakly rounded craniolateral and
caudolateral margins; the process is mediolaterally
narrower than that in Yumenornis, Yixianornis and Iteravis.
A dorsoventrally high keel extends from the rostral margin
nearly to the caudal terminus of the sternum, also visible in
CAGS-IG-04-CM-003 (Figures 3 and 5(A); You et al.
2006). The height of the keel is greatest at the rostral end
and decreases distally, and the rostroventral tip of the keel is
located proximal to the rostral margin of the sternal corpus
(Figure 3),asin [IVPP V15076 (Lietal. 2011). Caudally, the
lateral trabecula is short, strap-like and weakly curved
medially, without a caudal expansion like that present in
many other ornithuromorphs, such as Yanornis, Yixianornis
and Songlingornis (Figure 3). The medially curved lateral
trabecula is contrary to the laterally oriented lateral
trabecula of IVPP V15076 described in Li et al. (2011); this
difference is possibly due to the broken distal end of the
lateral trabecula in IVPP V15076. The intermediate
trabecula is more slender than the lateral one, and fused
to the xiphial region, forming an enclosed caudal fenestra
(Figure 6), as in Yanornis, Yixianornis and Songlingornis;
the fenestrae are much smaller in Yanornis and Songlin-
gornis, and rounder in Yixianornis (Hou 1997; Zhou and
Zhang 2001; Clarke et al. 2006).
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Forelimb resembling that of Yumenornis, Yixianornis, Yanornis and
The humeri are exposed in caudal view in both GSGM-07- Longicrusavis (Zhou and Zhang 2001; Clarke et al. 2006;
CM-006 and GSGM-05-CM-014 (Figures 7 and 8). O’Connor et al. 2010; Wang et al. 2013), and bears a
The ventral tubercle is proximoventrally developed, shallow fossa on its dorsal surface (Figure 7); this fossa is

Figure 8. (Colour online) Photograph (A), line drawing (B) and detail of the distal end of the tibiotarsus (C) of Gansus yumenensis
GSGM-05-CM-014. Abbreviations: bt, bicipital tubercle; cc, cnemial crest; cmc, carpometacarpus; fe, femur; gs, gastroliths; hu,
humerus; Ic, lateral condyle; ma, major metacarpal; ma I, the first phalanx of the major digit; mc, medial condyle; md, manual digits; mi,
minor metacarpal; mi I, the first phalanx of the minor digit; pd, pedal digits; ra, radius; rib, ribs; rle, radiale; tb, tibiotarsus; tm,
tarsometatarsus; tu, tubercles; ul, ulna; ule, ulnare; vt, ventral tubercle.
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also present in Ichthyornis, which is interpreted as
muscular insertion that may be related to m. coraco-
brachialis caudalis (Clarke 2004). A deep capital incision
separates the ventral tubercle from the caudally convex
humeral head. The dorsal pneumotricipital fossa is shallow
and subtriangular, not containing a pneumatic foramen;
this fossa may be for the attachment of m. humerotriceps
(Baumel and Witmer 1993). The caudal surface of the
deltopectoral crest is concave proximally. The straight
distal margin of the humerus is nearly perpendicular to the
shaft, without a well-developed flexor process commonly
present in enantiornithines. Neither tricipital grooves nor
an olecranon fossa is developed (Figure 8).

The left ulna is preserved in ventral view in GSGM-07-
CM-006 (Figure 7); the left ulna in GSGM-05-CM-014 is
exposed ventrally and the right element is in dorsal view
(Figure 8). Compared with the radius, the ulna is slightly
more curved but not bowed proximally as in most other
ornithothoracines. Proximally, the intercotylar crest is
distinct and slightly broad, dividing the two cotylae. The
ventral cotyla is larger and more concave than the dorsal
one. The olecranon process is low and rounded (Figure 7).
A narrow, shallow longitudinal groove is present on the
ventral surface of the ulnar shaft (Figure 8); remige
papillae are not visible.

