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ABSTRACT

New Paravian Fossils from the Mesozoic of East Asia and Their Bearing on the
Phylogeny of the Coelurosauria

Rui Pei
Troodontidae is an important dinosaur taxon that closely resembles birds in both
morphology and biology. The evolution of troodontids is crucial for understanding
evolutionary transitions between non-avialan theropods and avialans. Despite the recent
discovery of several troodontid taxa across the world and many new studies of
coelurosaurian relationships, an overall survey of morphological variation in troodontids
and a comprehensive analysis of ingroup troodontid relationships have yet to be
accomplished.
In the first four chapters of this dissertation, the osteology of two new troodontid
taxa and two closely related paravians are described in detail. These descriptions are
based on new specimens recovered from the Mesozoic of China and Mongolia. These
new taxa include the basal dromaeosaurid Microraptor zhaoianus, the basal avialan
Anchiornis huxleyi, a new troodontid taxon represented by IGM 100/1323, and a second
new troodontid taxon represented by IGM 100/1126 and IGM 100/3500. These paravian
taxa are all small-sized, with a basal paravian body plan resembling Archaeopteryx, yet
they represent members of all three major paravian lineages (Troodontidae,
Dromaeosauridae and Avialae), and support the traditionally recognized paravian
interrelationships.

Osteological description of Microraptor zhaoianus is based on an excellently
preserved new specimen BMNHC PH881. This specimen preserves significant
morphological details that are not present, or are poorly preserved, in the other
Microraptor specimens, including aspects of the skull, rib cage, and humerus. These new
characters corroborate Microraptor as a member of the Dromaeosauridae and support the
close relationship of troodontids with dromaeosaurids. Four new specimens (PKUVP
1068; BMNHC PH804, BMNHC PH822 and BMNHC PH823) of Anchiornis huxleyi
reveal new osteological details of this important paravian taxon. Anchiornis huxleyi
shares derived features with avialans, but it lacks derived deinonychosaurian
characteristics such as a laterally exposed splenial and a specialized raptorial pedal digit
II. IGM 100/1323 represents a new troodontid taxon from the Late Cretaceous Djadokhta
Formation of Mongolia, diagnosed from other troodontids by the absence of the lateral
groove on the dentary, a posteriorly curved pterygoid flange, a distinct spike-like process
on the ischium, and elongate chevrons. Despite generally having a basal paravian body
plan, IGM 100/1323 displays many derived troodontid features. IGM 100/1126 and IGM
100/3500 represent another new Late Cretaceous troodontid taxon from the DjadokhtaFormation-like rocks at Ukhaa Tolgod, Mongolia. It is unique and distinct from other
troodontids in having closely packed peg-like teeth, a twisted suborbital process of the
jugal, a quadratojugal with a crescentic ascending process that braces the quadrate
posteriorly, reduction of the basal tubera, and presence of a posterior fossa on the
proximal fibula. This new taxon is morphologically more derived than Early Cretaceous
troodontids but is more primitive than other Late Cretaceous troodontids.

A new and comprehensive phylogenetic analysis of coelurosaurian theropods,
focusing on troodontids is presented in Chapter 5. This is an updated version of the
Theropod Working Group (TWiG) analysis (2015.1). This new analysis incorporates new
paravian taxa and new characters, most of which are relevant to paravians, especially the
troodontids that are the focus of this dissertation. The new phylogenetic analysis agrees
with previous studies on the general relationships of coelurosaurians, yet some important
differences from previous TWiG analyses are present in paravians, including: 1), the
Jianchang paravians are recovered as basal avialans; 2), Late Cretaceous troodontids form
a monophyletic group; and 3), Jinfengopteryginae is not monophyletic.
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INTRODUCTION
Troodontidae is a group of lightly built and feathered dinosaurs. This group is
also one of the most important theropod dinosaur groups, closely resembling birds in
both morphology and biology. Fossil remains of troodontids are mostly known from the
Cretaceous of Asia and North America, and fragmentary or dubious fossil specimens
are also reported from the Late Jurassic across Asia, North America and Europe.
Although Troodontidae has been regarded as closely related to therizinosaurids,
oviraptorosaurs or ornithomimids (Russell and Dong 1993; Holtz, 1994; Holtz et al.,
1998; Norell at al., 2000; Norell et al., 2001), most contemporary authors consider
Troodontidae to constitute part of a monophyletic Paraves, together with
Dromaeosauridae and Avialae (Gauthier, 1986; Sereno, 1997; Forster et al., 1998;
Makovicky and Sues, 1998; Xu et al., 2002; Makovicky et al., 2003; Makovicky et al.,
2005; Hwang et al., 2005; Turner et al., 2007; Xu et al., 2008; Hu et al., 2009; Zanno et
al. 2009; Choiniere et al., 2010; Xu et al., 2011; Turner et al., 2012; Senter et al., 2012;
Godefroit et al., 2013a; Choiniere et al., 2014; Brusatte et al., 2014; Foth et al., 2014).
Within Paraves, Troodontidae is traditionally allied with Dromaeosauridae to from the
Deinonychosauria, characterized by a distinct raptorial pedal digit II (Gauthier, 1986;
Sereno, 1997; Makovicky and Sues, 1998; Sereno, 1999; Xu et al., 2002; Makovicky et
al., 2003; Hwang et al., 2005; Turner et al., 2007; Xu et al., 2008; Hu et al., 2009;
Zanno et al., 2009; Choiniere et al., 2010; Xu et al., 2011; Turner et al., 2012), but it
alternatively is considered as the sistergroup to Avialae by some authors (e.g., Forster
et al., 1998; Godefroit et al., 2013a; Godefroit et al., 2013b; Foth et al., 2014). This
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debate is mainly caused by the conservative morphology of basal members in all three
major paravian lineages.
Troodon formosus was the first known troodontid dinosaur, reported in 1855 by
Leidy, based on an isolated tooth crown, and it also is one of the earliest named
dinosaurs. The name Troodontidae was erected by Gilmore (1924), but was applied to a
group of ornithischians (pachycephalosaurs) at that time, simply based on dental
morphology. Russell (1969) and Barsbold (1974) allied Troodontidae with
Dromaeosauridae and reassigned it to Deinonychosauria. A few troodontid specimens
were reported before the end of 20th century across North America, Asia and Europe,
even though these materials are mostly fragmentary. Many species were named based
on these specimens, including the definitive troodontids Troodon formosus (Leidy,
1855), Saurornithoides mongoliensis (Osborn, 1924), Zanabazar junior (Barsbold,
1974; Norell et al., 2009), Borogovia gracilicrus (Osmólska, 1987), Tochisaurus
nemegtensis (Kurzanov and Osmólska, 1991), Sinornithoides youngi (Russell and
Dong, 1993), Philovenator curriei (Currie and Peng, 1994; Xu et al., 2012), and the
unnamed Early Cretaceous troodontid represented by IGM 100/44 (Barsbold, 1987).
Other troodontid taxa reported during this time are considered nomina dubia, because
the fossils they are based upon are either too fragmentary or only represented by
isolated teeth (see Makovicky and Norell, 2004).
With the recent explosion of fossil discoveries in the last two decades (including
many exceptional specimens), the diversity and disparity of troodontid dinosaurs has
greatly increased. These troodontids are mostly reported from Cretaceous deposits of
East and Central Asia, and include Byronosaurus jaffei (Norell et al., 2000);

2

Sinovenator changii (Xu et al., 2002), Mei long (Xu and Norell, 2004), Sinusonasus
magnodens (Xu and Wang, 2004), Jinfengopteryx elegans (Ji et al., 2005), Urbacodon
itemirensis (Averianov & Sues, 2007), Xixiasaurus henanensis (Lu et al., 2010),
Linhevenator tani (Xu et al., 2011) and Gobivenator mongoliensis (Tsuihiji et al.,
2014). Some troodontid specimens also were reported from North America during this
period, such as Geminiraptor suarezarum (Senter et al., 2010), Talos sampsoni (Zanno
et al., 2011) and the unnamed WDC DML 001 (Hartman et al., 2005). Two Late
Jurassic paravians, Anchiornis and Xiaotingia, from western Liaoning, China, have
been considered as avialans (Xu et al., 2008; Godefroit et al., 2013; Foth et al., 2014),
troodontids (Hu et al., 2009; Turner et al., 2012) or basal deinonychosaurians (Xu et al.,
2011) by different authors. These competing assignments have caused some
controversy around primitive conditions at the base of Paraves and Avialae, and raised
questions about the monophyly of Troodontidae.
As an important group of paravians, troodontid dinosaurs have been considered
to exhibit many avian-like biological and ecological characteristics, such as pennaceous
feathers (Ji and Ji, 2007; Li et al., 2011), enlarged brainsize (Currie and Zhao, 1993;
Balanoff et al., 2013), and sleeping posture (Russell and Dong, 1993; Xu and Norell,
2004; Gao et al., 2012), as well as providing interesting facts about their diet diversity
(Zanno and Makovicky, 2011) and nesting habits (Verrocchio et al., 2002). Therefore, a
better understanding of the evolution of Troodontidae not only will provide us an
enlightened pattern of disparity and diversity of this important dinosaur group, but also
will greatly improve our knowledge about morphological transitions near the base of
the lineage leading to modern birds.
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The evolution of troodontids has been included in several broader analyses of
coelurosaurian dinosaurs, but no study has been performed to specifically examine the
ingroup phylogeny of troodontids with recently discovered specimens incorporated.
Turner et al. (2012) reviewed the evolution of Troodontidae as part of a project on
dromaeosaurid phylogeny, but troodontids were not a focus of that study. In order to
give insights into recently raised debates of basal paravian relationship (Xu et al., 2011;
Turner et al., 2012; Senter et al., 2012; Godefroit et al., 2012; Godefroit et al., 2013;
Foth et al., 2014) and have a more precise understanding of the phylogeny of the
troodontid ingroup, it is necessary to generate comprehensive descriptions of wellpreserved paravian taxa and conduct phylogenetic analyses focused on troodontid
dinosaurs.
This dissertation provides a detailed osteological description of two new
troodontid taxa, and two published paravian species based on new and excellently
preserved specimens, and then gives a focused examination of troodontid phylogeny
within a broad sampling of coelurosaurian dinosaurs.
The first chapter is a detailed anatomical description of a recently discovered
specimen of Microraptor zhaoianus, an interesting basal dromaeosaurid dinosaur that
resembles troodontids and avialans in many features. The study of osteology of
Microraptor provides us a precise understanding of character polarities at the root of
paravians.
The second chapter provides a comprehensive osteological description of four
new specimens of Anchiornis huxleyi. This chapter is aimed at providing a detailed
morphological description of this important paravian taxon. The evolutionary position

4

of Anchiornis is debated, and thus a careful examination of Anchiornis is crucial to
understanding the split between avialans and non-avialan dinosaurs, as well as the early
evolution of troodontids (although this dissertation regards Anchiornis as a basal
avialan).
The third chapter describes a new troodontid specimen IGM 100/1323 from the
Late Cretaceous deposits of Gobi Desert collected by AMNH-MAE expeditions. IGM
100/1323 represents a new troodontid taxon that bears both primitive and derived
features of Troodontidae.
The fourth chapter describes a second new troodontid taxon from the Late
Cretaceous fossil beds of Central Asia, also collected by AMNH-MAE expeditions.
This taxon is represented by two specimens, IGM 100/1126 and IGM 100/3500. These
two specimens are exquisitely preserved and provide detailed and key information for
understanding troodontid evolution from the Early to Late Cretaceous.
The fifth chapter develops a species-level phylogeny of coelurosaurian
theropods, which focuses on Paraves and especially Troodontidae. This phylogenetic
analysis is based on the latest version of the Theropod Working Group project at the
American Museum of Natural History, led by Dr. Mark Norell. New information from
the first four chapters is incorporated into this analysis. The resultant phylogeny
establishes a more robust framework for understanding the early evolution of Paraves
and Troodontidae.
A sixth chapter provides conclusions and remarks to complete the dissertation.
Each chapter of this dissertation is presented individually, with relevant tables
and figures at the end of the text of each chapter. All references are assembled together
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at the end of this dissertation. The first chapter has been published in American
Museum Novitates (Pei et al., 2014), and the next four chapters will be published
shortly after the dissertation is approved. Two new taxa are included in this dissertation,
and will be represented by specimen numbers; both will be named formally in ensuing
publications.
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CHAPTER 1:
OSTEOLOGY OF A NEW SPECIMEN OF MICRORAPTOR (THEROPODA:
DROMAEOSAURIDAE) FROM THE LOWER CRETACEOUS OF WESTERN
LIAONING, CHINA

INTRODUCTION
Microraptor is an important and interesting avianlike dinosaur from the Jehol
Biota. It has received a lot of attention especially in regard to its possible volant activity,
extensive plumage on its hind limbs, and feather coloration (Xu et al., 2000; Hwang et
al., 2002; Xu et al., 2003; Hone et al., 2010; Li et al., 2012). The type species
Microraptor zhaoianus was first reported by Xu et al. (2000) based on a single
incomplete specimen (IVPP V12330) from Early Cretaceous rocks of the Jiufotang
Formation, Liaoning Province, China, and was regarded as the most basal member of the
Dromaeosauridae at that time. The so-called “four-winged dinosaur,” Microraptor gui,
was reported as another nominal species from the same locality by Xu et al. (2003). The
anatomy of M. gui is not significantly different from the type species M. zhaoianus, and
thus, the species name has been considered a junior synonym of M. zhaoianus (Senter et
al., 2004; Turner et al., 2012, but see O’Connor et al., 2011). A third species,
Microraptor hanqingi, was reported from the same locality recently (Gong et al., 2012);
however, the morphology is not distinguishable from other Microraptor specimens. This
dissertation follows Turner et al. (2012) and considers these species names to be
synonymous, and the term Microraptor is restricted to the type species M. zhaoianus.
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The holotype of Microraptor zhaoianus was described in the original publication
(Xu et al., 2000). However, it lacks many important parts of the skeleton, including most
of the skull, almost all of the manus, the pectoral girdle, and dorsal vertebrae. Hwang et
al. (2002) described and illustrated two additional Microraptor specimens (CAGS 20-7004 and CAGS 20-8-001) from the same locality, giving detailed anatomical descriptions
and figures of the lower jaws, teeth, and aspects of the postcranial skeleton. Xu (2002)
redescribed the holotype and another Microraptor specimen (IVPP V13475) in his
doctoral dissertation. The referred specimen IVPP V13475 is nearly complete, adding
new information to the preorbital part of the skull. However, the skull of IVPP V13475
also lacks preservation of many anatomical details. Unfortunately, Xu’s (2002) work has
not been formally published and is not easily accessed. In both Xu et al.’s (2000) and
Hwang et al.’s (2002) analyses, Microraptor was proposed to be the basalmost
dromaeosaurid with several avialan and troodontid features; these are considered to be
primitive for Deinonychosauria. Later phylogenetic analyses with additional taxa and
characters positioned Microraptor as a primitive, though not the basalmost
dromaeosaurid since several more-basal dromaeosaurids were subsequently discovered
(Makovicky et al., 2005; Turner et al., 2007a; Turner et al., 2007b; Turner et al., 2012).
However, all previous phylogenetic analyses involving Microraptor were derived from
matrices with large amounts of missing data distributed through both the cranial and
postcranial characters.
A new Microraptor specimen (BMNHC PH881) was recently acquired by Beijing
Museum of Natural History from the same locality as the type specimen (Li et al., 2012).
This specimen is very complete and includes a much better preserved skull compared
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with other Microraptor specimens (fig. 1.1). In addition to the skull and postcranial
skeleton, BMNHC PH881 preserves an extensive body covering of feathers. Recently,
this covering has been thoroughly described, and the feathers are shown to be black and
iridescent in appearance like those of the extant Common Grackle Quiscalus quiscula (Li
et al., 2012).
Currently the state of deinonychosaurian, and even paravian interrelationships, is
in flux. Central to this problem are the relationships of several small paravian clades,
most of which are known by fossils from the Jehol Group of northeastern China. This
part of the family tree is dependent on careful anatomical descriptions of these small taxa
that will allow additional characters to be discovered, known characters to be scored, and
levels of single-character variation to be adequately assessed. This chapter is aimed to
develop a description of the BMNHC PH881 specimen as a basis for appropriate codings
of phylogenetic characters in the following chapters.

MATERIAL
BMNHC PH881 is a single slab with almost all the bones split on the same plane
(fig. 1.1). Most of the bones are complete, unlike many Jehol specimens, which are
shattered, distorted, compressed, or broken longitudinally. Only some elements of the rib
cage are missing (presumably falling off the slab when it was split), but their imprints are
clearly present on the slab. The skeleton is nearly complete and fully articulated. Most of
the skull is well-preserved; however, the back of the skull and the braincase are crushed
and provide little morphological information. Most of the postcranial skeleton is exposed,
except portions of the pectoral girdle and the pelvic girdle. Some regions of the
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postcranium are not fully prepared, such as the presacral vertebral series and the left
forelimb.

MORPHLOGICAL DESCRIPTION
BMNHC PH881 can be referred to Microraptor zhaoianus based on the
combination of following diagnostic characters (Xu et al., 2000; Xu, 2002; Turner et al.,
2012): teeth only serrated on posterior carinae; posterior teeth with a basal constriction
between crown and root; middle caudal vertebrae about three to four times as long as
anterior dorsals; manual phalanx III-3 less than one third as thick as manual phalanx II-2;
accessory crest on femur at base of lesser trochanter; pedal phalanges III-1 and IV-1
much more robust than the other phalanges on the same digits; extremely long and bowed
metatarsal V.
Feathers associated with the neck, forelimbs, hind limbs, and tail are preserved in
BMNHC PH881, and are particularly well-preserved on the right forelimb, left hind limb,
and tail as dark imprints. In contrast to Anchiornis, no preserved feathers are associated
with the pedal digits (Xu et al., 2008). The feather morphology of BMNHC PH881 was
described in detail by Li et al. (2011). The asymmetrically vaned hind limb feathers are
about 80% of the length of the asymmetrically vaned primary wing feathers, as reported
in the referred specimen IVPP V13352 (Xu et al., 2003).