The radii in GSGM-07-CM-006 and GSGM-05-CM-
014 are all exposed in caudal view. The radius is very
slightly S-shaped caused by a slight deflection of the distal
end, and is more than half the width of the ulna. The
humeral cotyla is nearly round and proximally flat
(Figure 7). A bicipital tubercle is present on the proximal
ventral surface, similar to that in Ichthyornis (CAGS-IG-
04-CM-004; You et al. 2006). However, this tubercle in
Gansus is located distally to a triangular, relatively smooth
and well demarcated fossa (CAGS-1G-04-CM-004; You
et al. 2006), whereas in Ichthyornis the bicipital tubercle as
well as a narrow-angling ridge are present distally to a less
demarcated region (Clarke 2004). The distal end is
expanded craniocaudally, and its caudodistal tip is slightly
hooked proximally (Figure 7). A shallow impression is
present on the cranial surface of the distal end. The
articular surface of the distal end is slightly convex
(Figure 8).

The ulnare and radiale are equal in size (Figure 7). The
ulnare is heart-shaped, with a shallow metacarpal incisure.
The short dorsal ramus bears a shallow, round fossa. The
relatively elongated ventral ramus bears a tendinal groove,
which is shallower than that of Ichthyornis (Clarke 2004),
but situated nearly in the same position. The radiale has
two major articular facets (carpal and radial). However,
due to the limitation of materials, the detailed morphology
of the radiale is difficult to be compared with other
ornithuromorphs.

The preserved carpometacarpi in GSGM-07-CM-006
and GSGM-05-CM-014 are both in ventral view. The

supratrochlear fossa on the proximodorsal surface is
slightly concave. A well-developed pisiform process
forms a peg-like ventral projection (Figure 7(C)), similar
to that of Apsaravis and Yixianornis (Clarke and Norell
2002; Clarke et al. 2006). The major and minor metacarpal
are fused proximally and distally, and approximately equal
in distal extent. The intermetacarpal space is nearly as
wide as the minor metacarpal. This space is distally
restricted, not reaching the distal articular surface of the
alular metacarpal. An intermetacarpal process is absent.
The distal end of the ventral surface of the carpometa-
carpus is relatively smooth, without any tubercle or scars,
which are present in Ichthyornis (Clarke 2004)

The manual phalanges are preserved in GSGM-05-
CM-014 (Figure 8). The first phalanx of the alular digit is
bowed, and slightly shorter than half the length of the
carpometacarpus. The alular digit ungual is slightly longer
than that of the major digit (Table 1). The first phalanx of
the major digit is robust and craniocaudally expanded to
nearly twice the width of the major metacarpal (You et al.
2006), as in other ornithuromorphs. The intermediate
phalanx is unmodified, more slender and bowed than the
first; its distal articulation with the ungual appears to be
ginglymous (CAGS-IG-04-CM-004; You et al. 2006). The
two major digit non-ungual phalanges are approximately
equal in length, and both bear a flange-like process in their
middle region, respectively. The major digit ungual has a
small flexor tubercle. The minor digit retains only one
phalanx, which possesses a relatively large, flange-like
caudal expansion almost half way from the proximal end;
it is tapered to the distal end and approximately twice as
long as the major digit ungual, similar to that of G. zheni
and Iteravis (Figure 8; Liu et al. 2014; Zhou, O’Connor,
et al. 2014).

Pelvic girdle

The right ilium is preserved in its entirety in GSGM-07-
CM-009. The preacetabular wing of the ilium extends
cranially over the synsacrum, reaching the second
cranialmost thoracic vertebra (Figure 2). The cranial
margin of the ilium is nearly rounded, and the tapered
caudal end surpasses the distal end of the synsacrum. The
preacetabular wing of the ilium is shorter than the
postacetabular wing, similar to Iteravis (Zhou, O’Connor,
et al. 2014). The acetabulum is relatively large, with a
laterally projected antitrochanter on the caudodorsal
margin. Compared with other basal ornithuromophs, the
ilium of Gansus yumenensis is relatively slender
(dorsoventrally narrow), resembles that of some extant
aquatic birds.

The ischium extends further distally than the caudal
end of the ilium (Figure 2). A dorsal process is present near
the midpoint of the ischium as in CAGS-IG-04-CM-002
(You et al. 2006); the process is large and obtusely
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Table 1. Selected measurements (mm) of five specimens of Gansus yumenensis.

Specimen (GSGM)

Element and dimension 07-CM-006 05-CM-014 07-CM-009 04-CM-018 07-CM-011
Scapula

Coracoid 21.6°

Coracoid distal width

Furcula

Furcula width (maximum)

Humerus 49.7 47.8

Ulna 54.3 51.1

Radius 52.8 48.9

Carpometacarpus 23.7

Major metacarpal width 1.4

Minor metacarpal width 0.7

Alular digit 1 9.6

Alular digit 2 3.6°

Major digit 1

Major digit 2

Major digit 3 2.8

Minor digit 1 5.8

Ilium 37.9

Ischium 24.2 24.4
Pubis 47.7
Femur 29.3 30.2
Tibiotarsus (not including cnemial crest) 63.7 61.0 61.5
Cnemial crest 3.7 3.8 4.5
Tarsometatarsus 40.0 37.9
Pedal digit I-1 7.3 8.3
Pedal digit 1-2 4.1 3.5
Pedal digit II-1 15.1 12.5
Pedal digit I1-2 12.9 12.4
Pedal digit I1I-3 4.6 4.6
Pedal digit III-1 13.5 14.1
Pedal digit 11I-2 12.2 9.4
Pedal digit I11-3 9.0 8.6
Pedal digit 111-4 4.6 3.1
Pedal digit IV-1 12.0 11.0
Pedal digit IV-2 9.7 8.9
Pedal digit IV-3 8.7 7.6
Pedal digit IV-4 9.3 8.6
Pedal digit IV-5 3.7 34

¢ Estimated value.

triangular, similar to Changmaornis, Yanornis, Schizooura
and [Ireravis and most resembling that of Yixianornis
(Zhou and Zhang 2001; Clarke et al. 2006; Zhou et al.
2012; Wang et al. 2013). In contrast, a dorsal process is
absent in Longicrusavis, Archaeorhynchus and Hongsha-
nornis (Zhou and Zhang 2005, 2006; O’Connor et al.
2010). Confuciusornis has a similar morphology but the
dorsal process is much longer and more proximally located
on the caudal margin of the ischium (Chiappe et al. 1999)
and a second distal process is also present in Con-
fuciusornis and Chaoyangia (O’Connor and Zhou 2013).
A low ridge is developed on the lateral surface of the
ischium, extending from the acetabulum to the midpoint of
the shaft, similar to Yixianornis and Iteravis; however, in
Yixianornis and Iteravis the ridge extends along the entire

length of the ischium. The caudal part of the ischium
tapers to its terminus, as in Changmaornis, Yixianornis and
Iteravis. The shaft of the ischium is neither fused nor in
contact with the ilium; consequently, an ilioischiadic
foramen is absent, contrary to You et al. (2006).

The pubis is longer than the ilium (Table 1). It is
slender and retroverted so that it is nearly parallel to the
ischium (Figure 3), as described in You et al. (2006), but
the shaft is not compressed mediolaterally as in Apsaravis
and Changmaornis (Clarke and Norell 2002; Wang et al.
2013). The distal ends of the pubes are unfused but
expanded where they are appressed to each other, likely
forming a short symphysis (Figure 3), as in CAGS-1G-04-
CM-002 (You et al. 2006); the expansions of the pubes are
also present in G. zheni and Iteravis (Liu et al. 2014; Zhou,



Downloaded by [Shanghai Jiaotong University] at 01:16 25 October 2017

674 Y.-M. Wang et al.

A B
cc foh

wo |

mc lc

Figure 9. (Colour online) Photographs of Gansus yumenensis
GSGM-04-CM-018: (A) in caudal view; (B) in cranial view.
Abbreviations: cc, cnemial crest; fbh, fibular head; fc, fibular
crest; Ic, lateral condyle; mc, medial condyle; tu, tubercles.