SKULL AND MANDIBLE
BMNHC PH881 has a subtriangular skull that is very similar in profile to several
basal and juvenile paravians (Elżanowski and Wellnhofer, 1996; Xu et al. 2002; Bever
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and Norell, 2009; Xu et al., 2008; Hu et al., 2009). Elements of the orbital region, such as
the frontal, the jugal, and the postorbital are dislocated (fig. 1.2). Elements of the
posterior part of the skull, including the parietal and the braincase, are too shattered to
provide useful information.
PREMAXILLA: The right premaxilla is completely preserved and exposed in
lateral view (figs. 1.2, 1.3). The anterior margin of the premaxilla forms a right angle
where it meets the ventral margin. The nasal process forms the anterodorsal margin of the
external naris. The prenarial portion of the premaxilla is mediolaterally thick, bearing
pneumatic recesses on the lateral surface like in many dromaeosaurids, in contrast to the
smooth surface of most troodontids. The internarial bar is slender, subcylindrical and
slightly dorsoventrally flattened, like troodontids and basal avialans, such as Sinovenator,
Byronosaurus, and Anchiornis (Xu et al., 2002; Makovicky et al., 2003; Pei et al., in
preparation). The lateral surface of the main premaxillary body is rugose and shallow,
with a length/depth ratio of 2.6, larger than that of derived dromaeosaurid taxa such as
Deinonychus and Velociraptor (Ostrom, 1969; Barsbold and Osmólska, 1999), but
similar to that of Sinornithosaurus and basal troodontids (Xu et al., 1999; Xu et al., 2002;
Makovicky and Norell, 2004). A short subnarial process lies above the anterior tip of the
maxilla, and excludes the maxilla from the floor of the external naris, as in other
dromaeosaurids and Sinovenator (Xu et al., 2002; Norell and Makovicky, 2004). Like
Sinornithosaurus, the subnarial process is much shorter compared to other
dromaeosaurids in lateral view (Xu et al., 1999). The external naris is large and oval, and
its long axis is inclined along an anteroventral-posterodorsal axis as in many basal
deinonychosaurians, but unlike more derived dromaeosaurid forms such as Velociraptor
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and Tsaagan and many troodontids, where the long axis of external naris is horizontally
oriented (Barsbold and Osmólska, 1999; Norell et al., 2000; Norell et al., 2006).
The premaxilla bears four teeth, a primitive condition in nonavian theropods. All
premaxillary teeth are lancet shaped and slightly recurved. The premaxillary teeth are
more closely packed than those in many other dromaeosaurids, including small forms like
Sinornithosaurus and NGMC 91 (Xu et al., 1999; Ji et al., 2001), but are more loosely
packed than in most troodontids. The distance between neighboring teeth is no more than
one tooth wide. The second premaxillary tooth is the largest, while the 3rd and 4th teeth
are relatively small as in other dromaeosaurids and Epidexipteryx (Zhang et al., 2008).
Generally, the premaxillary teeth are smaller than the maxillary teeth, which is also a
condition found in basal dromaeosaurids and most troodontids.
MAXILLA: The right maxilla is completely preserved and exposed in lateral view.
The most apparent feature is the large triangular antorbital fossa (figs. 1.2, 1.3, and 1.4).
The antorbital fossa has a well-developed ventral margin that is defined by a shelf on the
ventral ramus of the maxilla, like in many dromaeosaurids and basal troodontids (Xu et
al., 1999; Burnham et al., 2000; Xu et al., 2002), but the antorbital fossa is not as distinct
as in oviraptorosaurs and therizinosaurs (Balanoff and Norell, 2012). A small and
dorsoventrally elongate promaxillary fenestra is positioned at the anteroventral corner of
the antorbital fossa, similar to the condition in Anchiornis and Archaeopteryx
(Wellnhofer et al., 1974; Hu et al., 2009). The distance between the promaxillary fenestra
and the maxillary fenestra is relatively long, more than one fourth the length of the entire
antorbital fossa, a condition found in dromaeosaurids such as Sinornithosaurus and
Bambiraptor (Xu et al., 1999; Burnham et al., 2000). Like in Sinornithosaurus, the space
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between the promaxillary fenestra and the maxillary fenestra shows a wrinkled surface
texture (Xu et al., 1999; Xu and Wu, 2001). A dorsoventrally elongate maxillary fenestra
is located in the antorbital fossa, between the promaxillary fenestra and the antorbital
fenestra (fig. 1.4). The maxillary fenestra is bounded dorsally by a thin, subhorizontal
bar. A subtriangular fossa lies above, and a square opening below the bar, with the lower
opening slightly larger than the upper fossa (figs. 1.3, 1.4). This feature of the maxillary
fenestra appears novel, as it has not been reported in any other theropods. IVPP V13475
also has a similar maxillary fenestra in the same position, but it lacks a dorsal fossa (Xu,
2002). It is unclear whether this incongruence is due to preservation or individual
variation. Shanag bears a similarly patterned maxillary fenestra, as a round opening
within a shallow, caudally or caudodorsally open fossa (Turner et al., 2007b). A similar
caudodorsal depression is also observed at the same position in the unnamed troodontid
IGM 100/1126. The antorbital fenestra is pear shaped, with a longer ventral than dorsal
margin, which differs from the condition in Bambiraptor, Tsaagan, and Velociraptor. In
these taxa the antorbital fenestra is subtriangular with a longer dorsal margin (Barsbold
and Osmólska, 1999; Burnham et al., 2000; Norell et al., 2006). The anteroposterior
diameter of the antorbital fenestra is less than half the length of the antorbital fossa, as in
Sinornithosaurus (Xu et al., 1999). The area of the antorbital fenestra is proportionally
smaller than in other dromaeosaurids, such as Bambiraptor, Velociraptor, and
Dromaeosaurus (Colbert and Russell, 1969; Barsbold and Osmólska, 1999; Burnham et
al., 2000). The antorbital fenestra is separated from the maxillary fenestra by a slender
interfenestral bar, similar to the troodontid condition and Sinornithosaurus (Xu et al.,
1999; Makovicky and Norell, 2004). The interfenestral bar is anteroventrally inclined,
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and the lower half of the bar is anteroposteriorly expanded like in many
deinonychosaurians, such as Velociraptor, Tsaagan, and Sinovenator (Barsbold and
Osmólska, 1999; Xu et al., 2002; Norell et al., 2006).
The ventral ramus of the maxilla forms the ventral border of the antorbital fossa.
It extends from the blunt anterior process and tapers posteriorly toward its contact with
the jugal. The rostral ramus of the maxilla is rounded anteriorly, as an anterior extension
of the maxillary ventral ramus, which is primitive of paravians. The lateral lamina of the
maxillary ascending process is reduced to a small triangular plate like in basal avialans
and basal troodontids (Xu et al., 2002; Ji et al; 2005; Pei et al., in preparation). Several
neurovascular foramina are elongate and are arranged in a linear fashion on the lateral
surface along the maxillary ventral rim (figs. 1.2, 1.3).
Thirteen tooth positions are present on the right maxilla as reported in the
holotype (Xu et al., 2000). All the teeth are loosely packed, and are more evenly spaced
compared to those of Sinovenator, in which the maxillary teeth are more closely packed
at the anterior part of the tooth row (Xu et al., 2002). The maxillary teeth are recurved
and laterally compressed, with a slightly convex lateral surface. The height of each tooth
crown is about three times its width, similar to most dromaeosaurids but thicker than in
Sinornithosaurus (Xu et al., 1999). No apparent constrictions are observed between the
crown and the root, except on the last exposed maxillary tooth. Teeth in the middle of the
maxillary tooth row are larger than those of anterior and posterior part of the tooth row
(figs. 1.2, 1.3), as is typical in many other dromaeosaurids and some basal troodontids
(Colbert and Russell, 1969; Xu et al., 1999; Xu et al., 2002; Norell and Makovicky,
2004). The largest maxillary tooth is about three times the height of the first tooth and
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twice as tall as the last; similar to Sinornithosaurus, the largest maxillary tooth is more
than twice the height of the first and the last maxillary teeth (Xu et al., 1999). Teeth in the
middle of the maxillary tooth row bear serrations only on their posterior carinae like
Sinornithosaurus and some troodontids (Xu et al., 1999; Xu et al., 2002), but unlike most
other dromaeosaurids, in which the teeth are serrated both anteriorly and posteriorly
(Norell and Makovicky, 2004). The serrations are fine and simple as seen in the referred
specimen CGAS 20-7-004 (Hwang et al., 2002). The serration density of the largest
maxillary tooth is 11 per mm, in contrast to 8 per mm of CGAS 20-7-004 (Hwang et al.,
2002).
NASAL: The right nasal is exposed, yet compressed and in oblique view. Its
anterior portion is damaged due to a fracture on the slab (figs. 1.2, 1.3). The left nasal is
buried beneath the maxilla and is partially exposed through the maxillary fenestra and the
antorbital fenestra. The dorsal surface of the nasal is depressed slightly, but not as much
as in other dromaeosaurids like Sinornithosaurus, Velociraptor, and Tsaagan (Barsbold
and Osmólska, 1999; Xu et al., 1999; Norell et al., 2006). The nasal’s ventral surface is
rugose, as observed through the antorbital fenestra, but the entire pattern is not clear.
FRONTAL: The right frontal is slightly dorsally dislocated, and is damaged where
it meets the parietal and the postorbital. The left frontal is preserved beneath the right
frontal and the anterior portion is exposed in medial view through the orbit (figs. 1.2,
1.3). The frontal contacts the nasals anteriorly and the lacrimal anterolaterally. A groove
on the frontal beneath the right lacrimal indicates the position where the frontal received
the lacrimal like in other deinonychosaurians (Currie, 1995; Norell et al., 2006; Turner et
al., 2011). The frontal is vaulted above the orbit. A sharp supraorbital rim is developed
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along the orbital margin of the frontal, bordering the orbit posterodorsally. The frontal
turns abruptly inward below the supraorbital rim toward the midline, forming the dorsal
portion of the lateral wall of the braincase. A groove is present ventral to the supraorbital
rim, but is limited in the portion right above the orbit like in Anchiornis (Hu et al., 2009).
LACRIMAL: The right lacrimal is completely preserved in lateral view (figs. 1.2,
1.3, and 1.4). It is “T”-shaped as exposed, similar to those of other dromaeosaurids and
troodontids (Makovicky and Norell, 2004; Norell and Makovicky, 2004). The anterior
and posterior processes are subequal in length like in many dromaeosaurids (Norell and
Makovicky, 2004; Turner et al., 2012). This condition is in contrast to most derived
troodontids, in which the anterior processes are much longer than the posterior processes
(Makovicky and Norell, 2004). The lacrimal body is formed by the triple junction among
the anterior, posterior, and ventral processes and is primarily exposed on the dorsal roof
of the skull. The main body of the lacrimal is triangular in dorsal view, with a prominent
lateral expansion anterodorsal to the orbit. The lateral apex (the lateralmost projected part
of the lateral expansion) is on the midline of the lacrimal, in contrast to the condition in
Sinornithosaurus, Bambiraptor, and Tsaagan where the lateral apex is more posteriorly
positioned (Xu et al., 1999; Burnham et al., 2000; Norell et al., 2006). The anterior
process tapers anteriorly, with a straight ventral border, forming the entire dorsal margin
of the antorbital fenestra. This condition is different from that in other dromaeosaurids
where the anterior process of the lacrimal forms only part of the dorsal margin of the
antorbital fenestra (figs. 1.3, 1.4). The posterior process, which begins posterior to the
lateral apex, extends posterodorsally, and its ventral edge is slightly sinusoidal. The
ventral edge of the posterior process also laterally expands to form a thick anterodorsal
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margin of the orbit. The ventral edge of the posterior process turns ventrally at the lateral
apex of the lacrimal to form a vertical ridge along the lateral/posterolateral side of the
ventral process. The ventral process separates the antorbital fossa from the orbit.
Ventrally, it tapers slightly to form a tight articulation with the anterior end of the jugal.
An opening of the lacrimonasal duct is present anterior to the orbit and on the posterior
surface of the ventral process.
JUGAL: The right jugal is slightly dislocated from its original position. It is
exposed in lateral view, and the anterior end of the suborbital process is damaged (figs.
1.2, 1.3). The jugal is triramous and platelike, as in other dromaeosaurids, such as
Tsaagan and Velociraptor (Barsbold and Osmólska, 1999; Norell et al., 2006). The
suborbital process is long and slender and tapers anteriorly. It contacts the ventral process
of the lacrimal at the anteroventral corner of the orbit like in other dromaeosaurids
(Norell and Makovicky, 2004). The lateral surface of the suborbital process is rugose and
anterioposteriorly grooved, like in Sinovenator (Xu et al., 2002). The postorbital process
is short and tapers posterodorsally, and it forms the lower portion of the postorbital bar. A
short quadratojugal process contacts the quadratojugal posteriorly and forms the ventral
margin of the lower temporal fenestra.
POSTORBITAL: Only a partial right postorbital is preserved in lateral view, and it
is dislocated from its original position. The frontal process is missing and the jugal
process is damaged (figs. 1.2, 1.3). The jugal process does not contact the jugal due to
preservation. As in other dromaeosaurids (Norell and Makovicky, 2004), it probably
tapered ventrally or anteroventrally in its original position, and contacted the postorbital
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process of the jugal with a suture that is inclined anteroventrally. The squamosal process
is slender and tapers posteriorly.
QUADRATOJUGAL: The right quadratojugal is exposed in lateral view (figs. 1.2,
1.3). It is slightly eroded and dislocated. The quadratojugal is an inverted “T”-shape as is
typical of dromaeosaurids (Norell and Makovicky, 2004). Anteriorly, a short anterior
process overlaps the quadratojugal process of the jugal laterally. Posteriorly, the
quadratojugal forms the lateral margin of a large quadrate foramen, which is present in
many dromaeosaurids (Barsbold and Osmólska, 1999; Norell et al., 2006). The posterior
process of the quadratojugal contacts the articular ramus of the quadrate, and the dorsal
process probably contacted the anterior phalange of the quadrate if in its original position.
QUADRATE: The right quadrate is preserved in lateral view, and its anterior
margin is damaged (figs. 1.2, 1.3). BMNHC PH881 is similar to other dromaeosaurids in
having a distinct squamosal ramus and a distinct articular ramus of the quadrate. The
squamosal ramus sutures to the descending process of the squamosal. The articular ramus
contacts the posterior process of the quadratojugal, and forms the medial margin of the
quadrate foramen. The ventral end of the articular ramus appears transversely expanded
and has a bicondylar articulation with the mandible. A faint ridge at the anterior margin
of the quadrate likely represents the anterior flange.
SQUAMOSAL: Only the descending process of the right squamosal is preserved. It
is anteroposteriorly wider than the squamosal ramus of the quadrate in lateral view (figs.
1.2, 1.3).
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The back of the skull and the braincase are shattered and dislocated, preserving
little information. A sharp transverse ridge is present posterodorsally on the skull, which
probably represents a posterior parietal crest.
DENTARY: The right dentary is exposed in lateral view and the left dentary is
exposed in medial view (figs. 1.2, 1.3). The dentary is long and slender, with a
length/depth ratio of approximately 10. The dorsal margin of the anterior tip slopes
anteroventrally as in most dromaeosaurids and ornithomimosaurs as well as some
troodontids. The anteriormost part of the lateral surface is rugose. The dorsal and ventral
margins of the dentary are nearly parallel along most of the length of the bone, as is
typical of dromaeosaurids and some basal avialans (Norell and Makovicky, 2004). The
dentary tooth row is slightly inset. Two rows of neurovascular foramina penetrate the
lateral surface of the dentary ventral to the tooth row, like in other dromaeosaurids
(Currie, 1995; Xu et al., 1999). The ventral margin of the dentary is slightly convex as is
typical of dromaeosaurids, such as Sinornithosaurus and Velociraptor (Barsbold and
Osmólska, 1999; Xu et al., 1999). The dentary is deeper posteriorly than anteriorly, with
a bifurcated posterior end like in Sinornithosaurus and NGMC 91 (Xu et al., 1999; Ji et
al., 2001). The posterodorsal branch of the bifurcated posterior end forms part of the
anterodorsal margin of a large and anterior-posteriorly elongate external mandibular
fenestra (fig. 1.3). The posteroventral branch of the dentary is longer than the
posterodorsal branch, and contacts the subfenestral process of the angular ventrally. On
the medial surface, a deep Meckelian groove is present along the dentary bone (figs. 1.2,
1.3).
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Six teeth are exposed on the right dentary and undoubtedly more are buried in the
slab or hidden beneath the maxilla. The shape of the dentary teeth is similar to the
premaxillary and the maxillary teeth. The anterior dentary teeth are more closely packed
than the maxillary teeth. The exposed dentary teeth do not bear serrations on either
carina. The size of each dentary tooth is subequal to, or slightly smaller than, the
corresponding premaxillary and maxillary tooth.
SPLENIAL: The splenial is exposed on both mandibles (figs. 1.2, 1.3). The right
splenial wraps the posteroventral branch of the right dentary ventrally. It has a
subtriangular lateral exposure posteroventral to the dentary as observed in
dromaeosaurids and some troodontids (Makovicky and Norell, 2004; Norell and
Makovicky, 2004). The left splenial is exposed on the left mandible medially. It is
slender and wraps the left dentary posteroventrally.
ANGULAR: The right angular is exposed in lateral view (figs. 1.2, 1.3). A slender
anterior process forms the ventral margin of the external mandibular fenestra. This
process is slightly upturned. The angular also forms the ventral margin of the mandible
posterior to the dentary and the splenial. The left angular is exposed on the left mandible
medially. It is slender, and sutures with the dentary anteroventrally and the prearticular
posterodorsally.
SURANGULAR: The right surangular is exposed in lateral view (figs. 1.2, 1.3). It is
elongate and forms the entire dorsal margin of the longitudinally elongate external

mandibular fenestra. The surangular is laterally everted at the dorsal margin of the
mandible.
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PREARTICULAR: The prearticular is exposed on the left mandible medially
(figs. 1.2, 1.3). It is a curved bone that forms much of the medial surface of the

posterior mandible as in other dromaeosaurids and Archaeopteryx (Elzanowski,
2001; Norell et al., 2006). Ventrally it sutures to the angular, and posteriorly it
meets the articular at the retroarticular process.
ARTICULAR: Both articulars are exposed at the posterior end of the

mandibles (figs. 1.2, 1.3). The articular forms most of the short retroarticular
process and the quadrate articular surface. A vertical columnar process is present
posterior to the glenoid as is typical in dromaeosaurid dinosaurs (Currie, 1995).
HYOID: Both hyoids are preserved in BMNHC PH881. They are positioned at the
bottom of the skull and exposed ventral to the mandible in this specimen (figs. 1.2, 1.3).
The hyoid is a slender rodlike bone, as seen in Sinornithosaurus (Xu et al., 1999). The
proximal portion of the hyoid is curved dorsally. The distal portion of hyoid lies parallel
to the mandible and is slightly sinusoidal. The distal end of the hyoid is slightly expanded
and mediolaterally compressed. The hyoid is more than one third of the length of the
mandible.

POSTCRANIUM
Several new features revealed in the postcranium of BMNHC PH881 include
character information on the cervical vertebrae, the rib cage, and the humerus. Most
aspects of the postcranial skeleton that can be directly compared are identical to the
specimens described by Hwang et al. (2002) and Xu (2002), such as the elements of the
pelvic and pectoral girdles, the limb bones, and details of the vertebral column.
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VERTEBRAE: Only two posterior cervical vertebrae have been previously
described (Hwang et al., 2002; Xu, 2002) for Microraptor zhaoianus. All of the cervical
vertebrae are tightly articulated in the specimen (BMNHC PH881) described here (fig.
1.5). As reported in the referred specimen IVPP V13475 (Xu, 2002), 10 cervical
vertebrae are preserved in BMNHC PH881. The cervical vertebrae are exposed in dorsal
view, so detailed anatomical information is limited to this perspective (fig. 1.5). The
neural arches of the 3th and 4th cervicals are damaged, and they appear narrower than the
succeeding ones. The 5th to the 7th cervicals have a dorsally “X”-shaped neural arch with
short neural spines as typical of deinonychosaurians (Norell et al., 2001). The
prezygapophyses of the 5th through the 7th cervicals are shorter than the
postzygapophyses. The prezygapophyses project anterolaterally on the 5th and 6th
cervicals, but are more laterally expressed on the 7th cervical (fig. 1.5). The
postzygapophyses are posterolaterally directed.
The trunk region of the vertebral column is primarily exposed in lateral view,
although it is poorly preserved especially with the anterior and middle dorsal vertebrae
(fig. 1.6). The exact number of dorsal vertebrae is difficult to determine; however, 13–14
dorsals are estimated in this specimen, whereas 13 dorsal vertebrae are estimated in
CAGS 20-8-001 (Hwang et al., 2002). The posterior dorsals are square in lateral view.
The posterior dorsal vertebrae are slightly shorter than the midcervical vertebrae.
The sacrum is visible in dorsal view although the anterior sacrals are obscured by
the ilium (fig. 1.7). The number of sacral vertebrae is estimated at five or six as in other
specimens of Microraptor (Hwang et al., 2002). The sacral vertebrae are connected to the
pelvic girdle by elongate sacral ribs, which expand laterally.
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The tail of BMNHC PH881 is completely preserved. It is characterized by the
extremely long extensions of the prezygapophyses and chevrons (fig. 1.8), as seen in
other dromaeosaurids (Ostrom, 1969; Norell and Makovicky, 2004). The exact number of
the caudal vertebrae cannot be determined because many of the vertebrae in the
midportion of the tail are obscured by overlying prezygapophyses and chevrons.
Nevertheless, 25–26 caudals were estimated as in other Microraptor specimens described
by Hwang et al. (2002) whereas 24–25 caudals were estimated in the holotype (Xu,
2002). The anterior caudals are short. Some square platelike elements that are scattered
around the proximal portion of the tail probably represent the disassociated transverse
processes of the anterior caudal vertebrae. The prezygapophyses on the anterior caudal
vertebrae are approximately three times as long as the short postzygapophyses and
overlap about one third of the preceding vertebra. The transition from the short anterior
caudal vertebrae to the elongate middle caudal vertebrae begins at the sixth caudal as
described in CAGS 20-8-001 (Hwang et al., 2002). The rodlike extensions of the
prezygapophyses and chevrons begin on midcaudal vertebrae, and they reach the third
caudal vertebra anteriorly. The longest middle caudal vertebra is more than three times
the length of the anteriormost caudal vertebrae as in CAGS 20-7-004 (Hwang et al.,
2002). The caudal vertebrae diminish in length and height further posteriorly.
RIB CAGE: At least 10 dorsal ribs are preserved on the right side (fig. 1.6). A deep
groove is present along the rib shaft anteriorly as noted in the holotype (Xu, 2002). The
middle dorsal ribs are longer than the posterior ones, which is different from the avialan
condition where the posterior dorsal ribs are longer.
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Uncinate processes and gastralia were reported in the holotype IVPP V12230,
referred specimens IVPP V13352, CAGS 20-7-004, and CAGS 20-8-001 (Xu et al.,
2000; Hwang et al, 2002; Xu et al., 2003). They are much better preserved in this
specimen as they remain mostly in life articulation (fig. 1.6). Three uncinate processes
are preserved on the right side of the rib cage (fig. 1.6), whereas seven pairs of uncinate
processes are reported in the referred specimen IVPP V13352 (Xu et al., 2003). The
uncinate processes are anteroventral-posterodorsally oriented. They have bell-shaped
heads and taper distally. Uncinate processes are also known for a variety of
dromaeosaurids and oviraptorosaurs such as Velociraptor, NGMC 91, Oviraptor, and
Citipati (Clark et al., 1999; Norell and Makovicky, 1999; Ji et al., 2001; Claessens,
2004). The morphology of uncinate processes is similar in these taxa, except for the
geometry. The heads of the uncinate processes are preserved between dorsal ribs in
BMNHC PH881, but they are attached to the caudal edge of dorsal ribs in IVPP V13352,
and this difference is likely caused by a preservational artifact. The uncinate process can
span across three dorsal ribs if in its original position, as reported in the referred
specimen IVPP V13352, as well as other maniraptorans, such as Velociraptor and
Confuciusornis (Norell and Makovicky, 1999; Chiappe et al., 1999). An estimated six
dorsal ribs are associated with uncinate processes in BMNHC PH881.
The gastralia are articulated to the distal end of the dorsal ribs. Both lateral and
medial segments of the gastralia are preserved, while only single gastralia segments were
reported in CAGS 20-8-001 (Hwang et al., 2002). Both sides of the medial segments and
the right set of the lateral segments are preserved underneath the right ribs, and most of
the gastralia are preserved in articulation with each other (fig. 1.6). The medial segments