O’Connor, et al. 2014). In contrast, In contrast, in
Yanornis, Jianchangornis and Yixianornis, although the
pubic symphysis is developed, the distal expansion is
absent.

Hind limb

The femur is short and weakly bowed craniocaudally
(Figure 8). Proximally, the femoral head is large and
bulbous, with a short and robust neck continuous with the
trochanteric crest (Figure 3), as in CAGS-IG-04-CM-002
(You et al. 2006). The pit for the capital ligament on the
femoral head is small and shallow. The trochanteric crest
is poorly developed, not projecting proximally beyond the
femoral head. A posterior trochanter is absent. The
femoral shaft bears a marked cranial intermuscular line.
The impression of the lateral collateral ligament is
shallow.

The astragalus and calcaneum are completely fused to
each other and the tibia. The tibiotarsus is long and
straight, and just beyond twice the length of the femur
(Table 1). The cranial cnemial crest and the lateral crest
are conjoined proximally, projecting proximally beyond
the articular surface of the tibiotarsus; the cranial surface
between the two crests is deeply concave (Figure 9).
However, the conjoined cnemial crests in GSGM-05-CM-

014 and -04-CM-018 (Figures 8 and 9) seem more round-
shaped, whereas the shapes of the cnemial crests in CAGS-
1G-04-CM-002 (You et al. 2006) and IVPP V15080 (Li
et al. 2011) are more rectangular; we are unable to
determine whether or not this difference is produced by the
proximal ends of the cnemial crests in GSGM-05-CM-014
and -04-CM-018 being flattened during diagenesis. The
degree of proximal projection of the cnemial crests of
Gansus is greater than that of other known Early
Cretaceous Jehol ornithuromorphs and the Late Cretac-
eous Ichthyornis, but the crests are shorter than those in
Hesperornithiformes. The fibular crest is well developed,
extending distally along the proximal quarter of the
tibiotarsus (Figure 9). Cranially, the extensor canal is
poorly developed as a shallow depression, and a
supratendinal bridge is absent (You et al. 2006; Figures 8
and 9). However, on the cranial surface proximal to the
condyles, the tibiotarsus bears three distinct tubercles,
rather than two tubercles in Changmaornis and Apsaravis
(Clarke and Norell 2002; Wang et al. 2013). One is
subtriangular and located nearly midway between the
condyles. The second tubercle is positioned proximal and
lateral to the first. The last is located medially, forming an
elongate ridge that runs on the craniomedial margin of the
tibiotarsus (Figure 8(C)). The intercondylar incisure
separating the medial and lateral condyles is broad and
shallow. The lateral condyle is slightly larger and broader
than the medial one (Figure 8(C)).

The fibula is very slender, and firmly appressed to the
tibiotarsus (Figure 9). Proximally, the fibular head is small
and sub-rounded. The articular surface with the femur is
concave. The fibular shaft becomes mediolaterally
compressed, and extends for more than half the length of
the tibiotarsus.

The distal tarsals are completely fused to the
metatarsals (Figure 10). The straight tarsometatarsus is
longer than the femur and more than half the length of the
tibiotarsus. Metatarsals II-1V are also well fused to each
other throughout their lengths. Metatarsal V is absent.
Proximally, the medial and lateral cotylae are slightly
concave (Figure 10(C)). An intercotylar eminence is only
weakly developed. A deep dorsal infracotylar fossa
excavates the proximodorsal surface. Two tubercles are
present in the middle of the deep extensor sulcus
(Figure 10(A)), whereas only one tubercle was described
by You et al. (2006); based on their positions, they are
identified as the attachments for m. tibialis cranialis
(Baumel and Witmer 1993), similar to Ichthyornis (Clarke
2004). The proximoplantar surface of the tarsometatarsus
is projecting plantaryly, forming a large prominence that
extends for 10% the length of the tarsometatarsus, similar
to that in Changmaornis, Yixianornis and Yanornis. This
primitive hypotarsus is not developed into distinct crests or
sulci, as described in CAGS-1G-04-CM-003 (You et al.
2006). A single, small proximal vascular foramen
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Figure 10. (Colour online) Photographs of Gansus yumenensis
GSGM-04-CM-031. (A),(D) proximal and distal ends in dorsal
view; (B),(E) proximal and distal ends in plantar view; (C)
proximal end in proximal view; (F) distal end in distal view.
Abbreviations: dif, dorsal infracotylar fossa; es, extensor sulcus;
hy, hypotarsus; Ict, lateral cotyla; mct, medial cotyla; mt II-IV,
metatarsal II-1IV; tu, tubercles; vf, vascular foramina.

perforates the tarsometarsus between metatarsals III and
IV just laterodistal to the hypotarsus, which resembles that
of Apsaravis and Ichthyornis.

Metatarsal I is short, articulating on the medioplantar
surface of metatarsal II just proximal to the metatarsal 11
trochlea (Figure 3). The distal end of metatarsal I is nearly
perpendicular to the long axis of the metatarsal I, and has
a small collateral ligament pit on the medial surface.
Metatarsal III is the longest; the proximal end of the shaft
is displaced plantarly relative to metatarsals Il and IV
(Figure 10). Metatarsal IV is slightly shorter than
metatarsal III, and metatarsal II is the shortest. The distal
condyles of the three metatarsals are not in the same plane;
metatarsals II and IV are displaced plantarly, with the
former in a greater degree. A collateral ligament pit is
present on the lateral and medial surfaces of all the three
trochleae. The metatarsal III and IV trochleae are strongly
ginglymous, while the trochlea of metatarsal II is only
weakly ginglymous, as in Apsaravis. The plantar surface
of the distal end of the tarsometatarsus is strongly concave,
defined medially and laterally by plantar crests.

The pedal phalanges are well preserved in GSGM-07-
CM-011 and GSGM-05-CM-014 (Figures 3 and 8). The
articular surfaces between all the nonungual phalanges are
ginglymoid. Digit IV is the longest among all the digits, and
digits IIT and IV are both longer than tarsometatarsus. The
collateral ligament pits are well developed on all the
nonungual phalanges. Digit I is reversed and slightly more
delicate than the other digits; the first phalanx is
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approximately twice as long as metatarsal I and slightly
bowed, whereas the flexor tubercle on the ungual phalanx is
poorly developed compared with the other digits. The
proximal two phalanges of digit II are nearly equal in length
although the penultimate phalanx is shorter. Phalanx ITI-1 is
the longest in the foot and much longer than phalanx III-2
and III-3; the length of the phalanges in digit III decrease by
approximately 25% (Table 1). The nonungual phalanges of
digit IV are slender and shorter than those of other digits;
phalanx I'V-1 is the longest in this digit, while phalanx [V-4
is slightly shorter than IV-2 and longer than IV-3.

All the unguals are only weakly recurved, suggesting a
terrestrial habitat; they bear remarkably pointed flexor
tubercles located just proximal to the ventral midpoint, distal
to which the ventral surface is concave and the claw is sharply
tapered. The unguals are all nearly the same size (Figure 3;
Table 1). Shallow grooves are present on the distal portions of
both the medial and lateral surfaces. No keratinous ungual
sheaths are preserved in any specimen of Gansus although
these are preserved in some enantiornithines from this
locality (O’Connor, Personal Observation).