24

are slightly bowed, with enlarged heads, and taper posterolaterally. The head of the
medial segment is square in dorsal view, and it attaches to the shaft of the corresponding
medial segment of the other side. The medial segments of both sides imbricate with each
other to form a basketlike structure, a condition that is typical of many theropod
dinosaurs (Claessens, 2004). The tapering lateral end of the medial segment is closely
positioned with the gastralia lateral segment. The anterior medial segments are longer and
straplike, in contrast to the shorter and rodlike posterior medial segments. The lateral
segments are subequal in length to the medial segments, which is different from the
condition observed in Sinornithoides, Velociraptor, and Linheraptor, where the lateral
segments are apparently longer (Russell and Dong, 1993; Norell and Makovicky, 1997;
Xu et al., 2010). The lateral segments are bowed, and both ends of each segment are
pointed.
PECTORAL GIRDLE: Only a partial right scapula is observable. The distal end and
the acromion region of the right scapular are damaged. The scapular blade is long and
straplike, slightly curved dorsally. A long bony element ventral to the anterior dorsal ribs
may represent the compressed sternal plates. However, the shape of the sternum is
ambiguous. Sternal ribs are observed in articulation with the sternal plate on the right
side.
FORELIMB: Both humeri are well-preserved in BMNHC PH881. The right
humerus is exposed in posterolateral view (fig. 1.9). The left humerus is exposed
posterolaterally, with the humeral head and the deltopectoral crest damaged (fig. 1.10).
The morphology of the left humerus is the mirror image of the right element. The
humeral shaft is only slightly thicker than the ulna. As noted by Xu et al. (2000) and
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Hwang et al. (2002), the proximal end of the humerus bears a prominent humeral head
and well-developed internal tuberosity as in other dromaeosaurids. The deltopectoral
crest extends less than one third the length of the humeral shaft. The deltopectoral crest is
square in lateral view. A distinct ovoid foramen is developed on the lateral side of the
crest (fig. 1.9), which was not reported in previous works, but a similar structure exists in
the referred specimen CAGS 20-8-001 and IVPP V13352 (Hwang et al., 2002; Xu et al.,
2003). Such a structure is also present in some basal avialans, such as Confuciusornis
(Chiappe et al., 1999). The distal end of the deltopectoral crest is thick, extending
downward to join the humeral shaft anterolaterally. At the distal extremity, the radial
condyle of the humerus is large and rounded. An ectepicondyle is attached to the radial
condyle anterolaterally. A wide intercondylar groove separates the radial condyle from
the ulnar condyle on the distal end.
Both the right radius and ulna are well exposed (fig. 1.9). The left radius and ulna
are damaged by a crack on the slab, and both their ends are obscured by the overlying left
humerus and dorsal vertebra respectively. The right ulna is about 95% of the humeral
length and is only slightly thinner at midshaft than that of the humerus. The shaft of the
ulna slightly bends inward as in other maniraptorans (Gauthier, 1986). The olecranon
process is moderately developed, but the triangular shape typical of coelurosaurs,
mentioned by Xu (2002) and Hwang et al. (2002), is not observed due to the damage on
the proximal tip of the process. The distal end of the ulna is rounded. The radius is
straight and much more slender than the ulna. The radial shaft is about half the thickness
of the ulna. The distal end of the radius is expanded. The morphology of the left radius
and ulna are identical to the right elements (fig. 1.10).
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Only one carpal is observed on the right side of the specimen. Since the triangular
carpal is attached to the proximal end of the metacarpals, it is interpreted as the
semilunate (figs. 1.9, 1.11).
The manus is elongate like in most deinonychosaurians (Ostrom, 1969;
Makovicky and Norell, 2004; Norell and Makovicky, 2004). The left manual elements
are mostly obscured by the rib cage, except the distal phalanges. The right manus is well
exposed in lateral view (fig. 1.11), while metacarpal I is largely obscured by metacarpal
II. Metacarpals II and III are subequal in length. Metacarpal II is straight and remains the
same thickness throughout its length, and the distal end is ginglymoid. Metacarpal III is
more slender than metacarpal II.
Manual phalanx I-1 is probably subequal in thickness to metacarpal III. The total
length of manual phalanx I-1 and metacarpal I is less than the length of metacarpal II, as
also observed in IVPP V13352 and Sinornithosaurus (Xu et al., 1999; Xu et al., 2003).
Manual digit II is the longest and the most robust digit, bearing two elongate and robust
phalanges. Digit II is probably as thick as metacarpal II. Manual phalanx II-1 is almost
three times as thick as phalanx III-1 (fig. 1.11), as a unique character observed only in
Microraptor (Xu et al., 2000). Phalanx II-2 is approximately the same length of phalanx
II-1, and the shaft becomes thinner distally. The ungual phalanx II-3 has large flexor
tubercles and is strongly recurved. Phalanges of digit III are much thinner in diameter
than phalanges of digit II. Manual phalanx III-1 is slender and straight. Manual phalanx
III-2 is extremely reduced, about one fifth the length of phalanx III-1, and the reduced
phalanx III-2 is also seen in a wide range of dromaeosaurids (Norell and Makovicky,
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2004). Manual phalanx III-3 is bowed and slightly shorter than phalanx III-1. The ungual
phalanx III-4 is much smaller and less curved than ungual phalanges I-2 and II-3.
PELVIC GIRDLE: In BMNHC PH881, both ilia are compressed and exposed in
lateral view (fig. 1.7). The right ilium is mostly well-preserved, except the anterior end of
the preacetabular process, which is damaged. The ilium is dorsoventrally shallow and
slender, about 57% of the femoral length, which is slightly proportionally longer than that
in the referred specimen CAGS 20-8-001 (54%; Hwang et al., 2002). The preacetabular
projects anteriorly and the anterior end hooks anteroventrally, as noted in CAGS 20-8001 (Hwang et al., 2002). The antiliac shelf is short and no distinct cuppedicus fossa is
present, which is a condition similar to Saurornithosaurus but different from larger
derived dromaeosaurid taxa, such as Velociraptor (Norell and Makovicky, 1997; Xu et
al., 1999). The pubic peduncle is triangular in outline, and it is much larger than the
ischial peduncle, which is the primitive condition seen in deinonychosaurians, such as
Saurornithosaurus, Bambiraptor, Sinovenator, and Mahakala (Xu et al., 1999; Burnham
et al., 2000; Xu et al., 2002; Turner et al., 2011). The ventral margin of the pubic
peduncle slopes posteroventrally. On the lateral surface of the ilium, a concavity is
developed dorsal to the acetabulum. The postacetabular process tapers posteriorly to a
rounded end and hooks posteroventrally. The posteroventral tip of the postacetabular
process descends further ventrally than both peduncles, as observed by Hwang et al.
(2002). The lateral surface of the postacetabular process is concave.
The paired pubes are preserved in posterolateral view, with the right pubis
partially overlapping the left (fig. 1.7). The morphology of the proximal end is unknown
due to poor preservation. The proximal half of the pubic shaft is anteroposteriorly flat.
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The lateral edge of the midshaft expands into a small tubercle, which is similar to those
of Sinornithosaurus, NGMC 91, and Sinovenator (Xu et al., 1999; Ji et al., 2001; Xu et
al., 2002). This structure may represent the curved pubis as observed in IVPP V13352
(Xu et al., 2003). The distal half of the pubic apron curves posteriorly. The pubic foot is
mediolaterally flattened and bears a round expansion posteroventrally.
Neither of the ischia is visible.
HINDLIMB: Both femora are well-preserved. The right femur is exposed
posterolaterally (fig. 1.12). The proximalmost part of the right femur is eroded; thus,
information concerning the femoral head is missing. The shaft of the femur is slightly
bowed as is typical for paravians (Norell and Makovicky, 2004; Turner et al., 2012).
Distally, the lateral condyle and medial condyle are subequal in size. A well-developed
popliteal groove is developed between the condyles posteriorly. The lateral side of the
lateral condyle is convex and forms a low ridge in posterior view. The left femur is
laterally exposed (fig. 1.13). The broad greater trochanter of the femur is separated from
the cylindrical lesser trochanter by a distinct groove. The proximal margin of the lesser
trochanter is slightly below that of the greater trochanter. At the base of the lesser
trochanter, a small ridge represents the accessory crest, as noted in the holotype IVPP
V12330 and CAGS 20-8-001 (Xu et al., 2000; Hwang et al., 2002). The posterolateral
surface of the femur distal to the greater trochanter is rugose as in referred specimens
(Hwang et al., 2002), possibly representing the posterior trochanter. The lateral condyle is
generally rounded in lateral view. It is posteroventrally projected, without a prominent
expansion.
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The tibiotarsus and fibula on either side are well-preserved and exposed in
posterior view (figs. 1.12, 1.13). The tibia is long and straight, approximately 136% of
the femoral length. Proximally, the tibia is only slightly expanded, not as much as in
basal troodontids, such as Sinovenator and Anchiornis (Xu et al., 2002; Xu et al., 2008;
Hu et al., 2009). The cnemial crest and fibular crest are not prominent. The proximal end
of the fibula is expanded, about one third to one fourth of the width of the proximal tibia.
Distally, the fibular shaft rapidly thins to a very slender splint that adheres closely to the
tibia. The astragalus and the calcaneum appear fused with each other and this compound
element is fused with the tibia, as noted in the holotype IVPP V12330 and the referred
specimen CAGS 20-8-001 (Xu et al., 2000; Hwang et al., 2002).
A platelike tarsal is visible in this specimen between the left tibiotarsus and the
left pes, though the identity of the tarsal is uncertain. However, the distal tarsals are fused
to the metatarsals in the referred specimen CAGS 20-8-001 (Hwang et al., 2002).
In BMNHC PH881, both feet are exposed in lateral view (figs. 1.14, 1.15).
Metatarsal IV is well exposed, while metatarsals II and III are partially hidden.
Metatarsal III is straight, with a ginglymoid distal end. The distal end of metatarsal III is
probably orientated slightly above the plane that metatarsal II and metatarsal IV lie in,
evidenced by the slight uplifting of metatarsal III as seen in lateral view. Metatarsal IV is
straight, but it is slightly shorter and more robust than metatarsal III. The proximal end of
metatarsal IV is square and it is probably fused with the distal tarsals. A prominent
ventral ridge is developed along the shaft, which is also observed in the holotype IVPP
V12330 (Xu et al., 2000), as a widespread feature of dromaeosaurids. The distal condyles
are ventrally placed and distinct ligamental pits are developed on each side. Metatarsal V
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is slender and bowed. It is attached posterolaterally to metatarsal IV on the proximal end.
The distal half of metatarsal V is expanded and flattened, similar to other
dromaeosaurids, such as Sinornithosaurus (Xu et al., 1999).
In both feet, all the phalanges are well-preserved (figs. 1.14, 1.15). Digit I, as
exposed on both sides of the specimen, is short and slender, and the ungual phalanx I-2 is
smaller than other ungual phalanges like in most dromaeosaurids, but not as enlarged as
in Balaur (Brusatte et al., 2013). The second digit on both sides is obscured by other
digits, and thus difficult to observe. Pedal phalanx III-1 is the longest phalanx observed in
both feet, while phalanges III-2 and III-3 are subequal in length. Pedal phalanx IV-1 is
the longest and phalanx IV-3 is the shortest among all phalanges in digit IV, as described
in the holotype IVPP V12330 and the referred specimens CAGS 20-7-004 and CAGS 208-001 (Hwang et al., 2002). The ungual phalanx III-4 is slightly larger than IV-5, but
similar in morphology, with the large flexor tubercles and high degrees of curvature
typical of dromaeosaurids (Norell and Makovicky, 2004).

DISCUSSION
As noted by Xu et al. (2002) and amended by Turner et al (2012), several features
can be used to refer Microraptor to the Dromaeosauridae. These features include the
extremely elongate prezygapophyses and chevrons, the retroarticular process of the
mandible bearing a distinct vertical process at its posteromedial corner, and a short
manual phalanx III-2. This new specimen of Microraptor not only confirms these shared
derived characters, but also provides new cranial anatomical information supporting this
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assertion, which is the dorsal displacement of the maxillary fenestra and a large quadrate
foramen.
Within dromaeosaurids, Microraptor has many similarities with other
dromaeosaurids from the Jehol Biota, such as Sinornithosaurus, Tianyuraptor,
Graciliraptor and NGMC 91 (Xu et al., 1999; Ji et al., 2001; Xu and Wang, 2004; Zheng
et al., 2010). These shared characters include a short deltopectoral crest on the humerus,
the presence of a large supracoracoid fenestra on the coracoid, and the presence of a
lateral tubercle on the midshaft of the pubis. These characters have been proposed as
synapomorphies of a monophyletic Jehol dromaeosaurid group (Xu, 2002). Microraptor,
Sinornithosaurus, Tianyuraptor, Graciliraptor, Hesperonychus, and NGMC 91 also share
a small semilunate distal carpal covering about half the base of metacarpals I and II, a
proportionally short manual digit I, a subarctometatarsalian pes, a lateral tubercle on the
midshaft of the pubis, and caudal chevrons with elongated posterior extensions, which are
proposed as synapomorphies of the Microraptorinae (Senter et al., 2004; Turner et al.,
2012). Interestingly, Sinovenator and Jinfengopteryx, basal troodontids from the Jehol
Biota, also have the pubic lateral tubercle present in some specimens, although
phylogenetic analysis shows that this feature appears separately in Jehol troodontids and
Jehol dromaeosaurids.
As noted by Xu et al. (2000) and Hwang et al. (2002), Microraptor shares several
characters with troodontids, including a short subnarial process of the premaxilla, smaller
premaxillary teeth than maxillary teeth, and the absence of denticles on the anterior
carinae of maxillary teeth. BMNHC PH881 adds additional characters to this list, such as
a shallow main premaxillary body, the relatively large maxillary fenestra and a slender
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interfenestral bar on the maxilla. These characters, however, have been shown to be
present at the more inclusive level of Deinonychosauria in phylogenetic analysis (Turner
et al., 2012), and strongly support the sister-group relationship between troodontids and
dromaeosaurids; therefore, it is not surprising to find these characters in both troodontids
and the basal dromaeosaurid Microraptor. A subarctometatarsalian pes like troodontids
was reported in the type specimen of Microraptor zhaoianus (IVPP V12230) by Xu et al.
(2000), but this feature is not confirmed in the referred specimen CAGS 20-7-004
(Hwang et al., 2002). Although a subarctometatarsalian pes is also reported in basal
troodontids (Xu et al., 2002; Xu and Norell, 2004), this feature is shared convergently
with the dromaeosaurid Microraptorinae.
The maxillary fenestra of BMNHC PH881 is unique due to its relatively large size
and the presence of an upper fossa and a lower fenestra separated by a thin bar. This is a
condition that has not been reported in any other dromaeosaurids. The maxillary fenestra
of Microraptor is nearly half the size of the antorbital fenestra, and it is much larger than
in other dromaeosaurids where the maxillary fenestra is less than one fourth the size of
the antorbital fenestra. The position of the maxillary fenestra in Microraptor is relatively
dorsal compared with the antorbital fenestra, which is a typical dromaeosaurid condition
(Turner et al., 2007b). In contrast, basal troodontids and basal avialans, such as
Sinovenator and Anchiornis, have maxillary fenestrae of comparable size as in
Microraptor, but are positioned more ventrally (Xu et al., 2002; Hu et al., 2009). The
maxillary fenestra of Microraptor retains an intermediate state between basal troodontids
and many derived dromaeosaurids, which supports the relatively basal phylogenetic
position of Microraptor in dromaeosaurids and the sister-group relationship between
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dromaeosaurids and troodontids. Thus, the relatively dorsal position of the maxillary
fenestra is a synapomorphy of Microraptor and other dromaeosaurids, while the
relatively large size of the maxillary fenestra is a plesiomorphy that is retained in
primitive deinonychosaurian taxa, such as Microraptor, and basal troodontids. Other
dromaeosaurids, such as Shanag, Velociraptor, and Bambiraptor bear a maxillary
fenestra within a shallow, caudally or caudodorsally open fossa (Turner et al., 2007b). It
is possible that the upper fossa of the maxillary fenestra in BMNHC PH881 may in fact
represent this caudally open fossa, which is confluent with an excavatio pneumatica in
these dromaeosaurid taxa. A depression is developed at the similar position in the
troodontid IGM 100/1126, thus this caudodorsally open fossa/depression is likely a
synapomorphy of a monophyletic Deinonychosauria.
The gastralia and uncinate processes of BMNHC PH881 are very well-preserved.
The presence of gastralia is widely distributed in saurischian dinosaurs (Claessens, 2004).
Some information on gastralia has been reported from other small theropods, including
dromaeosaurid dinosaurs such as Sinornithosaurus and Velociraptor, whose middle
segments are apparently shorter than lateral segments (Norell and Makovicky, 1997; Xu
et al., 1999; Claessens, 2004). BMNHC PH881 displays features incongruent with these
taxa in having subequal middle and lateral segments, which is more similar to the
condition in the volant avialan Confuciusornis (Chiappe et al., 1999). Ossified uncinate
processes are preserved in some dromaeosaurids and oviraptorosaurs as well as early
avialans, such as Confuciusornis and Jixiangornis (Chiappe et al., 1999; Ji et al., 2002).
The morphology of uncinate process of Microraptor is very similar to these taxa. Codd et
al. (2008) noticed that the uncinate processes of nonavialans are not reduced as in extant
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cursorial birds, but are of intermediate to long lengths and resemble those of the flying or
diving birds. They suggested uncinate processes, in conjunction with lateral and ventral
movements of the gastral basket, provide a mechanism for facilitating avianlike breathing
mechanics in nonavian maniraptoran dinosaurs. Among nonavian maniraptoran dinosaurs
and Mesozoic avialans, the morphology of uncinate process and gastral basket of
Microraptor resembles Confuciusornis most closely. Thus the rib cages of Microraptor
and the early volant avialans could very likely share a similar mechanism to assist
respiration.
Recently, a nominal species Microraptor hanqingi was reported based on a single
specimen (LVH 0026) from western Liaoning, China (Gong et al., 2012). Microraptor
hanqingi has been proposed as a new taxon and diagnosed with the following characters:
largest known species of Microraptor; sternals not fused; robust pubis with square distal
end and not bent backward as much as in M. gui (IVPP V13352); pubic boot tapering
posteriorly; ischia with posterior edge straight and ventral edge concave; a proportionally
short manual digit I; metatarsals II and IV about the same length; fewer caudal vertebrae
than M. gui. However, these characters are inadequate as diagnostic features. Both
Microraptor zhaoianus and Microraptor hanqingi have unfused sternals, a posteriorly
tapering pubic foot, a proportionally short manual digit I, and metatarsals II and IV of
subequal length (Xu, 2002; Hwang et al., 2002; Gong et al., 2012). The large size of LVH
0026 is likely ontogenetic or intraspecific variation, which is also observed in living
birds, such as common ravens (Marzluff, 2009). Also, Microraptor is known to have
considerable intraspecific variation in the number of caudal vertebrae. The differences of
the shape of the ischium and the pubis are likely to be preservational or ontogenetic
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rather than diagnostic of a particular Microraptor taxon (Turner et al., 2012). Thus, LVH
0026 lacks solid characters to be distinguished from the other specimens of and,
importantly, the holotype of Microraptor zhaoianus, and Microraptor hanqingi is
regarded as a junior synonym of Microraptor zhaoianus.