Gastroliths

Three of the new specimens preserve gastroliths (GSGM-
06-CM-011, -07-CM-011 and 05-CM-014) (Figures 3, 6
and 8). Nearly 30 gastroliths are preserved in GSGM-06-
CM-011 and 20 in GSGM-07-CM-011. The gastroliths
consist of quartz sandstone and sandstone, packed closely
together and differing in size and morphology but all
strongly polished and weakly rounded. The stones are
proportionately larger and fewer than those in Yanornis and
Archaeorhynchus and resemble the gastroliths preserved in
G. zheni and Iteravis in size and morphology (Zhou et al.
2004, 2013; Zhou, O’Connor, et al. 2014; Liu et al. 2014).

Phylogenetic analysis

A phylogenetic analysis was performed using a modified
dataset of O’Connor and Zhou (2013), with the addition of
Yumenornis, Changmaornis and Jiuquanornis (You et al.
2010; Wang et al. 2013). Thirty-six scorings for Gansus
were modified based on this study (see Supplementary
File). Dromaeosauridae was scored as the outgroup. A
matrix of 245 characters (31 ordered; all characters
weighted equally) and 61 taxa was analysed using TNT1.1
(Goloboff et al. 2008), applying a heuristic search
retaining 10 shortest trees from every 1000 trees followed
by an additional round of tree bisection reconnection
branch swapping. This analysis produced 1728 most
parsimonious trees of 824 steps (CI = 0.393, RI = 0.674).

The strict consensus tree (Figure 11) is consistent with
the placements of clades of the non-ornithothoracines in
O’Connor and Zhou (2013) and the enantiornithines in
O’Connor and Zelenkov (2013), respectively. Archae-
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Figure 11. Strict consensus tree illustrating the phylogenetic positions of Changma ornithuromorphs. Tree length: 824 steps,

consistency index = 0.393, retention index = 0.674.

orhynchus is resolved as the basalmost ornithuromorph.
Within Ornithuromorpha, Jianchangornis and Archaeor-
hynchus are resolved as successive outgroups to a polytomy
consisting of Patagopteryx, Schizooura, Vorona and a clade
including all other derived ornithuromorphs. Yixianornis is

recovered to be more derived than Hollanda, Yanornis and
Songlingornis and as the sister taxon to a large polytomy
including Jiuquanornis, Yumenornis, Gansus, Changmaor-
nis, Enaliornis, the Hesperornithiformes clade and the
clade consisting of Ichthyornis + Neornithes.
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Discussion

This detailed study of seven new specimens and two
previously reported specimens of Gansus yumenensis
reveals new anatomical information for this taxon. Although
most features previously described are confirmed (Hou and
Liu 1984; You et al. 2006; Li et al. 2011), some are revised,
including the presence of the uncinate processes and
gastroliths, the absence of an ilioischiadic foramen and the
presence of two tubercles in the extensor sulcus of
metatarsal III. New important anatomical details include
the absence of an n. supracoracoideus foramen on the
coracoid, a long acromion process on the scapula and a
rounded rostral margin, angled craniolateral processes,
rounded lateral processes, medially curved lateral trabeculae
and medial fenestrae on the sternum. The sternal
morphology is similar to those of Yumenornis also from
Changma, and Yanornis, Yixianornis and Songlingornis
from Jehol Group, although differing in details such as the
shape of the lateral process, lateral trabeculae and medial
fenestrae (Figure 12). This similarity may suggest a
convergent evolution among the taxa from different time
and places towards an optimal sternal morphology. A similar
morphology is also observed in some living birds (e.g.,
Columbidae, Sclerururs, Grallaricula, Conopophaga).