SUMMARY
An excellently preserved specimen BMNHC PH881 reveals new morphological
information of Microraptor regarding the skull, the rib cage, the gastralia, and the
humerus. This specimen confirms Microraptor as a basal dromaeosaurid dinosaur with
features such as a dorsally displaced maxillary fenestra and a large quadrate foramen.
New anatomical information corroborates the previously established deinonychosaurian
relationship and the monophyly of Dromaeosauridae and Deinonychosauria. The
morphology of the rib cage of BMNHC PH881 suggests that Microraptor and the early
volant avialans such as Confuciusornis could very likely share a similar mechanism to
assist respiration.
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FIGURES

FIGURE 1.1. Microraptor zhaoianus, BMNHC PH881, view of entire mounted slab.
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FIGURE 1.2. The skull and the mandible of BMNHC PH881 in lateral view.

38

FIGURE 1.3. Interpretive drawing of the skull and the mandible of BMNHC PH881.
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FIGURE 1.4. The maxilla and the lacrimal of BMNHC PH881 in lateral view.
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FIGURE 1.5. Cervical vertebrae and the right scapula of BMNHC PH881.
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FIGURE 1.6. The rib cage of BMNHC PH881.
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FIGURE 1.7. The pelvic region of BMNHC PH881 in dorsal view.
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FIGURE 1.8. Proximal caudal vertebrae of BMNHC PH881.
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FIGURE 1.9. The right forelimb of BMNHC PH881.
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FIGURE 1.10. The left forelimb of BMNHC PH881.
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FIGURE 1.11. The right manus of BMNHC PH881.
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FIGURE 1.12. The right hind limb of BMNHC PH881.
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FIGURE 1.13. The left hind limb of BMNHC PH881.
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FIGURE 1.14. The right pedal phalanges of BMNHC PH881 in lateral view.
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FIGURE 1.15. The left pes of BMNHC PH881 in lateral view.
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TABLE 1. Select Measurements (in mm) of BMNHC PH881.

Left

Right

Skull length

>48.4

Skull height

21.5

Mandible length

42.5

Hyoid length

44.2
>18.7

Humerus

42.5

47.4

Ulna

44.7

Radius

41.0

Metacarpal I

13.0

Metacarpal II

31.8

Metacarpal III

>29.8

Manual phalanx I-1

12.8

Manual phalanx I-2

11.9

Manual phalanx II-1

13.4

Manual phalanx II-2

12.5

Manual phalanx II-3

>8.1

12.0

Manual phalanx III-1

5.3

Manual phalanx III-2

7.6

Manual phalanx III-3

7.2

Manual phalanx III-4

5.0
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5.3

Ilium

>27.8

Pubis

46.2

Femur

51.8

52.1

Tibiotarsus

70.7

72.9

Metatarsal II

36.2

Metatarsal III

39.0

38.5

Metatarsal IV

36.1

36.1

Pedal phalanx I-1

4.6

Pedal phalanx I-2

6.0

Pedal phalanx III-1

10.4

8.9

Pedal phalanx III-2

6.4

5.4

Pedal phalanx III-3

6.0

>5.2

Pedal phalanx III-4

10.6

10.5

Pedal phalanx IV-1

7.8

8.2

Pedal phalanx IV-2

4.7

4.8

Pedal phalanx IV-3

4.0

3.8

Pedal phalanx IV-4

4.8

4.4

Pedal phalanx IV-5

8.3

8.6
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ABBREVIATIONS

ac

accessory crest

anp

anterior process of the lacrimal

aof

antorbital fenestra

as

astragalus

c

caudal vertebra

ca

calcaneum

ce

cervical vertebra

dr

dorsal rib

dp

deltopectoral crest

emf

external mandibular fenestra

eco

ectepicondyle

f

femur

fi

fibula

gtr

greater trochanter

h

humerus

hf

humeral foramen

hh

humeral head

hy

hyoid

ifb

interfenestral bar

j

jugal

l

lacrimal

lan

left angular

lar

left articular

lco

lateral condyle

ld

left dentary

lfr

left frontal

li

left ilium
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lmf

lower opening of the maxillary fenestra

lms

left medial segment of gastralia

lsp

left splenial

ltr

lesser trochanter

m

maxilla

mc

metacarpal

mco

medial condyle

mf

maxillary fenestra

mt

metatarsal

n

nasal

na

naris

nf

neurovascular foramina

ns

neural spine

op

olecranon process

p

pubis

pa

parietal

pf

pubic foot

pg

popliteal groove

ph

phalanx

pm

premaxilla

pmf

promaxillary fenestra

po

postorbital

poap

postacetabular process of the ilium

pop

posterior process of the lacrimal

poz

postzygapophysis

pra

prearticular

prap

preacetabular process of the ilium

prz

prezygapophysis

ptr

posterior trochanter

q

quadrate

qj

quadratojugal
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ra

radius

ran

right angular

rar

right articular

rco

radial condyle

rd

right dentary

rfr

right frontal

ri

right ilium

rls

right lateral segment of gastralia

rms

right medial segment of gastralia

rsp

right splenial

sa

surangular

sc

scapular

se

semilunate

sp

splenial

sq

squamosal

sr

sacral rib

st

sternum

ti

tibia

tu

tubercle of the pubis

u

ulna

uco

ulnar condyle

umf

upper fossa of the maxillary fenestra

up

uncinate process

vp

ventral process of the lacrimal
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CHAPTER 2:
NEW SPECIMENS OF ANCHIORNIS HUXLEYI (THEROPODA: PARAVES)
FROM THE UPPER JURASSIC OF NORTHEASTERN CHINA

INTRODUCTION
The Late Jurassic Daohugou Biota of China has revealed a plethora of
extraordinary fossils of invertebrates and vertebrates over the past several years (Zhang,
2000; Sullivan et al., 2014). In addition to fossil mammals (Meng et al., 2006; Luo et al.,
2007a, 2007b, 2011; Zhou et al., 2013), pterosaurs (Ji and Yuan, 2002; Lü et al., 2009),
salamandroids (Gao and Shubin, 2012) and insects (Ren et al., 2010), discoveries of
feathered dinosaurs in Jianchang County have considerably improved our understanding
of the evolution and paleobiology of the Paraves (Xu et al., 2008; Zheng et al., 2009; Xu
et al., 2011; Godefroit et al., 2013a; Godefroit et al., 2013b). Fossil deposits in the
Tiaojishan Formation in Jianchang County have been dated to the Late Jurassic period
(Oxfordian), 161.0–160.5 million years ago (Liu et al., 2012). These deposits have
furnished one of the most abundant collections of Jurassic paravians. Taxa discovered in
these deposits include multiple specimens of Anchiornis huxleyi, Xiaotingia zhengi,
Aurornis xui, and Eosinopteryx brevipenna (Xu et al., 2008; Hu et al., 2009; Zheng et al.,
2009; Xu et al., 2011; Godefroit et al., 2013a; Godefroit et al., 2013b).
The type specimen of Anchiornis huxleyi (IVPP V14378) was reported by Xu et
al. (2008) from the Tiaojishan Formation in Jianchang County, China. This specimen
consists of a semi-articulated postcranial skeleton, missing only parts of the tail and the
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forelimb. Anchiornis huxleyi was briefly described and diagnosed in that study, and was
assigned to Avialae based on postcranial similarities with Archaeopteryx. A second
specimen of Anchiornis huxleyi, LPM-B00169, a complete skeleton that includes
feathers, was reported by Hu et al. (2009) shortly after. A brief osteological description of
the specimen was included in that study, and anatomical details clarified the relationships
of Anchiornis huxleyi and allowed its reassignment to the Troodontidae (Hu et al., 2009;
Turner et al., 2012). Li et al. (2010) reported a third specimen of Anchiornis huxleyi,
BMNHC PH828. It preserves a semi-articulated skeleton with extensive feathers, yet is
missing parts of the tail and several limb and cranial bones. A thorough examination of
the microstructure of the plumage in BMNHC PH828 revealed the coloration of
Anchiornis for the first time in a non-avialan dinosaur species (Li et al., 2010).
Later discoveries of closely related paravians have further clouded the
phylogenetic position of Anchiornis huxleyi as well as other paravians (Xu et al., 2011;
Tuner et al., 2012; Godefroit et al., 2013a; Godefroit et al., 2013b; Foth et al., 2014).
Yet, despite its importance and being known from a large number of specimens, the
morphology of this taxon has only been described briefly (Xu et al., 2008; Hu et al.,
2009; Li et al., 2010; Zheng et al., 2014).
Although only three specimens have been reported to date, many nearly complete
specimens of Anchiornis huxleyi have been recovered from Jianchang County in western
Liaoning Province of China (Zheng et al., 2014). This high number of extraordinarily
well-preserved specimens affords an excellent opportunity to investigate intraspecific
variation, allometric growth, and possible sexual dimorphism in one of the earliest
paravians. This chapter provides full osteological descriptions of four new specimens of
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Anchiornis huxleyi, to enhance knowledge of this taxon and as a basis for the
phylogenetic analysis in Chapter 5.

MATERIAL
Four new specimens of Anchiornis huxleyi, PKUVP 1068, BMNHC PH804,
BMNHC PH822 and BMNHC PH823 (figs. 2.1, 2.2, 2.3, 2.4), from the same locality as
the holotype, were recently acquired by Peking University and the Beijing Museum of
Natural History. All of the new specimens preserve nearly complete and well exposed
cranial and postcranial skeletons.
PKUVP 1068 preserves a complete skeleton with some feather imprints scattered
around the tail (fig. 2.1). Unlike many other Anchiornis huxleyi specimens, where most of
the cranial bones are shattered and dislocated, the skull and the mandibles of PKUVP
1068 are extraordinarily well-preserved with most of the bones articulated in life
position. The proximal caudal vertebra, the coracoid and the left pes are not well exposed
in this specimen, as they are still buried in matrix or overlapped by other bones. This
specimen is one of the largest (based on femoral length) described Anchiornis specimens,
with an estimated body length of 60 cm (including the unexposed caudal vertebrae)
compared to 34 cm of the holotype (table. 1).
BMNHC PH804 is a complete and articulated skeleton with feathers preserved on
the tail, forelimb and hindlimb (fig. 2.2). The skull of BMNHC PH804 is preserved in
quasi-lateral view, and is not as well articulated as in PKUVP 1068. The left manus is
obscured by the skull and the right metacarpals are not fully prepared. The rest of the
skeleton is well exposed. BMNHC PH804 has a body length of about 36 cm, slightly
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larger than the holotype.
BMNHC PH822 is a complete skeleton. The skull of BMNHC PH822 is exposed
in dorsal view (fig. 2.3). However, several of the cranial bones are shattered and not as
well-preserved as in PKUVP 1068. The postcranium is fully articulated except for the left
pes. BMNHC PH822 is about the size of PKUVP 1068, based on the skull and femur
length, but it has a proportionally longer tail, and thus has a total body length of 62 cm,
which is longer than the estimate for PKUVP 1068. BMNHC PH822 is preserved with a
pair of lepidosaur mandibles at the gastral region and a caudal vertebral column at the
thoracic region (fig. 2.15). The right pes of BMNHC PH822 was reconstructed by local
collectors before the acquisition of this specimen, and is not included in the description.
BMNHC PH823 is a nearly complete skeleton. The skull is laterally preserved
and slightly shattered (fig. 2.4). Most of the cranial bones are articulated, except for the
left mandible, which is broken and fragmented. The pubes of BMNHC PH823 are
missing. The cervical vertebrae, the proximal caudal vertebrae and parts of the limb
bones were reconstructed by local collectors before the acquisition of the specimen by the
Beijing Natural History Museum, and thus are not included in the osteological
description. BMNHC PH822 has an estimated body length of about 46 cm, based on the
positions and sizes of the skull and tail (fig. 2.4).
This description of Anchiornis huxleyi is primarily based on the best-preserved
specimen, PKUVP 1068. All of the other specimens display almost identical
morphologies, except where noted.

SYSTEMATICS AND MORPHOLOGICAL DESCRIPTION
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Revised Diagnosis:
Anchiornis huxleyi is diagnosed as distinct from other paravians based on the
combination of the following features: straight nasal process of the premaxilla, relatively
short rostral ramus of the maxilla, ventrally displaced promaxillary fenestra of the
maxilla, sheet like posteroventral process of the dentary; ventrally-sculpted coracoid,
short deltopectoral crest no longer than one fourth of the humeral shaft, straight ulna and
straight radius, extremely short ischium, and fibula with an extremely expanded proximal
end as broad as the tibia.
Anchiornis huxleyi differs from Xiaotingia in having a smaller surangular
foramen, a short ischium less than one fourth the length of the pubis, and metacarpal II
much more robust than metacarpal III. Anchiornis huxleyi differs from Eosinopteryx in
having more than twenty-five caudal vertebrae.

SKULL AND MANDIBLE
The skull of Anchiornis huxleyi has a typical basal paravian profile, as in
Archaeopteryx, Mei, Microraptor and Shanag. It has a large and round orbit, a large
antorbital fossa, and an elongate naris. The snout of Anchiornis huxleyi is slightly
elongate, but not as much as in Archaeopteyrx.
PREMAXILLA: The right premaxilla of PKUVP 1068 is exposed in lateral view.
The anterior end of the premaxilla is damaged and the lateral surface of the right
premaxilla is eroded, with the premaxillary tooth roots laterally exposed (fig. 2.5). The
main body of the premaxilla (the laterally exposed portion except the nasal process and
the subnarial process) lies mostly anterior to the external naris. Only a small posterior
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portion of the premaxillary body extends ventral to the external naris, as in
Archaeopteryx (Mayr et al., 2005), which differs from the condition in troodontids and
dromaeosaurids (Makovicky and Norell, 2004; Norell and Makovicky, 2004). The
premaxillary body forms less than 20% of the pre-orbital length of the skull, as in basal
troodontids and dromaeosaurids such as Sinovenator and Microraptor (Xu et al, 2002;
Pei et al, 2014), but proportionally shorter than in Archaeopteryx (Wellnhofer, 1974). The
nasal process tapers posterodorsally and is almost three times the length of the
premaxillary main body. The nasal process of PKUVP 1068 is very similar to that of
Archaeopteryx (Mayr et al., 2005), in having an anteroposteriorly expanded base and a
premaxillary foramen located laterally on the base of the nasal process (fig. 2.5). Like in
Xiaotingia, Archaeopteryx, and Caudipteryx, the anterior surface of the nasal process is
straight and confluent with the premaxillary body (Ji et al., 1998; Zhou et al., 2000; Mayr
et al., 2005; Xu et a., 2011), which is in contrast to other non-avian paravians and
Sapeornis, in which the nasal process is curved and forms an angle with the anterior
surface of the premaxilla body (Barsbold and Osmólska, 1999; Xu et al., 1999; Zhou and
Zhang, 2006). The internarial bar of PKUVP 1068 is dorsoventrally flat, as in troodontids
and Archaeopteryx (Makovicky et al., 2003; Norell et al., 2009; Foth et al., 2014).
The subnarial process of PKUVP 1068 is short and slender in lateral view. The
subnarial process forms the ventral margin of the naris, a condition seen in several basal
paravians (Xu et al. 1999; Mayr et al., 2005). The naris of PKUVP 1068 is elongate and
sub-triangular (fig. 2.5). The naris is relatively posteriorly positioned, as observed in
Archaeopteryx (Mayr et al., 2005), as the anterior margin of the naris is posterior to or at
the position of the fourth premaxillary tooth. In most dromaeosaurids and described
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troodontids, the anterior margin of the naris is positioned significantly anterior to the last
premaxillary tooth.
The premaxilla is dislocated in BMNHC PH804 (fig. 2.6), yet retains an identical
morphology as in PKUVP 1068. It bears a straight nasal process and the external naris is
situated posterior to the fourth premaxillary tooth. The premaxillae form a pointed
anterior tip in dorsal view in BMNHC PH822 (fig. 2.7). The dorsal surface of the
internarial bar is flat and the nasal processes insert between the nasals, as in troodontids
and Archaeopteryx (Mayr et al., 2005; Norell et al., 2009).
Only the third and fourth premaxillary teeth are present on the right premaxilla of
PKUVP 1068 (fig. 2.5), and the first two tooth positions are not preserved. The tooth
crowns are cone-shaped and slightly curve posteriorly. A distinct constriction is present
between the tooth crown and its cylindrical root, like in some other paravians such as
Archaeopteryx and Sinovenator (Xu et al., 2002; Mayr et al., 2005). The third and the
fourth teeth are about the same size, and are larger than the first maxillary tooth. The
premaxillary teeth are of comparable size to the teeth that lie in the middle of the
maxillary tooth row. This condition is also observed in Archaeopteryx and troodontids
such as Sinovenator, yet is unlike dromaeosaurids (Xu, 2002; Mayr et al., 2005; Turner et
al., 2012). Four premaxillary teeth are also present in both BMNHC PH804 and BMNHC
PH823, and they are positioned anterior to the external naris, as in Archaeopteryx (figs.
2.6, 2.8). The premaxillary teeth of BMNHC PH804 and BMNHC PH823 are closely
packed anteriorly, as in troodontid dinosaurs. The last premaxillary tooth is subequal in
size to or slightly larger than the first three teeth in BMNHC PH804, as in Archaeopteryx
and troodontids, but unlike dromaeosaurids such as Microraptor and Velociraptor, in
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which the last premaxillary tooth is relatively small (Barsbold and Osmólska, 1999; Xu,
2002; Mayr et al., 2005).
MAXILLA: The maxilla is a large triangular bone that covers most of the lateral
side of the snout and forms the majority of the rostrum. It is laterally exposed in PKUVP
1068, BMNHC PH804 and BMNHC PH823.
In PKUVP 1068 the rostral ramus of the maxilla extends below the subnarial
process of the premaxilla and the external naris (fig. 2.5), and is slender and subtriangular
in lateral view. In this thesis, the rostral ramus of the maxilla is referred to the anterior tip
of the maxilla that is ventral to the external naris, and it is differnet from the lateral
lamina of the ascending process of the maxilla, which is a vertical bone sheet
posteroventral to the posteroior margin of the external naris.The ascending process of the
maxilla rises posterior to the rostral ramus and extends posterodorsally to form the
anterodorsal margin of the antorbital fossa. The lateral lamina of the ascending process is
reduced, which is similar to the condition in basal troodontids and basal dromaeosaurids,
such as Sinovenator and Microraptor, as well as Archaeopteryx (Xu et al., 2000; Xu et
al., 2002; Mayr et al., 2005; Pei et al., 2014). The pre-antotbital-fossa portion of the
maxilla is relatively short in Anchiornis huxleyi (fig. 2.5), less than one third the length of
the antorbital fossa, which is the also the case in other Jianchang paravians, troodontids
and basal dromaeosaurids such as Microraptor and Bambiraptor (Burnham et al., 2000;
Xu et al., 2011; Godefroit et al., 2013a; Godefroit et al., 2013b; Pei et al., 2014). In
derived avialans, derived dromaeosaurids, and some more basal coelurosaurians, the preantorbital-fossa portion of the maxilla is much longer, at more than two-thirds the length
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of the antorbital fenestra (Chiappe et al., 1999; Norell and Makovicky, 2004; Mayr et al.,
2005; Turner et al., 2012).
The horizontal ventral ramus continues from the rostral ramus, and tapers
posteriorly in PKUVP 1068 (fig. 2.5). A horizontal ridge is developed above the tooth
row on the ventral ramus, as seen in many coelurosaurian dinosaurs. It forms a welldefined ventral margin of the large antorbital fossa. A series of neurovascular foramina
occurs along the lateral ramus and dorsal to the tooth row. The posterior end of the lateral
ramus tapers in PKUVP 1068, like in Archaeopteryx and dromaeosaurids. This is
different from troodontids, where the lateral ramus has nearly parallel dorsal and ventral
edges (Xu et al., 2002; Makovicky et al., 2003; Mayr et al., 2005; Norell et al., 2009).
The antorbital fossa is located dorsal to the ventral ramus. A slit-like promaxillary
fenestra is located at the anterior-most part within the antorbital fossa, which is a
primitive condition in paravians, such as in Microraptor, Sinovenator and Archaeopteryx
(Xu, 2002; Mayr et al., 2005; Rauhut, 2013; Pei et al., 2014). The promaxillary fenestra is
elongate in PKUVP 1068, and its long axis inclines posterodorsally. The long axis of the
promaxillary fenestra is as long as the longest diameter of the maxillary fenestra (fig.
2.5). The ventral margin of the premaxilla fenestra is more ventrally positioned compared
to that of the maxillary fenestra and the antorbital fenestra, which is like Microraptor, but
different from the condition of Archaeopteryx and troodontids (Xu et al., 2002, Mayr et
al., 2005; Pei et al., 2014). Unlike dromaeosaurids, the space between the maxillary
fenestra and the promaxillary fenestra is anteroposteriorly short in PKUVP 1068, which
is similar to troodontids and Archaeopteryx (Xu et al., 2002; Mayr et al., 2005; Rauhut,
2013; Pei et al., 2014).
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A round maxillary fenestra lies posterodorsal to the promaxillary fenestra in
PKUVP 1068. The maxillary fenestra is relatively large, like in troodontids, Aurornis,
and Archaeopteryx, but different from the condition in dromaeosaurids, where the
maxillary fenestra is reduced (Wellnhofer, 1974; Xu et al., 2002; Mayr et al., 2005;
Norell and Makovicky, 2004; Godefroit, 2013b). The size of the maxillary fenestra is
about one fourth that of the antorbital fenestra in area, not as large as in Jinfengopteryx,
but similar to Sinovenator and Archaeopteryx (Wellnhofer, 1974; Xu et al., 2002; Mayr et
al., 2005; Ji et al., 2005). The ventral margin of the maxillary fenestra is at the same level
as the ventral margin of the antorbital fenestra, like in troodontids and Archaeopteryx, but
not dorsally displaced as in dromaeosaurids (Makovicky and Norell, 2004; Norell and
Makovicky, 2004; Mayr et al., 2005; Turner et al., 2012).
An interfenestral bar separates the maxillary fenestra from the antorbital fenestra.
The ventral base of the interfenestral bar is expanded. The upper portion of the
interfenestral bar leans posteriorly and contacts the dorsal ramus of the maxilla.
The antorbital fenestra is a large opening positioned posterior to the interfenestral bar. It
is pear-shaped with a horizontal ventral margin and a slightly posteriorly sloping dorsal
margin. The ventral margin of the antorbital fenestra is level with that of the maxillary
fenestra and the orbit, but higher than those of the premaxillary fenestra and the external
naris. The dorsal margin of the antorbital fenestra is shorter than the ventral margin, as
observed in many basal paravians (Xu et al., 2011; Rauhut, 2013).
The maxilla is slightly shattered in BMNHC PH804 and only vague outlines can
be observed (fig. 2.6). The pre-antotbital-fossa portion is short and semi-triangular, and
the ventral ramus has a tapering posterior end, as in PKUVP 1068. An elongate
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promaxillary fenestra is located posterodorsal to the lateral lamina of the ascending
process, within the antorbital fossa, and more ventrally displaced than the maxillary
fenestra. A round maxillary fenestra is posterior to the promaxillary fenestra. The
antorbital fenestra is large, with a diameter about twice that of the maxillary fenestra. The
interfenestral bar between the antorbital fenestra and the maxillary fenestra is anteriorly
inclined, which differs from other specimens where the bar is more vertical, but this may
be a preservational artifact. The antorbital fenestra has a longer dorsal than ventral
margin. The maxilla of BMNHC 823 is too shattered to provide additional information.
In PKUPV 1068, fourteen maxillary teeth are preserved and exposed on the right
side (fig. 2.9). This number is similar to dromaeosaurids, Jinfengopteryx and
Archaeopteryx, but is much less than in other troodontids (Makovicky and Norell, 2004;
Norell and Makovicky, 2004; Ji et al., 2005; Mayr et al., 2005). Maxillary teeth are more
curved than the premaxillary teeth. The anteriormost maxillary teeth are smaller than the
premaxillary teeth, and the first two maxillary teeth are more slender than the others (fig.
2.9). The anterior three teeth are closely packed, and the middle and posterior teeth are
loosely packed, as in Sinovenator and Mei (Xu et al., 2002; Xu and Norell, 2004), in
contrast to the condition in Jinfengopteryx and derived troodontids (e.g., Byronosaurus
and Zanabazar) (Makovicky et al, 2003; Ji et al., 2005; Norell et al, 2009) where all the
maxillary teeth are closely packed. Unlike many troodontids (e.g., Sinovenator,
Sinornithoides, Troodon, and Zanabazar) and dromaeosaurids, no serrations are present
on the maxillary teeth, which is the primitive condition in paravians (Elżanowski and
Wellnhofer, 1996; Makovicky et al., 2003; Xu and Norell, 2004). The posterior teeth are
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reduced in size. The last six exposed teeth display a constriction between the root and the
crown, as observed in many paravian taxa.
NASAL: The right nasal is exposed in quasi-lateral view in PKUVP 1068. The
nasals are elongate. Anteriorly, the nasal forms the posterodorsal border of the external
naris (fig. 2.5). Laterally, the nasal sutures with the maxilla along a straight line, as
observed in BMNHC PH804, but does not contribute to the dorsal margin of the
antorbital fossa (fig. 2.6), as it does in Archaeopteryx, Microraptor and troodontids
(Rauhut, 2013; Pei et al., 2014).
The nasals are well exposed in dorsal view in BMNHC PH822 (fig. 2.7). They are
paired, with a straight midline suture between the two elements. The nasals are elongate,
with a length more than 3 times the width. Anteriorly, the nasal processes of the
premaxillae insert between the nasals, as in other paravians. Posteriorly, the nasals suture
the frontal with a “W”-shaped suture typical of paravians, but unlike the condition in
Zanabazar and Gobivenator, where the nasals wedge between the frontals (Norell et al.,
2009; Tsuihiji et al., 2014). The nasals extend posterior to the anterior margin of the
orbit, a basal paravian condition also observed in Jinfengopteryx and Archaeopteryx
(Mayr et al., 2005; Ji et al., 2005). This differs from some dromaeosaurids and
troodontids, such as Tsaagan and Mei, where the suture is anterior to the orbit (Xu and
Norell, 2004; Norell et al., 2006). The posterior part of the nasal is broken transversely
dorsal to the lacrimal in BMNHC PH822 and BMNHC PH804 (figs. 2.6, 2.7). A similar
breakage is present in Archaeopteryx, notably in the Thermopolis specimen (Rauhut,
2013), and may reflect the fragility of the nasal bones in basal paravians.
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FRONTAL: The frontals are paired. The right frontal is dislocated from its original
position in PKUVP 1068 (fig. 2.5). Anteriorly, the frontals contact the nasals and the
lacrimals. The suture with the nasal is “W”-shaped, as observed in BMNHC PH804,
BMNHC PH822, Mei and Archaeopteryx (figs. 2.6, 2.7) (Xu and Norell, 2004; Rauhut,
2013). The frontals contact along a straight midline suture. A thick supraorbital rim is
developed to border the orbit in PKUVP 1068 like in other paravians. Posteriorly, the
frontal mediolaterally expands in dorsal view and bears a “W”-shaped suture at its
contact with the parietal, as observed in PKUVP 1068 and BMNHC PH004. The suture
with the parietal appears straighter in BMNHC PH822 and BMNHC PH823 than in other
specimens of this taxon (figs. 2.5, 2.6, 2.7, 2.8).
LACRIMAL: The right lacrimal is broken into two pieces in PKUVP 1068 (fig.
2.5). The anterior and posterior processes are broken away from the ventral process and
attached to the displaced frontal. The remaining parts of the anterior and posterior
processes are subequal in length, a primitive condition of paravians, but in contrast to the
longer anterior process of derived troodontids (Makovicky et al., 2003; Norell et al.,
2009). The lacrimal does not bear an expanded supraorbital ridge anterodorsal to the
orbit, which is different than in most troodontids (Makovicky et al., 2003; Xu and Norell,
2004; Norell et al., 2009; Tsuihiji et al., 2014). The ventral process appears to suture the
suborbital process of the jugal along a robust contact. The ventral process is straight and
slightly inclined along an anterodorsal-posteroventral axis. The ventral process of the
lacrimal is band-like, with almost parallel anterior and posterior edges. It bears a distinct
posterolateral ridge, and borders the orbit anteriorly.
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The lacrimal of BMNHC PH804 is completely preserved (fig. 2.6). The anterior
and posterior processes of the lacrimal are slender and subequal in length, as in
Microraptor and some basal troodontids (Ji et al., 2005; Pei et al., 2014). The anterior
process covers the entire dorsal margin of the antorbital fenestra, like in other paravians
(Xu et al., 2002; Mayr et al., 2005; Turner et al., 2012). The posterior process contacts
the frontal laterally and forms the anterodorsal margin of the orbit (fig. 2.6). Unlike in
derived troodontids and dromaeosaurids, the posterior process is much more slender
compared to the ventral process of the lacrimal. BMNHC PH822 is similar with elongate
and slender anterior and posterior processes (fig. 2.7). As in BMNHC PH804, the anterior
process forms the dorsal margin of the antorbital fenestra and the posterior process forms
the anterodorsal margin of the orbit. As both the anterior and posterior processes are
extremely slender and fragile in Anchiornis, they are easily damaged during preservation
or preparation. In BMNHC PH823, the anterior process and the ventral process of the
lacrimal are broken apart, and the posterior process is missing (fig. 2.8).
JUGAL: The right jugal is well exposed in PKUVP 1068 (fig. 2.5). The suborbital
process of the jugal is horizontally oriented, contacting the posterior end of the maxilla. It
forms the ventral border of the round orbit and contributes to the posteroventral corner of
the antorbital fossa, which is a primitive condition in paravians (Xu, 2002; Xu and
Norell, 2004; Mayr et al., 2005). The suborbital process of the jugal is straight, with a
horizontal groove on the lateral surface as seen in many paravians such as Microraptor
and Sinovenator (Xu, 2002; Xu et al., 2002; Pei et al., 2014). A shallow concavity is
developed at the posterior end of the groove in lateral view. The postorbital process of the
jugal tapers posterodorsally, and it is shorter than the suborbital process. The jugal of
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BMNHC PH804 and BMNHC PH823 is identical to that of PKUVP 1068 (figs. 2.6, 2.8).
It is laterally grooved on the suborbital process and bears a slender postorbital process,
which forms about a 135 degree angle with the suborbital process, typical of primitive
paravians. Medially, the hooked jugal process of the ectopterygoid contacts the jugal at
the midpoint of the suborbital bar. The quadratojugal process of the jugal is observed in
BMNHC PH804 and BMNHC PH823 (figs. 2.6, 2.8). The quadratojugal process is
slender and short, and confluent with the ventral margin of the suborbital process, as in
Xiaotingia and Microraptor, but not as well developed as in anatomically derived
dromaeosaurids such as Tsaagan (Xu, 2002; Norell et al., 2006; Xu et al., 2011).
POSTORBITAL: The right postorbital is dislocated in PKUVP 1068, and its dorsal
portion is missing. Only the ventral process is recognizable (fig. 2.5). The slender ventral
process is mediolaterally flattened, and about the same size as the postorbital process of
the jugal. Like other paravians, the postorbital probably has a posterodorsally inclined
suture with the jugal. An unidentified bone ventral to the parietal in BMNHC PH823
possibly represents the jugal process of the postorbital (fig. 2.8); it is slender like in
PKUVP 1068.
QUADRATOJUGAL: No trace of the quadratojugal is observed in IVPP V1068. A
possible quadratojugal is observed in BMNHC PH804, BMNHC PH822 and BMNHC
823 (figs. 2.6, 2.7, 2.8). It is reduced in size and “L”-shaped, without a horizontal
posterior process, as in Archaeopteryx, troodontids and oviraptorosaurs, but unlike the
reversed “T”-shaped quadratojugal in dromaeosaurids (Balanoff and Norell, 2012; Turner
et al., 2012; Tsuihiji et al., 2014).
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QUADRATE: The right quadrate of PKUVP 1068 is exposed in lateral view and
the left quadrate is exposed in posteromedial view (fig. 2.5). The anterior edge of the
right quadrate is damaged. The quadrate inclines anteroventrally, as is typical of most
troodontids and Archaeopteryx, but different from the vertical quadrate of Mei and
dromaeosaurids such as Tsaagan, Velociraptor and Microraptor (Barsbold and
Osmólska, 1999; Xu and Norell, 2004; Norell et al., 2006; Norell et al., 2009; Rauhut,
2013; Pei et al., 2014). Dorsally, the quadrate contacts the ventral process of the
squamosal along a posterodorsally inclined suture, as in dromaeosaurids (Norell and
Makovicky, 2004). A distinct lateral groove is developed on the middle and lower portion
of the quadrate shaft. The anterior edge of the quadrate blade laterally flares anterior to
the groove, to form a low ridge, possibly representing the anterior flange in
dromaeosaurid dinosaurs. The quadrate is notched below the anterior flange, as in
Archaeopteryx, Xiaotingia and dromaeosaurids (fig. 2.5) (Wellnhofer, 1974; Xu et al.,
2011; Turner et al., 2012). The posterior edge of the quadrate blade is thickened, as
observed on the left element. The pterygoid wing is wider than the jugal wing, as can be
determined from the exposed ventral edge of the left quadrate (fig. 2.5). The quadrate
foot is straight and oriented vertically. It is tongue shaped and has a bicondylar
connection with the mandible as is typical of paravians.
The right quadrate is exposed in lateral view in BMNHC PH804 (fig. 2.6). It is
triangular in outline and laterally grooved. It bears an anterior flange, as in
dromaeosaurids. An anterior notch is developed ventral to the anterior flange like in
PKUVP 1068. Medially, the quadrate appears to contact with an unidentified element
interpreted as the pre-quadrate wing of the pterygoid.
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SQUAMOSAL: The ventral process of the squamosal is laterally exposed in
PKUVP 1068 (fig. 2.5). It sutures the quadrate blade and forms the posterodorsal margin
of the upper temporal fenestra. The ventral process of the squamosal reaches the midpoint
of the quadrate shaft and contacts the anterior flange, as in dromaeosaurids, but differing
from the condition in troodontids, in which the ventral process of the squamosal is
relatively short. The ventral process of the squamosal probably does not contact the
quadratojugal, judging from its length and the reduced size of the quadratojugal in
Anchiornis huxleyi.
PARIETAL: The parietal is articulated with the frontals in PKUVP 1068 (fig. 2.5).
The parietal is vaulted and is slightly anteroposteriorly shorter than the frontal. The
parietals are fused in PKUVP 1068, BMNHC PH804, BMNHC PH822 and BMNHC
PH823 (although the parietal is shattered in BMNHC PH822), as in deinonychosaurians
(even small ones) such as Mei, but differing from the paired parietals in Archaeopteryx
(Xu and Norell, 2004; Mayr et al., 2005). A low sagittal crest is present along the midline
of the fused parietals. The parietal-squamosal nuchal wing is prominent and tapers
posterolaterally in dorsal view in BMNHC PH804 and BMNHC PH823 (figs. 2.6, 2.8).
PALATAL ELEMENTS: Some palatal elements are exposed through the orbit of
BMNHC PH804 (fig. 2.6). Both ectopterygoids are preserved in their original position in
this specimen. The ectopterygoid has a concave anterior margin, and a jugal process
curves posteriorly and joins the jugal at the medial side of the suborbital bar, as in other
paravians such as Archaeopteryx, Dromaeosaurus and Saurornithoides (Witmer, 1997;
Mayr et al., 2007; Norell et al., 2009). Medially, the ectopterygoid contacts the pterygoid.
The pterygoid is elongate, and its pre-quadrate wing contacts the quadrate posteriorly.