In Gansus yumenensis, the forelimb is slightly shorter
than the hind limb. The ratio of the total forelimb
(humerus + ulna + carpometacarpus) to hind limb
(femur + tibiotarsus + tarsometatarsus) length is about
0.91 (Table 2), larger than that of Longicrusavis and other
hongshanornithids, but smaller than most basal Early

%Q
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Cretaceous ornithuromorphs, including Archaeorhynchus,
Jianchangornis, Yixianornis, Yanornis, G. zheni and
Iteravis. The femur of Gansus is described as shorter
than both the tibiotarsus and tarsometatarsus; however, the
femur lengths observed in a larger sample of Gansus
yumenensis specimens are discovered to fall into two
groups: in some specimens, the femur is shorter than half
the length of the tibiotarsus and shorter than the
tarsometatarsus (CAGS-1G-04-CM-002, GSGM-05-CM-
014, -07-CM-011; Table 2), whereas others are longer than
half the length of the tibiotarsus and only slightly shorter
or even longer than the tarsometatarsus (IVPP V15080,
V15084; Table 2; Li et al. 2011; Nudds et al. 2013).
Whether this variation is inter- or intraspecific is difficult
to determine because of the incomplete nature of most of
the fossils and remains to be further studied.

The large number of gastroliths preserved in the
abominable region in the three new specimens may suggest
an herbivorous diet for Gansus yumenensis, as has been
inferred for other ornithuromorphs preserving gastroliths
(Zheng et al. 2011; Zhou et al. 2013). However, the absence
of preserved skull material and direct dietary clues prevent
us from further interpreting the diet of this taxon.

Gansus yumenensis was first resolved as a member of
Ornithurae more derived than all known ornithuromorphs
from the Jehol Group of northeastern China and closely
related to Ichthyornis and the Hesperornithiformes (You
et al. 2006). However, with the discovery of new specimens,
Gansus yumenensis has been revealed to be a more basal
ornithuromorph taxon falling outside Ornithurae (O’Connor

Figure 12. Comparison of the sternum of Gansus yumenensisi (A) with other Early Cretaceous ornithuromorphs. (B) Yumenornis
huangi. (C) Yanornis martini. (D) Yixianornis grabaui. (E) Songlingornis linghensis. Dashed lines in (B) and (E) represent estimated

characters. Source: Modified from Wang et al. (2013).

Table 2. Limb bone proportions of selected elements of Gansus yumenensis.

Specimen number Humerus/ulna Femur/tibiotarsus Femur/tarsometatarsus Forelimb/hind limb
GSGM-05-CM-014 0.46 0.73 091
GSGM-07-CM-006 0.92

GSGM-07-CM-011 0.49 0.80

CAGS-1G-04-CM-002 0.46

CAGS-1G-04-CM-003 0.92

CAGS-IG-04-CM-004 0.98

IVPP V15080 0.56 1.05

IVPP V15084 0.75 0.86
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et al. 2011; O’Connor and Zhou 2013). In the phylogenetic
analysis presented here we updated the scorings of Gansus
yumenensis based on the new specimens and added three
other Changma ornithuromorphs. The results place all four
Changma ornithuromorphs in a polytomy with more derived
birds (Enaliornis, Hesperornithiformes and Ichthyornis
+ Neornithes); this node is supported by seven synapomor-
phies: a synsacrum formed by 10 ankylosed sacral vertebrae
(character 64: 3 — 4); gastralia absent (character 81:
0 — 1); costal facets on the sternum present (character
116: 0 — 1); pisiform process present (character 156:
1 — 2); alular digit short (character 168: 1 — 2); inter-
cotylar eminence present (character 228: 0 — 1) and
metatarsal II trochlea strongly displaced plantarly with
respect to III and IV (character 237: 0 — 2). Although the
interrelationships among Changma ornithuromorphs remain
vague, they are all resolved in a position more derived than
the Jehol ornithuromorphs. The relatively more derived
position of all the known ornithuromorphs is also consistent
with the fact that there are no basal birds (e.g., basal
pygostylians Sapeornithiformes and Confuciusornithi-
formes) in the Changma avifauna. Considering the
geographic variation, the difference between Changma and
Jehol avifaunas may be due to different climate conditions
and environment. But we hope further research on
stratigraphy and paleoecology would help us better under-
stand the origin of this discrepancy.
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