73

The posterior process of the palatine is visible through the orbit, anterior to the jugal
process of the ectopterygoid (fig. 2.6). The posterior process of the palatine is elongate,
as is typical of paravians (Witmer, 1997; Mayr et al., 2007; Tsuihiji et al., 2014).
BRAINCASE: The supraoccipital is exposed in posterior view in PKUVP 1068 and
BMNHC PH822 (fig. 2.5, 7). It is triangular and bears a prominent medial nuchal crest.
The paroccipital process extends lateroventrally in PKUVP 1068 and BMNHC PH822, as
is typical of basal paravians. The ventral edge of the paroccipital process is thickened.
The foramen magnum of PKUVP 1068 and BMNHC PH822 is dorsoventrally
shorter than is wide (figs. 2.5, 2.7), which differs from the condition in anatomically
derived troodontids, but resembles Archaeopteryx, many higher avialans, alvarezsaurids
and dromaeosaurids (Barsbold and Osmólska, 1999; Alanso et al., 2004; Turner et al.,
2007a; Perle et al., 1999). In PKUVP 1068 and BMNHC PH822, the foramen magnum is
reversed heart-shaped, much like the profile in Archaeopteryx and modern avians (Alanso
et al., 2004). The occipital condyle of PKUVP 1068 is slightly smaller than the foramen
magnum. The condyle is shallow and slightly “U”-shaped in posterior view, and a
constriction is developed at its base. Lateral to the occipital condyle and posterior to the
right paroccipital wing, a small foramen represents the opening of cranial nerve XII, and
a larger opening lateral to it probably represents the opening of cranial nerve X and/or XI,
as is observed in other paravians such as Byronosaurus, Zanabazar, Velociraptor,
Tsaagan and Archaeopteryx (fig. 2.5) (Makovicky et al., 2003; Norell et al., 2004;
Alanso et al., 2004; Norell et al., 2006; Norell et al., 2009).
The ventral surface of the posterior portion of the braincase is exposed in PKUVP
1068. An oval subcondylar recess is developed anterior to the occipital condyle and
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within the basioccipital ventrally (fig. 2.5). This is a novel feature that has not been
reported in other paravians. The basal tubera of PKUVP 1068 are weakly developed
compared with those in dromaeosaurids, in which the basal tubera are more distinct and
ridge-like. The basisphenoid recess is present anterior to the basal tubera (fig. 2.5), which
is a primitive feature in coelurosaurians, and is observed in dromaeosaurids but not
troodontids. The basisphenoid recess of PKUVP 1068 appears heart-shaped in ventral
view, and likely resembles the triple openings in the subsphenoid recess of
dromaeosaurids such as Tsaagan (Norell et al., 2006). A rod-like bony element
anterolateral to the basisphenoid recess contacts the quadrate medially and may represent
the basipterygoid process. It is anteriorly directed, as is typical in basal paravians (Xu et
al., 2002; Norell et al., 2006; Turner et al., 2012).
A pair of ridges extends anterolaterally from the basal tubera in PKUVP 1068, as
in the unnamed troodontid IGM 100/1126. These ridges define a pair of subotic areas
ventral to the ventral margin of the middle-ear opening. The subotic area on each side
bears a shallow concavity. This subotic area may be homologous to the subotic recess of
anatomically derived troodontid dinosaurs (Makovicky et al., 2003; Norell et al., 2009).
The middle-ear opening is located anterior to the base of the paroccipital process. It
appears elongate as in Troodon (Currie and Zhao, 1993), but the detailed otic structure
cannot be determined in the available specimens.
DENTARY: Both dentaries are completely preserved in PKUVP 1068 (fig. 2.5).
The right dentary is exposed in lateral view, partially overlapping the medially exposed
left dentary. The dorsal edge of the anterior tip of the dentary slightly turns downward,
which is a primitive condition in paravians, and also is observed in paravians such as
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Microraptor, Archaeopteryx, Sinovenator, and Bambiraptor (Burnham et al., 2000;
Hwang et al., 2002; Xu et al., 2002 Mayr et al., 2005). The dorsal edge of the dentary of
PKUVP 1068 is concave, while the ventral edge is convex, which is also observed in
troodontids such as Byronosaurus and IGM 100/1126 (Makovicky et al., 2003). A deep
groove, penetrated with neurovascular foramina, extends along the lateral side of the
dentary, which was proposed to be a diagnostic feature for all troodontid dinosaurs
(Makovicky et al., 2003) but is also present in other paravians such as Buitreraptor and
Archaeopteryx (Wellnhofer et al., 1974; Makovicky et al., 2005). This dentary groove
opens posteriorly between a distinct posterodorsal ridge and a posteroventral ridge in
Anchiornis, as in Xiaotingia and Aurornis (Xu et al., 2011; Godefroit et al., 2013b). A
sheet-like posteroventral process of the dentary lies posterior to the caudal opening of the
lateral groove and contacts the angular and surangular (fig. 2.5). This feature in
Anchiornis differs from other paravians, in which the posteroventral process of the
dentary tapers. Medially, the dentary bears a deep Meckelian groove (fig. 2.5).
A partial right dentary is exposed in BMNHC PH804 (fig. 2.6). It is grooved on
the lateral side, and with two rows of foramina developed laterally, as in Microraptor
(Pei et al., 2014). The dentary is slightly convex on the ventral edge. BMNHC PH804
also bears a sheet-like posteroventral process, as in PKUVP 1068 and Aurornis (fig. 2.6)
(Godefroit et al., 2013b). In BMNHC PH823, both dentaries are exposed in lateral view.
The right denary is damaged at the posterior end of the lateral groove. The large opening
in the right dentary of BMNHC PH804 is a preservational artifact and is not observed on
the left dentary. The posteroventral process is also sheet-like in BMNHC PH823.
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At least twelve teeth are preserved on the right dentary of PKUVP 1068 (fig. 2.9),
and ten dentary teeth are preserved on the left dentary of BMNHC PH823 (fig. 2.8).
However, sixteen dentary tooth positions are estimated to have been present on each
dentary, based on the length of the tooth row. The dentary teeth are not serrated, as in
other basal paravians, which also lack serrations (Ji et al., 2005; Mayr et al., 2007). The
dentary teeth of Anchiornis have a similar shape and size as the corresponding maxillary
teeth, with constrictions between the roots and tooth crowns, as in other maniraptorans.
As in Archaeopteryx, but differing from troodontids, interdental plates are present along
the medial side of the dentary tooth row in PKUVP 1068 (Foth et al., 2014).
SPLENIAL: The splenial is exposed medially on the left mandible of PKUVP 1068
(fig. 2.5). The splenial is a broad sheet that covers the middle part of the medial side of
the mandible. Like in Archaeopteryx and other coelurosaurs, the splenial has a roughly
triangular medial exposure (Elżanowski, 2001). The splenial tapers both anteriorly and
posteriorly. The broad middle portion of the splenial is penetrated by a small opening in
PKUVP 1068, which is not observed in other paravians. Unlike deinonychosaurians, the
splenial of Anchiornis is restricted to the medial side of the mandible, without any lateral
exposure (Currie, 1995; Makovicky et al., 2003; Turner et al., 2012).
ANGULAR: The right angular of in PKUVP 1068 is laterally exposed and the left
angular is exposed medially (fig. 2.5). Laterally, the right angular forms the
posteroventral margin of the mandible. The anterior part of the angular is laterally
covered by the sheet-like posteroventral process of the dentary. Laterally, the angular
sutures the surangular extensively, and the external mandibular fenestra is not visible in
lateral view. This feature is also observed in basal avialans such as Archaeopteryx,
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Jeholornis and Sapeornis (Zhou and Zhang, 2003; Mayr et al., 2005), in contrast to the
distinct external mandibular fenestra of other coelurosaurians, especially
deinonychosaurians. Medially, the angular sutures to the prearticular.
SURANGULAR: The right surangular of PKUVP 1068 is exposed in lateral view
(fig. 2.5). It forms the upper portion of the posterior part of the mandible in lateral view.
It is dorsoventrally broad. A prominent lateral ridge is present on the dorsal edge of the
right mandible, which is typical of many paravians. A small surangular foreman lies near
the mandible joint on the surangular in PKUVP 1068 and BMNHC PH823. A similar
foramen is also present in the referred specimen LPM-B00169 and in Xiaotingia, but the
surangular foramen in Xiaotingia is proportionally larger (Hu et al., 2009; Xu et al.,
2011). The surangular and the angular are dorsoventrally expanded, making the mandible
much deeper posteriorly than anteriorly, like in Xiaotingia and Eosinopteryx (Xu et al.,
2011; Godefroit et al., 2013a).
PREARTICULAR: The prearticular is partially exposed on the left mandible of
PKUVP 1068 (fig. 2.5). It continues from the retroarticular process, and sutures the
angular ventrally. The prearticular curves anterodorsally, as in other paravians such as
Tsaagan (Norell et al., 2006).
ARTICULAR: The articular forms the bottom of the mandibular joint in PKUVP
1068 (fig. 2.5). It contributes to a short retroarticular process, and a prominence is present
posterior to the mandibular joint, as in other paravians. Like in Archaeopteryx and the
unnamed troodontid IGM 100/1126, this prominence is mostly medially expanded and
slightly flares dorsally, but is unlike the distinctly vertical prominence that is
characteristic of dromaeosaurids.
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POSTCRANIUM
CERVICAL VERTEBRAE: Ten cervical vertebrae are preserved in PKUVP 1068
(fig. 2.10), as is typical of coelurosaurian dinosaurs. They are exposed in dorsal view, and
are closely associated with each other; the first 3 cervical vertebrae are heavily eroded on
the dorsal surface. The centra of the axis and the third vertebra are shorter than those of
the 4th to 7th cervical vertebrae. The prezygapophyses extend anterolaterally and the
postzygapophyses extend posterolaterally, making an “X”-shaped pattern of the neural
arch in dorsal view, which is a common feature shared with paravians (Wellnhofer; 1974;
Norell et al., 2001). On the 4th to 6th cervical vertebrae, a small ridge on the
postzygapophyses may represent the epipophysis (fig. 2.10). A lateral lamina is formed
posterior to the prezygapophyses, posteriorly from the 4th cervical vertebrae,
overhanging laterally to the neural arch, which is observed in many theropods. The centra
of the 8th to 10th cervical vertebrae are shortened (fig. 2.10). The postzygapophyses of
the 7th to 10th cervical vertebrae are more laterally projecting, as in Xiaotingia and
Archaeopteryx (Xu et al., 2011).
Ten cervical vertebrae are preserved In BMNHC PH804 and exposed in quasilateral view (fig. 2.11). The anterior cervical vertebrae bear weak neural spines, and like
in PKUVP 1068, the neural arch is “X”-shaped in dorsal view. Starting from the 6th
vertebra, the postzygapophyses are more laterally spread than are the anterior ones. The
centra are ventrally concave, as observed in the 5th to 9th cervical vertebra.
Ten cervical vertebrae are preserved In BMNHC PH822 (fig. 2.12). The centra
are slightly laterally concave in dorsal view. The zygapophyses are prominent, making an
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“X”-shaped dorsal view of the neural arches, as in PKUVP1068 and BMNHC PH804.
The anterior cervical vertebrae of BMNHC PH822 have flat ventral surfaces. The centra
are elongate in the anterior and middle cervical vertebra, but shortened in the 8th, 9th and
10th cervical vertebrae. As in PKUVP 1068 and BMNHC PH804, the postzygapophyses
are laterally directed. The cervical ribs are slender and longer than the centra in the 3rd to
the 7th cervical vertebrae, and they become shortened posteriorly. The cervical rib on the
7th centrum bears a groove dorsally along the shaft.
DORSAL VERTEBRAE: Twelve dorsal vertebrae are present in PKUVP 1068 (fig.
2.13). The anterior dorsal vertebrae are closely packed, and the centra are relatively short,
like those of the posterior cervical vertebrae. Most of the dorsal vertebrae are laterally
exposed, except the anteriormost and the last one. Anterior dorsal vertebrae bear short
neural spines. The postzygapophyses extend posterolaterally from the neural arch, as in
other paravians, and they are more laterally spread than the prezygapophyses. The
transverse processes are slender on anterior and middle dorsal vertebrae of PKUVP 1068.
In the posterior dorsal vertebrae, the postzygapophyses extend posterior to the centra, and
prezygapophyses are restricted and do not extent beyond the corresponding centra. As in
other paravians such as Microraptor, Archaeopteryx, Sinovenator and Mei (Xu et al.,
2002; Xu and Norell, 2004; Hwang et al., 2002; Pei et al., 2014), the neural spines are
prominent and located at the posterior portion of the neural arches. The centra of the
posterior dorsal vertebrae are elongate and bear lateral concavities as in Archaeopteryx
and dromaeosaurids (Hu et al., 2009). A lateral ridge is developed on the centrum at the
base of the neural arch, and the transverse process is weakly developed.
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Twelve dorsal vertebrae are preserved in BMNHC PH804 (fig. 2.14). All of the
dorsal vertebrae are exposed laterally. The centra of the anterior and middle dorsal
vertebrae are short and those of the posterior vertebrae are elongate. In the middle dorsal
vertebrae, the neural spines are high and anteroposteriorly long. The neural arch is twice
the height of the corresponding centrum, which is in common with other paravians such
as Archaeopteryx, Sinovenator, and Microraptor (Hwang et al., 2002; Xu et al., 2002;
Wellnhofer, 2009). The prezygapophyses and postzygapophyses are lifted above the
neural arches, and are anterodorsally and posterodorsally directed, respectively, in lateral
view. Epipophyses are observed dorsal to the postzygapophyses, proximal to the articular
facet. The lateral sides of the centra are concave but not pneumatic, as in PKUVP 1068
and Archaeopteryx.
An estimated twelve dorsal vertebrae are present in BMNHC PH822 (fig. 2.15).
The centra of the posterior dorsal vertebrae bear lateral concavities. The neural arch is
twice as high as the centrum, as observed in BMNHC PH804. The neural spine is square,
and positioned relatively posterior on the neural arch. The neural spine is relatively long,
and approaches the neural spine of the preceding vertebra. The postzygapophyses are
triangular in lateral view, and they extend posteriorly beyond the corresponding centra.
Twelve dorsal vertebrae are also counted in BMNHC PH823 (fig. 2.16). The posterior
dorsal vertebrae of both specimens have elongate centra, as in other specimens of this
taxon.
A partial rib cage is preserved in BMNHC PH804 and BMNHC PH822 (figs.
2.14, 2.15), though some of the dorsal ribs and gastralia are displaced from their life
position. The dorsal ribs are grooved. As in Archaeopteryx and Microraptor, the anterior
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and posterior dorsal ribs of Anchiornis are shorter than the middle ones. The longest
dorsal ribs are associated with the 4th or 5th dorsal vertebra in BMNHC PH822, as in
Microraptor, but in Archaeopteryx the longest dorsal ribs are associated with the 8th
dorsal vertebra (Wellnhofer, 2009; Pei et al., 2014). Gastralia segments are also present
in BMNHC PH804 and BMNHC PH822 (figs. 2.14, 2.15), but only a single set of
elements is recognized, in contrast to some dromaeosaurids, in which the gastralia has
two sets of elements (Norell and Makovicky, 1997; Pei et al., 2014).
SACRAL VERTEBRAE: The sacral vertebrae of PKUVP 1068 are preserved in
ventral view (fig. 2.17). Five sacral vertebrae are present, which is typical of basal
paravians. The middle three sacral vertebrae are fused together, while the 1st and 5th
vertebrae are separated from the others. The centra of the sacral vertebrae are transversely
broad. The ventral surface of the last three sacral vertebrae is flat. The middle three sacral
vertebrae are apparently larger than the first and the last, as in the basal troodontid
Sinovenator (Xu et al., 2002). Sacral ribs articulate with the brevis shelf in PKUVP 1068.
The 3rd sacral rib is slender, while the 2nd, 4th and 5th sacral ribs are expanded. The
exposed sacral vertebrae are all fused in BMNHC PH804, BMNHC PH822, and BMNHC
PH823 (figs. 2.18, 2.19, 2.20). As observed in BMNHC PH823, the neural arches of the
sacrum are fused, as in Mei (Xu and Norell, 2004; Gao et al., 2012).
CAUDAL VERTEBRAE: The caudal vertebrae are laterally preserved in PKUVP
1068 (fig. 2.21). Twenty two caudal vertebrae are exposed in PKUVP 1068, less than in
other Anchiornis specimens, in which over thirty caudal vertebrae are preserved. The
anteriormost caudal vertebrae are not exposed, due to preservation. The articulations of
the caudal and the sacral vertebrae are covered by the pubis, thus it is difficult to
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determine which caudal vertebra is the first. The anteriormost exposed caudal vertebrae
are of comparable length to the posterior dorsal vertebrae, which indicates that more
proximal caudal vertebrae are not exposed in PKUVP 1068. In other Anchiornis
specimens, the proximal-most caudal vertebrae are significantly shorter than the posterior
dorsal vertebrae (Xu et al., 2008; Hu et al., 2009). This is also the condition of
Archaeopteryx and troodontids. The 6th exposed caudal vertebra reaches the maximum
centrum length, while in other specimens the longest centrum is at around the 12th-14th
caudal vertebrae. The transition point from shorter anterior vertebrae to longer middle
and posterior vertebrae is difficult to determine in this specimen, because all exposed
caudal vertebrae are relatively elongate. The transition point, if it is exposed, should be
around the first or second exposed caudal vertebra. The longest caudal vertebra is about
1.5 times the length of the last posterior dorsal vertebrae in PKUVP 1068. The
prezygapophyses are slightly eroded in the anterior vertebrae. The centra of the middle
and distal caudal vertebrae are elongate. The prezygapophyses are reduced, and only
reach about one fourth the length of the preceding vertebrae and therefore are not as
extended as those in troodontid and dromaeosaurid dinosaurs. The centra of the caudal
vertebrae are shallow. After the 6th exposed caudal vertebrae, the centra begin to reduce
in length and thickness (fig. 2.21).
In BMNHC PH804, thirty-one to thirty-two caudal vertebrae are preserved, as in
the holotype (fig. 2.22). This is a higher number than in Archaeopteryx, dromaeosaurids
and troodontids (Norell and Makovicky, 2004; Makovicky and Norell, 2004). The
anterior caudal vertebrae are short and square, with broad transverse processes like in
Microraptor, but different from the elongate transverse processes of troodontids (Currie
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and Dong; 2001; Hwang et al., 2002; Pei et al., 2014; Norell et al., 2009). The
anteriormost caudal vertebrae are significantly shortened, as in basal paravians, being
only about two-thirds the length of the posterior dorsal vertebrae. The centra of the
middle and posterior caudal vertebrae are elongate. The transition from anterior to middle
and posterior caudal vertebrae begins on the 6th-8th caudal vertebrae, which is slightly
distal compared to Archaeopteryx (5th-6th caudal vertebrae), but more proximal than in
derived troodontids (9th-10th caudal vertebrae). The centrum reaches a maximum length
at the 13th-14th caudal vertebrae. The prezygapophyses can reach one fourth the length
of the previous centrum, which is much shorter than in dromaeosaurids. The posterior
caudal vertebrae are concave laterally. The neural spine of the 12th caudal vertebra is
visible as a low ridge in lateral view (fig. 2.22). This is similar to Archaeopteryx and
dromaeosaurids, where the neural spine of posterior caudal vertebra is reduced to a low
ridge (Norell and Makovicky, 1999; Wellnhofer, 2009; Turner et al., 2011), but in
contrast to troodontids, where the neural spine becomes a sulcus along the neural arch of
posterior caudal vertebrae (Xu et al., 2002; Norell et al., 2009). The chevrons associated
with the anterior caudal vertebrae are reduced and plate-like, similar to Archaeopteryx,
but different from the rod-like anterior chevrons of deinonychosaurians (Norell and
Makovicky, 1997; Wellnhofer, 2009; Norell et al., 2009). The chevrons become
anteriorposteriorly elongate beginning at the 7th caudal vertebra.
Thirty to thirty-one caudal vertebrae are estimated to be present in BMNHC
PH822 (fig. 2.23). The morphology of the caudal column is identical to BMNHC PH804.
The anteriormost caudal vertebrae are reduced and bear broad transverse processes. The
elongation of caudal vertebra begins at the 6th-8th caudal vertebrae like BMNHC PH804.
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The anterior chevrons are short and plate-like. Distal chevrons are bifurcated anteriorly
and single headed posteriorly. The prezygapophyses are elongate on posterior caudal
vertebrae, and can reach one-fourth the length of the previous centra. At least thirty-one
caudal vertebrae are preserved in BMNHC PH823, since the proximal-most caudal
vertebrae are faked (fig. 2.24). The transition between the shorter anterior caudal
vertebrae and longer posterior caudal vertebrae likely begins at the 6th-8th vertebrae, as
in BMNHC PH804 and in BMNHC PH822. The centra are laterally concave except for
the distal-most caudals.

PECTORAL GIRDLE: The furcula is boomerang-shaped in PKUVP 1068 (fig.
2.13), as in Microraptor, Archaeopteryx and Xiaotingia (Hwang et al., 2002; Xu et al.,
2011; Rauhut, 2013). Like in Microraptor and Archaeopteryx, the ventral margin of the
furcula is rounded, in contrast to Mei and Oviraptor in which a prominent hypocleidium
is developed (Hwang et al., 2002; Xu and Norell, 2004; Nesbitt et al., 2009; Rauhut,
2013). A “U”-shaped furcula is also exposed in BMNHC PH804, with a smooth and
rounded ventral margin. The furcula is anteroposteriorly flattened in BMNHC PH822,
and has rounded ends (fig. 2.14). The furcula bears an anterior groove in BMNHC PH82
No trace of the ossified sternum is observed in these specimens of Anchiornis, as
in Archaeopteryx and troodontids which also lack an ossified sternum (see Zheng et al.,
2014).
Both scapulae are preserved in PKUVP 1068. Their distal ends are eroded (fig.
2.13). The scapula is slender, at less than half of the humeral thickness. Unlike in
Microraptor, the scapula is significantly shortened in Anchiornis huxleyi, being around
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half the length of the humerus (Pei et al., 2014). The right scapula has a curved scapular
blade in dorsal view, as in Archaeopteryx, Mahakala and Rahonavis (Forster et al, 1998;
Wellnhofer, 2009; Turner et al., 2011), while the left scapular blade is straight in lateral
view in PKUVP 1068 (fig. 2.13). The acromion process of PKUVP 1068 is small as in
other paravians such as Archaeopteryx, Xiaotingia and Sinornithoides (Currie and Dong,
2001; Wellnhofer, 2009; Xu et al., 2011). The acromion is laterally everted as in basal
paravians including Xiaotingia, and it projects smoothly from the scapular blade,
extending anteriorly beyond the scapula-coracoid suture as in Rahonavis and Sinovenator
(Forster et al., 1998; Xu et al., 2002). Posterior to the acromion, the scapula blade is
distinctively depressed on the medial edge, a condition also present in Xiaotingia and
Sinovenator (Xu et al., 2002; Xu et al., 2011). In BMNHC PH804, the left scapula is
completely preserved and exposed in lateral view (fig. 2.14). It is slightly bowed and
about half the length of the humerus as in the holotype (Xu et al., 2008). The scapular
blade is band-like and has a rounded distal end. The laterally everted acromion overhangs
a groove along the lateral surface of the scapula as in Sinovenator and Sinornithoides
(Currie and Dong, 2001; Xu et al., 2002). The scapula of BMNHC PH822 is curved in
lateral view as in BMNHC PH804 (fig. 2.14). A shallow concavity is present between the
acromion and the glenoid fossa as observed in other Anchiornis specimens. In BMNHC
PH823, the ventral margin of the scapula is grooved near the glenoid fossa, as in
Xiaotingia and other deinonychosaurians (fig. 2.16). The ventral rim of the scapular blade
is thick.
Only the medial edge of the right coracoid is slightly exposed in PKUVP 1068
(fig. 2.13). Both coracoids of BMNHC PH804 are exposed in posterior view (fig. 2.14).
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The scapula and the coracoid remain unfused. The coracoids are semi-square, and bear
distinct ventral curve, and shaped like that of the holotype, as is typical of paravians
(Currie and Dong, 2001; Xu and Norell, 2004; Xu et al., 2008). The posterior surface of
the coracoid is rugose. In BMNHC PH822, the coracoid is a sheet-like element with a
thick medial edge and a thinner lateral edge. The posterior surface of the coracoid is
rugose as in BMNHC PH804 (fig. 2.15). The right coracoid is partially exposed in
posterior view, suturing the scapula. Ventral sculpturing of the scapula is an apomorphic
feature of Anchiornis. However, this feature cannot be confirmed on these specimens, as
the ventral surface of the coracoid is not exposed.
HUMERUS: Both humeri are well-preserved in PKUVP 1068, and are exposed in
posterolateral view (figs. 2.25, 2.26). The proximal end of the humerus is expanded
slightly. The deltopectoral crest is proximally positioned, making up about one sixth of
the length of the humeral shaft, as in the holotype (fig. 2.26). The deltopectoral crest is
proportionally short compared with most other paravians, but is a common feature in
other Late Jurassic paravians such as Xiaotingia, Aurornis and Eosinopteryx, which are
all from the Daohugou Biota (Xu ta al., 2011; Godefroit, et al., 2013a; Godefroit, et al.,
2013b). An extremely reduced deltopectoral crest is also present in ornithomimids
(Makovicky et al., 2004). The humeral shaft of PKUVP 1068 is straight, being about 1.2
times the length of the ulna. The diameter of the humeral shaft remains constant except at
the distal end, where it curves anteriorly and becomes anteroposteriorly flattened in
lateral view (figs. 2.25, 2.26). This feature is observed in all Anchiornis specimens, and a
distinct curvature at the distal end of humerus is also present in many basal paravians
such as Rahonavis, Mei and Archaeopteryx (O’Cornor and Forster, 2000; Xu and Norell,
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2004; Foth et al., 2014). The radial condyle is weakly developed in lateral view, and a
weak ectepicondyle attaches to the radial condyle anteriorly. The entire forelimb,
including the humerus, is elongate in Anchiornis compared with dromaeosaurids and
troodontids, which is a primitive condition for basal paravians (Zhang et al. 2008; Turner
et al., 2012). Unlike in Archaeopteryx and derived avialans, the humerus is shorter than
the femur in PKUVP 1068, as in the Anchiornis huxleyi holotype (Xu et al., 2008).
The left humerus is straight in posterolateral view in BMNHC PH804 (fig. 2.27).
The deltopectoral crest is short, as in PKUVP 1068. Distally, the posterior edge of the
humerus curves anteriorly, but the radial condyle is relatively larger than in PKUVP 1068.
A groove is present along the right humeral shaft posteriorly in BMNHC PH804 (fig.
2.28). Both BMNHC PH822 and BMNHC PH823 have a reduced deltopectoral crest, as
in the holotype and other specimens of Anchiornis (figs. 2.23, 2.24). In BMNHC PH822,
the humerus is straight along most of the shaft, but the distal end of the humerus curves
anteriorly in lateral view as in other specimens of Anchiornis. The humeral shaft of
BMNHC PH823 is slightly sinusoidal and not as straight as in other specimens.
ULNA AND RADIUS: Both the right and left ulnae and radii are well exposed in
PKUVP 1068 (figs. 2.25, 2.26). The ulna and radius are straight, as in the Anchiornis
type specimen and Archaeopteryx (Wellnhofer, 1974; Xu et al., 2008). The ulna is
slender and shorter than the humerus, and slightly more robust than the radius, as in
Archaeopteryx and troodontids, but differing from some dromaeosaurids in which the
radius is much thinner than the ulna (Xu, 2002; Hwang et al., 2002). The diameter of the
mid-shaft of the left ulna is about 60% of the humerus and 120% of the radius. The
proximal end of the ulna is slightly expanded, with a weak olecranon process developed.
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The ulna shaft is mostly straight, with the distal end slightly bowed inward. This is
different from some other paravians, in which the ulna is distinctly bowed both
proximally and distally (Gauthier, 1986; Xu and Norell, 2004; Pei et al., 2014). The
radius is shorter and more slender than the ulna. The radius is straight, with both ends
slightly expanded. The distal end of the radius has a flat contact face with the radiale. In
BMNHC PH804, BMNHC PH822 and BMNHC PH823, both the ulna and the radius are
straight, and the ulna is only slightly more robust than the ulna. The morphology of the
ulna and the radius are identical, as in PKUVP 1068 (figs. 2.27, 2.28, 2.29).
CARPALS: In PKUVP 1068, the radiale is a thick disk-like element, positioned
between the radius and the semilunate (figs. 2.30, 2.31). It has a flat proximal surface and
rugose distal surface on the left wrist. In the right wrist, a stout carpal between the
semilunate and the medial condyle of the radius may represent the radiale.
The semilunate of PKUVP 1068 is larger than the radiale. It is sub-triangular to
crescent shaped in dorsal view (fig. 2.31). Proximally, it contacts the radiale. Distally the
semilunate covers the proximal end of metacarpals I and II on the left manus, and
possibly has a slight contact with metacarpal III, as in the referred specimen LPMB00169 and some paravians, such as Deinonychus (Ostrom, 1969; Gishlick, 2001; Hu et
al., 2009). This condition differs from the holotype in which the semilunate appears
attached only on metacarpal II and metacarpal III. However, considering the various
positions of the semilunate observed in different Anchiornis specimens, this difference is
likely a preservational artifact. On the right wrist, the semilunate covers the proximal end
of metacarpal II, and possibly contacts both metacarpals I and III.
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In BMNHC PH804 the radiale is a plate-like element located between the
semilunate and the radius (fig. 2.27). In the left wrist of BMNHC PH804, the semilunate
contacts the proximal end of metacarpal I and II (fig. 2.27), as in PKUVP 1068. In
BMNHC PH822, a disk like radiale is present on the right wrist (fig. 2.32). The
semilunate is centered on the proximal end of metacarpal II, but possibly contacts
metacarpal I and metacarpal III as well.
MANUS: The manus of Anchiornis is elongate as in Xiaotingia and Archaeopteryx.
In PKUVP 1068, metacarpal I is the shortest metacarpal, and closely attaches to
metacarpal II (figs. 2.30, 2.31). The dorsal surface of metacarpal I is flat on the right
manus, but bears a groove on the left manus (possibly due to compression). A sharp ridge
is developed dorsomedially on the proximal half of the metacarpal I shaft as in
Archaeopteryx and Sinornithoides (Wellnhofer, 1974; Currie and Dong, 2001).
Metacarpal II is about 8 times the length of metacarpal I. The shaft of metacarpal II is
straight, with both ends expanded. The distal end of metacarpal II bears two condyles,
and the medial condyle is more developed than the lateral condyle. The diameter of the
shaft is about the same as metacarpal I. Metacarpal III is slender and slightly shorter than
metacarpal II, as in other paravians. It is distinctly bowed in PKUVP 1068, as in
Xiaotingia (Xu et al., 2011). A slight curvature of metacarpal III is also observed in the
Anchiornis holotype and the referred specimen LPM-B00169 (Xu et al., 2008; Hu et al.,
2009), as well as in Archaeopteryx and some other maniraptorans such as Sinornithoides,
Velociraptor and Deinonychus (Ostrom, 1969; Wellnhofer, 1974; Norell and Makovicky,
1999; Currie and Dong, 2001; Gishlick, 2001). Unlike in Xiaotingia but like in other
paravians, metacarpal III is more slender than metacarpal II. The proximal end of
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metacarpal III is slightly expanded.
Phalanx I-1 is slightly bowed in PKUVP 1068, which is common in many
maniraptorans. It is about 70% of the length of metacarpal II, but with the same thickness
as metacarpal II (figs. 2.30, 2.31). A deep and round ligament pit is present on the distal
condyle of phalanx I-1. Like in Archaeopteryx but differing from the condition in
Microraptor, phalanx II-1 is shorter than phalanx II-2 (Foth et al., 2014). Phalanx II-2 is
about the same length as phalanx I-1, and is slightly curved, as in the holotype and LPMB00169 (Xu et al., 2008 Hu et al., 2009). The shaft of phalanx II-1 has a roughly constant
diameter, but the shaft of phalanx II-2 decreases distally. Phalanx III-1 and phalanx III-2
are the shortest phalanges, and are bowed on the left manus. Phalanx III-3 is also
ventrally curved, and it is longer than phalanx III-1 and phalanx III-2 combined, as is
typical of paravians (Wellnhofer, 1974; Norell and Makovicky, 1999).
Manual ungual phalanges of PKUVP 1068 are curved, as in most paravians.
Ungual phalanx I-2 articulates phalanx I-1 on the dorsal half of its proximal end. The
articular facet is more dorsally placed on ungual phalanx II-3 compared with ungual
phalanx I-2. Ungual phalanges I-2 and II-3 are about the same size, while phalanx III-4 is
the smallest and is not as curved as phalanx II-3 (fig. 2.31).
In BMNHC PH804, the right metacarpals are not well exposed, and the left
metacarpals are not fully prepared (figs. 2.27, 2.28). Phalanges I-2 and II-2 appear to be
curved in the left manus, as in other specimens of Anchiornis. The ungual phalanx is
relatively small and not as curved compared with other Anchiornis specimens. The
articular surface of ungual phalanx II-3 is dorsally placed.
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In BMNHC PH822, metacarpal I is one third the length of metacarpal II, and is
relatively shorter than in PKUVP 1068. Metacarpal III is slender and straight in dorsal
view (figs. 2.32, 2.33). The distal end of metacarpal III is not ginglymoid, unlike the
unnamed troodontid IGM 100/1126. Phalanx I-2 appears more robust than metacarpal II.
Phalanges I-2, II-3 and III-4 are straight on the right manus, but slightly curved on the left
manus, probably due to the angle of observation. For ungual phalanx II-3, the articular
facet is dorsally positioned and it makes up less than one third of the posterior edge of the
phalanx. The ungual phalanges are distinctly curved, as in the holotype and PKUVP
1068.
ILIUM: The pelvic girdle is preserved in ventral view in PKUVP 1068, unlike the
rest of the skeleton, which is mostly exposed in dorsal view. The right ilium is deformed
due to compression, and preserved as a bone sheet, and is about half the length of the
femur (fig. 2.17).
In BMNHC PH804, the left ilium is well exposed in lateral view (fig. 2.18). The
anterior process has a squared anterior end, as in the holotype and dromaeosaurids, but
differing from Xiaotingia and Archaeopteryx in which the anterior end of the ilium is
more rounded (Norell and Makovicky et al., 1999; Xu et al., 2008; Xu et al., 2011). The
anterior tip of the anterior process is slightly ventrally hooked, as in the holotype. The
posterior process is horizontally projected, except for a slight ventral curvature at the
posterior end as in many dromaeosaurids (Norell and Makovicky, 1999; Burnham et al.,
2000; Turner et al., 2011; Pei et al., 2014). Like in Archaeopteryx, the cuppedicus fossa
of BMNHC PH804 is broadly exposed anterior to the pubic peduncle and faces laterally,
and is proportionally larger than in basal deinonychosaurians such as Sinovenator and
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Mahakala (Wellnhofer, 1974; Xu et al., 2002; Turner et al., 2007a; Turner et al., 2011).
The pubic peduncle is larger than the ischiadic peduncle, and is more ventrally extended,
as in Archaeopteryx and troodontids (Wellnhofer, 1974; Xu et al., 2002; Tsuihiji et al.,
2014).
The right ilium is exposed in lateral view in BMNHC PH822 (fig. 2.19). The
anterior process extends horizontally and slightly curves ventrally at the anterior end. The
anterodorsal margin of the anterior process is damaged, and the ilium probably has a
square anterior end as in the other Anchiornis specimens. The posterior and anterior
processes are subequal in size. The posterior end of the ilium forms an acute angle. A
supra-acetabular crest is developed, as in the holotype and LPM-B00169 (Xu et al., 2008;
Hu et al., 2009). The pubic peduncle extends more ventrally than the ischiadic peduncle,
as in BMNHC PH804. A laterally faced cuppedicus fossa is developed anterior to the
pubic peduncle. A horizontally oriented brevis shelf is developed ventral to the
postacetabular blade.
In BMNHC PH823, both ilia are well-preserved (fig. 2.20). The paired ilia
approach each other anteriorly in dorsal view. The angle between the ilia is about 30
degrees. The anterodorsal edge of the ilium is damaged and its shape is hard to
determine, but it curves slightly ventrally as in LPM-B00169. The posterior process is
slightly longer than the anterior process, and also ventrally curves at the tip, as in LPMB00169 and dromaeosaurids. A deep groove runs through the left ilium laterally. The
ventral curvatures of the anterior and posterior tips of the ilium are also present in
dromaeosaurids such as Mahakala, Microraptor, but only an anterior curvature is present
in troodontids such as Sinovenator (Xu et al., 2000; Xu et al., 2002; Turner et al., 2007a).
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PUBIS: The pubes of PKUVP 1068 are articulated with each other distally, and
exposed in anterior view (fig. 2.17). The orientation of the pubis is unknown due to
compression. The pubis is about 80% the length of the femur. The pubic shaft is bowed
as in other paravians, such as Archaeopteryx, Sinovenator and Microraptor (Wellnhofer,
1974; Xu et al., 2002; Xu et al., 2003). It is mediolaterally flat near the proximal end, but
becomes rounded at the mid-shaft, and is anteroposteriorly flat distally. The pubic apron
is developed from the distal one-third of the pubis, as in Archaeopteryx, but is
proportionally shorter than in Sinovenator. The pubic apron of PKUVP 1068 lacks the
slit-like opening present in deinonychosaurians such as Sinovenator and Velociraptor
(Norell and Makovicky, 1999; Xu et al., 2002). The pubic boot of PKUVP 1068 has no
anterior expansion. The lateral edge of the pubis is smooth, and does not bear a lateral
ridge such as the one that is present in basal troodontids and basal dromaeosaurids such
as Sinovenator and Microraptor (Xu et al., 2002; Pei et al., 2014).
The pubis of BMNHC PH804 is ventrally oriented as in basal deinonychosaurians
(fig. 2.18) (Norell and Makovicky, 2004). It is mediolaterally flat proximally, but twists
to become anteroposteriorly flat at the mid-shaft. The pubic boot is rounded anteriorly
and expanded posteriorly. The posterior expansion of BMNHC PH804 is blade-like,
more prominent than in the referred specimen LPM-B00169, and similar to some
dromaeosaurids, such as Bambiraptor (Burnham et al., 2000; Hu et al., 2009). A large
and posteriorly expressed pubic boot is also present in Unenlagia and Archaeopteryx
(Novas and Peurta, 1997; Foth et al., 2014).
The pubis is anteroventrally positioned in BMNHC PH822 (fig. 2.34). The pubis
is bowed and about 80% the length of the femur in lateral view, as in PKUVP 1068.
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Proximally, the pubic shaft is anteroposteriorly expanded and distally it is mediolaterally
flat. The pubic boot is anteroventrally rounded, but with a prominent posterior expansion,
as in BMNHC PH804.
ISCHIUM: The ischia are not well exposed in PKUVP 1068 or BMNHC PH822.
Both ischia are present in BMNHC PH804 (fig. 2.18). The ischium is short, less than 30%
the length of the pubis, which is typical in Anchiornis, and similar to that in Aurornis and
Eosinopteryx (Godefroit et al., 2013a; Godefroit et al., 2013b). In Xiaotingia,
Archaeopteryx and basal deinonychosaurians, the ischium is also relatively short (less
than 50% the length of the pubis), but is not as reduced as in Anchiornis. The obturator
process is located near the distal end of the ischiadic shaft in BMNHC PH804, like
Xiaotingia, Archaeopteryx and basal deinonychosaurians (Wellnhofer, 1988; Hwang et
al., 2002; Xu et al., 2002; Xu et al., 2011). The obturator process of BMNHC PH804 has
a ventral extension like in Archaeopteryx and other Jianchang paravians such as
Xiaotingia, Aurornis and Eosinopteryx (Wellnhofer, 1988; Xu et al., 2011; Godefroit et
al., 2013a; Godefroit et al., 2013b). The pubic shaft tapers posteroventrally in BMNHC
PH823 and other Anchiornis specimens, including the holotype (Xu et al., 2008).
The ischia in BMNHC PH823 are exposed in lateral view (fig. 2.20). It is reduced
in length, about 25% the length of the ilium. Proximally, the iliac and pubic peduncles are
subequal in size, and the squared pubic peduncle projects further anteriorly. The lateral
surface of the ischium is flat. An obturator process is present near distal-shaft like in
other basal paravians. The distal end of the ischium tapers posteroventrally as in the
holotype (Xu et al., 2008).
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FEMUR: Both femora are well-preserved in PKUVP 1068 (fig. 2.33). The right
femur is exposed in lateral view and the left femur is exposed in posterolateral view. The
femur is anteriorly bowed, a typical condition of theropods (Gauthier, 1986). The femur
of PKUVP 1068 is elongate, about 150% length of the skull, which is relatively longer
than other Anchiornis specimens and Archaeopteryx. However, this could be allometric
variation. Distally, the lateral condyle of femur is rounded and projects anteriorly from
the femoral shaft.
The femora are bowed in BMNHC PH804 (fig. 2.18), about 120% the length of
the skull. The greater trochanter is separated from the lessor trochanter by a notch. The
greater trochanter of BMNHC PH804 is more proximally positioned than the lesser
trochanter like in some troodontids and dromaeosaurids such as Sinovenator and
Mahakala (Xu et al., 2002; Turner et al., 2007a). A sharp crest representing the posterior
trochanter is developed distal to the base of the greater trochanter on the posterior side of
the femur, like other maniraptorans. In BMNHC PH822, the femur is about 125% the
length of the skull. Unlike other Anchiornis specimens, the proximal end of the lesser
trochanter appears higher than that of the greater trochanter, but this could be a
preservational artifact (fig. 2.34). The lesser trochanter bears a lateral ridge. Like the
unnamed troodontids IGM 100/1126 and IGM 100/1323, an ectocondyle is developed
posterolateral on the distal end of the femur, separated from the lateral condyle by a
shallow notch. In BMNHC PH823. The lesser and greater trochanters are separated by a
shallow groove. A posterior trochanter is developed distal to the great trochanter on the
posterior side, as is typical of maniraptorans (fig. 2.33). The femur is about 125% the
length of the skull.
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TIBIOTARSUS: Tibiae are well-preserved in PKUVP 1068, BMNHC PH804,
BMNHC PH822 and BMNHC PH823 and have similar morphology in all specimens (fig.
2.35). The tibia is long and straight, about 140-155% of the length of the femur.
Proximally the tibia is slightly expanded. The cnemial crest is moderately developed like
in Eosinopteryx and Sinovenator. Unlike Archaeopteryx, but similar to Mahakala and
Microraptor, the distal end of the tibia is not significantly expanded (Hwang et al., 2002;
Turner et al., 2007a). The tibia is not fused with the proximal tarsals in PKUVP 1068 and
BMNHC PH804, and it is hard to determine whether they are fused in BMNHC PH822
and BMNHC PH823 due to preservation.
The fibula is present in all four specimens (fig. 2.35). Unlike many paravians, the
proximal end of the fibula is significantly expanded and is anteroposteriorly broad at the
proximal end of the tibia (fig. 2.35). A prominent anterior crest is developed on the
proximal end of the fibula. Laterally, an iliofibularis tubercle is present near to the
proximal end of the fibula as observed in PKUVP 1068. In BMNHV PH823, the medial
surface of the proximal fibula is flat, and becomes slightly grooved distally.
The astragalus is exposed on the right side in BMNHC PH804, not fused to the
tibia. The calcaneum is exposed on the left leg of PKUVP 1068 (fig. 2.35). It is
subtriangular in lateral view, and is not fused to the tibia. The calcaneum is square in
lateral view in BMNHC PH823.
PES: Both feet of PKUVP 1068 are exposed in dorsolateral view (figs. 2.30,
2.35). The right metatarsals are slightly detached from each other and damaged at the
proximal end while the left metatarsals remains in life position except for breakage at the
mid-shaft (fig. 2.35). The metatarsus is nearly symmetric as in basal dromaeosaurids and
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Arhcaeopteryx, but unlike troodontids, where the metatarsus is asymmetric with a
significantly longer metatarsal IV (Xu et al., 1999; Zanno et al., 2011). Metatarsal II is
straight, slightly shorter than metatarsal III. Both ends of metatarsal II are slightly
expanded, and the distal end is not ginglymoid. Metatarsal III is the longest. Proximally,
metatarsal III is closely pressed by metatarsal II and metatarsal IV as observed in the left
pes. However, the proximal end of metatarsal III is not pinched, and is as transversely
wide as metatarsal II and metatarsal IV, thus the subarctometatarsalian condition reported
in the type specimen of Anchiornis (Xu et al., 2008) is not observed in PKUVP 1068. A
subarctometatarsalian pes is present in basal troodontids and Microraptor, but is absent in
avialans and other dromaeosaurids. The proximal end of metatarsal III is also exposed
broadly in anterior view in the type specimen IVPP V14378 and the referred specimen
LPM-B00169, and it is not significantly constricted compared with metatarsal II and
metatarsal IV, which resembles the condition of Archaeopteryx and Mahakala, but unlike
the strongly pinched metatarsal III of Sinovenator and Microraptor (Xu et al., 2000; Xu
et al., 2002; Xu et al., 2008; Hu et al., 2009). Therefore, we considered the pes of
Anchiornis as normal instead of arctometatarsalian. The distal end of metatarsal III is
ginglymoid in PKUVP 1068, which is a primitive condition for paravians. Metatarsal IV
is about the same size as metatarsal II. The proximal end of metatarsal IV is transversely
expanded and appears broader than metatarsals II and III. Distally, metatarsal IV appears
ginglymoid in shape (fig. 2.35). Metatarsal V is preserved proximally on the left foot (fig.
2.30). It is very slender and closely attaches to metatarsal IV posterolaterally. Metatarsal
V is straight in Anchiornis, unlike the bowed metatarsal V in Microraptor and
Philovenator (Hwang et al., 2002; Xu et al., 2012).
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Only the partial distal end of phalanx I-1 is exposed on the right pes of PKUVP
1068, which indicates metatarsal I is possibly attached to the posterolateral side of
metatarsal II (fig. 2.35), as in Aurornis and Archaeopteryx (Mayr et al., 2005; Godefroit
et al., 2013b). Phalanx II-1 is similar in length of phalanx II-2, a primitive condition
resembling that in Archaeopteryx, but differs from the condition in deinonychosaurians,
in which phalanx II-2 is significantly reduced (Gauthier, 1986; Makovicky and Norell,
2004; Norell and Makovicky, 2004; Turner et al., 2012). Phalanx II-2 bears a weak
ventral heel proximally, but the ventral heel is not as distinct as in derived
deinonychosaurians. Phalanx III-1 is the longest and most robust phalanx, being about
130% the length of phalanx II-1 (fig. 2.35). Phalanx III-2 is about the same size and
shape as phalanx II-2, but with a more developed dorsal lip proximally. Phalanx III-3 is
slender. The distal end is about the same size as phalanx III-2. Phalanx IV-1 is as robust
as phalanx III-1, and is about the same length as phalanx II-2. A weakly developed
constriction lies near the distal end of phalanx IV-1. Phalanx IV-2 is as slender as
phalanx III-3, but is shorter, at about 70% the length of phalanx IV-1. Phalanx IV-3 and
phalanx IV-4 are sub-equal in size and shape, and shorter than phalanx IV-2 (fig. 2.35).
Ungual phalanges I-2, II-3, III-4 and IV-5 are the same shape, smaller than and
not as curved as manual ungual phalanges (fig. 2.35). This is in contrast to
Archaeopteryx, in which the pedal ungual phalanges are more curved. Phalanx I-2 is the
smallest ungual phalanx. A distinct posterodorsal lip is developed on ungual phalanges
II-3, III-4 and IV-5. Phalanx II-3 is slightly more robust than III-4, as in the holotype, but
not as distinctly enlarged as in derived troodontids and dromaeosaurids. Ungual phalanx
IV-5 is smaller than II-3 and III-4.
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In BMNHC PH804, metatarsal I appears short and slender (fig. 2.38). It is
attached to metatarsal II posterolaterally, and is slightly distal to the mid-shaft of
metatarsal II. Metatarsal I is not as distally located as it is in Epidendrosaurus and
Archaeopteryx, but is similar to the condition in troodontids and dromaeosaurids such as
Talos and Microraptor (Zhang et al., 2002; Zanno et al., 2011; Foth et al., 2014; Pei et
al., 2014). Metatarsals II and IV are subequal in length, while metatarsal IV has a more
expanded proximal end. Metatarsal III is exposed at the proximal end, but is not
significantly constricted. On the right pes, metatarsal V is slender and splint like, and is
attached to metatarsal IV laterally. The morphology of the pes of BMNHC PH822 is
similar to those of PKUVP 1068 and BMNHC PH804 (figs. 2.36, 2.39). The left pes is
exposed in posterior view. Metatarsal III is not constricted in posterior view in BMNHC
PH822.
In BMNHC PH804, pedal phalanx I-1 is less than 75% the length of phalanx II-1
(figs. 2.37, 2.38), which is the ancestral condition in most basal maniraptorans, and is in
contrast to the elongate pedal phalanx I-1 of Archaeopteryx and other avialans. An
elongate pedal phalanx I-1 is also observed in the Late Jurassic maniraptoran
Epidexipteryx and the dromaeosaurid Balaur (Zhang et al., 2008; Csiki et al., 2010;
Brusatte et al., 2013). In BMNHC PH804, the right pedal phalanx IV-5 is shorter than
phalanx IV-4, but the left pedal phalanx IV-5 is longer than phalanx IV-4 (table. 1). This
is mostly due to the incompleteness of the ungual phalanges making it difficult to
determine in many cases. Ungual phalanges of BMNHC PH804 are not as curved as the
manual ungual phalanges, as in many paravians. Ungual phalanx II-3 is slightly larger
than phalanx III-4, and much larger than phalanx IV-5.
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DISCUSSION
1. Identity of new specimens as Anchiornis huxleyi
Anchiornis huxleyi was previously described based on the holotype IVPP V14378,
and the referred specimens LPM-B00169 and BMNHC PH828. IVPP V14378 has a
partial postcranial skeleton but is missing all of the cranial bones (Xu et al., 2008). LPMB00169 is nearly complete, but the cranium is shattered like many other Anchiornis
specimens (Hu et al., 2009). BMNHC PH828 preserves a partial skull and partial
postcranial skeleton (Li et al., 2010). Diagnostic features of A. huxleyi were suggested
based on the fragmentary holotype IVPP V14378, including extreme shortness of the
ischium and a sculpturing pattern of numerous small pits on the ventral surface of the
coracoid (Xu et al., 2008).
All four specimens (PKUVP 1068, BMNHC PH804, BMNHC PH822 and
BMNHC PH823) preserve complete skeletons, and PKUVP 1068 also preserves an
extraordinarily well-preserved skull. The extremely reduced ischium is present in
BMNHC PH804, BMNHC PH822, BMNHC PH823 and the previously described LPMB00169, while in PKUVP 1068 the ischium is not exposed. The sculpturing pattern of
numerous small pits on the ventral surface of the coracoid is not confirmed in these new
specimens and other published Anchiornis specimens, because the ventral surface of the
coracoid is not exposed in any other specimens but the holotype.
However, all four new specimens resemble the holotype IVPP V14378 in the
morphology of overlapping elements. In addition to the extreme shortness of the ischium,
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all reported Anchiornis specimens have the following postcranial features that are unseen,
or uncommon, in other paravians: short and slender scapula that is about half the length
of the humerus, short deltopectoral crest that is less than one fourth the length of the
humerus, straight ulna and straight radius, proportionally large radiale, significantly
elongate manus, slightly curving metacarpal III, elongate tibiotarsus, fibula with an
extremely expanded proximal end, and pedal phalanx II-1 subequal to or slightly shorter
than phalanx II-2. Major differences between the holotype and the new specimens are the
position of the semilunate and the proportions, which are likely preservational artifacts
and allometric variations (discussed below).
In addition, PKUVP 1068, BMNHC PH804, BMNHC PH822 and BMNHC
PH823 have cranial morphology that is almost identical to the referred specimen LPMB00169. These features include: straight nasal process of the premaxilla, external naris
placed more posteriorly than the fourth premaxillary teeth, relatively short pre-antotbitalfossa portion of the maxilla, enlarged maxillary fenestra, deep groove on the lateral
surface of the dentary, and relatively small surangular foramen.
Although most of the listed features above are also observed in other Jianchang
paravians such as Xiaotingia, Eosinopteryx and Aurornis, some characters differ in those
taxa and are discussed below.
These individual Anchiornis huxleyi specimens, IVPP V14378, LPM-B00169,
PKUVP 1068, BMNHC PH804, BMNHC PH822 and BMNHC PH823 are scored
separately for phylogenetic analysis. Minimum differences are present in the scorings and
all these specimens form a group in the phylogenetic analysis. Therefore, all new
specimens can be safely referred to Anchiornis huxleyi.
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2. Affiliation of Anchiornis huxleyi
The morphology of Anchiornis huxleyi can be confidently assigned to the
Maniraptora. Several synapomorphies of Maniraptora are present in Anchiornis huxleyi:
broad triangular process along the lateral edge of the quadrate that contacts the squamosal
and the quadratojugal; absence of the prefrontal; fused parietals; teeth constricted
between the root and crown; reduced prezygapophyses on the distal caudal vertebrae;
presence of a semilunate carpal; manual phalanx III-3 significantly elongate; and fibular
shaft narrowing abruptly below the iliofibularis tubercle.
In many previous studies a monophyletic Paraves is recovered as a clade that
includes Dromaeosauridae, Troodontidae and Avialae (Gauthier, 1986; Sereno, 1997,
Makovicky and Sues, 1998; Xu et al., 1999; Hwang et al., 2002; Makovicky et al., 2003;
Xu and Norell, 2004; Makovicky et al., 2005; Novas and Pol, 2005; Norell et al., 2006;
Turner et al., 2007a; Hu et al. 2009; Turner et al., 2012; Foth et al., 2014). Anchiornis
huxleyi can be referred to the Paraves based on the following derived features: shallow
maxilla and premaxilla below the external naris; “T”-shaped lacrimal; dentary
symphyseal region in line with the main part of the buccal margin; chevrons anteriorly
bifurcate on the distal part of the tail; nearly symmetric furcula; acromion margin of the
scapula with a laterally everted anterior edge; coracoid inflected medially from the
scapula, forming an “L”-shaped scapulocoracoid; humerus longer than the scapula; ilium
with the pubic peduncle much larger than the ischiadic peduncle; femur with a posterior
trochanter; and the distal end of metatarsal III ginglymoid.
Within Paraves, the affiliation of Anchiornis is controversial (Xu et al., 2008; Hu
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et al., 2009; Xu et al., 2011; Turner et al., 2012; Senter et al., 2012; Foth et al., 2014).
This confusion is mainly caused by the conservative morphology of basal paravians. This
dissertation considers Anchiornis huxleyi as a basal paravian based on derived characters
it shares with other avialans, such as a straight nasal process of the premaxilla and the
absence of an external mandibular fenestra in lateral view. Anchiornis also lacks typical
deinonychosaurian synapomorphies such as lateral exposure of the splenial, and a
specialized raptorial pedal digit II, which differentiates Anchiornis from
deinonychosaurians. A detailed discussion of the phylogenetic position of Anchiornis and
other Jianchang paravians is included in Chapter 5, where a comprehensive phylogenetic
analysis is provided.

3. Variation within specimens of Anchiornis huxleyi
Though all reported specimens of Anchiornis have significant similarities in
morphology, some variation also exists.
PKUVP 1068 is the largest (based on femoral length) among the four new
specimens. It differs from the other specimens in having a different caudal vertebrae
number. In PKUVP 1068, only twenty-two caudal vertebrae are present. In contrast,
thirty-one to thirty-two caudal vertebrae are counted in the holotype, BMNHC PH804,
BMNHC PH822 and BMNHC PH823. However, the first few exposed caudal vertebrae
of PKUVP 1068 are elongate and longer than the last dorsal vertebra, while in other
Anchiornis specimens, the anterior caudal vertebrae are relatively reduced and
significantly shorter than the last dorsal vertebra (fig. 2.17). The first few exposed caudal
vertebrae of PKUVP 1068 also lack the prominent transverse processes that are present
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on anteriormost caudal vertebrae in other specimens (fig. 2.17). In PKUVP 1068, the 6th
exposed caudal vertebra reaches the maximum centrum length, while in other specimens
the longest centrum is at around the 12th-14th caudal vertebrae. All evidence indicates
that the proximal-most caudal vertebrae of PKUVP 1068 are either not exposed or
missing during the severe twist at the pelvic region when this specimen was buried. The
actual number of caudal vertebrae in PKUVP 1068 should be much greater than twentytwo, and likely closer to thirty.
The position of the semilunate varies in the reported Anchiornis specimens. In the
holotype IVPP V14378, the semilunate is small and mainly covers the proximal ends of
metacarpals II and III; in LPM-B00169, it covers the proximal ends of all three
metacarpals (Xu et al., 2008; Hu et al., 2009). Based on the observations of IVPP V14378
and LPM-B00169, Hu et al. (2009) inferred that this difference might be a preservational
artifact, and the semilunate should have contacted all metacarpals in these specimens. In
PKUVP 1068, the left semilunate centers on both metacarpal I and metacarpal II and has
a medial process that contacts metacarpal III as in LPM-B100169 (fig. 2.30). The right
semilunate of PKUVP 1068 centers on metacarpal II and possibly has a slight contact
with both metacarpal I and III (fig. 2.31). In both wrists of BMNHC PH804 and the right
wrist of BMNHC PH822, the semilunate contacts metacarpal I and II, with no contact
with metacarpal III (figs. 2.27, 2.28, 2.32). But this observation may be influenced by the
angle at which it is observed. In BMNHC PH804 and BMNHC PH822, the manus is
laterally preserved, thus metacarpal III is laterally obscured by metacarpals I and II. The
preservation state of the wrists of PKUVP 1068, BMNHC PH804 and BMNHC PH822
supports the interpretation of Hu et al. (2009) that the semilunate has a possible contact
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with all three metacarpals in Anchiornis huxleyi. If this is the case, the wrist structure of
Anchiornis resembles some derived dromaeosaurids, such as Velociraptor and
Deinonychus (Ostrom, 1969; Ostrom, 1995; Gishlick, 2001).
Proportional variations have been reported in Anchiornis specimens (Xu et al.,
2008; Hu et al., 2009). For example, IVPP V14378, PKUVP 1068, BMNHC PH804,
BMNHC PH822 and BMNHC PH823 have a femur that is longer than the humerus.
However, LPM-B00169 is reported to have a slightly longer humerus than femur
(femur/humerus ratio = 0.95) (Hu et al., 2009), but the published figures (fig. 2.2, Hu et
al., 2009; fig. 2.22, Sullivan et al., 2014) show otherwise. The left femur is actually
slightly longer than the humerus in LPM-B00169, which is consistent with other
Anchiornis specimens.
IVPP V14378, BMNHC PH804, BMNHC PH822 and BMNHC PH823 have a
femur/humerus ratio between 1.05 and 1.15, but the femur of PKUVP 1068 is relatively
longer (femur/humerus ratio = 1.24). The hindlimb of PKUVP 1068 is slightly elongate
compared with other reported Anchiornis specimens. Since the skull of BMNHC PH822
is very close in size to that of PKUVP 1068, this variation of hindlimb proportion cannot
be inferred as simply allometric scaling. A similar pattern is observed in the sizecomparable paravian Archaeopteryx lithographica. The Berlin Archaeopteryx specimen
has a skull size close to that of the Thermopolis Archaeopteryx specimen, but their
humerus/femur ratios are 1.13 and 1.21 respectively (Mayr et al., 2007). Thus, the slight
elongation of hindlimbs in PKUVP 1068 is inferred as intraspecies variation in
Anchiornis huxleyi, as in Archaeopteryx lithographica.
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4. Comparisons with Xiaotingia, Eosinopteryx and Aurornis
Three Jurassic paravians, Xiaotingia, Eosinopteryx and Aurornis, have been
reported from the Jianchang area following the discovery of Anchiornis huxleyi (Xu et
al., 2011; Godefroit et al., 2013a; Godefroit et al., 2013b). All of those other taxa are
based on single specimens. Xiaotingia was reported in 2011, based on a specimen with a
complete skull and a partial postcranial skeleton, missing the tail, partial pectoral girdle
and distal hindlimb. Eosinopteryx and Aurornis were reported in 2013, both with
complete cranial and postcranial skeletons.
These Jianchang paravians closely resemble Anchiornis huxleyi in having many
characters, such as: straight nasal process of the premaxilla, posteriorly placed external
naris, relatively short pre-antotbital-fossa portion of the maxilla, ventrally displaced
promaxillary fenestra, dentary with a distinct lateral groove, sheet like posteroventral
process of the dentary, mandible that is significantly deeper posteriorly than anteriorly,
short deltopectoral crest, straight ulna and radius, and extremely expanded proximal end
of the fibula. An extremely short ischium is also shared by Anchiornis, Eosinopteryx and
Aurornis. All recently reported paravians from Jianchang County likely form a
monophyletic group based on their anatomical similarities.
In the original diagnoses for Xiaotingia, it differs from Anchiornis in having the
following unique features: maxillary posterior ramus has a depth at mid-length exceeding
that of the dentary; surangular has little lateral exposure and forms a wide, flat dorsal
surface over the posterior part of the mandible; large surangular foramen extends over
more than 6% of the total mandibular length; posterior end of the mandible is blunt and
dorsoventrally expanded; anteriormost caudal centra are less than half as long as the
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posterior dorsal centra; metacarpal III is more robust than metacarpals I and II; and
manual phalanx II-2 is longer than metacarpal II (Xu et al., 2011). In Anchiornis, the subantorbital-fenestra portion (to be clear, the ventral ramus [posterior ramus] of the maxilla
is actually thin, but a distance exists between the ventral ramus and the antorbital fenestra
in all Anchiornis specimens) of the maxilla is dorsoventrally deep and the posterior end
of the mandible is also dorsoventrally expanded, as in Xiaotingia. The proportional
differences of the caudal vertebrae, an elongate surangular foramen, and manual phalanx
II-2 being longer than metacarpal II are likely a result of allometric variation. However,
other diagnostic features of Xiaotingia, such as the surangular has little lateral exposure
and forms a wide dorsal surface over the posterior part of the mandible, and a much more
robust metacarpal III, are not observed in any reported Anchiornis specimens. Xiaotingia
also differs from other Jianchang paravians in having a proportionally longer ischium.
Eosinopteryx is diagnosed by: short snout; lacrimal with a longer posterior
process; short tail of twenty caudal vertebrae; chevrons reduced to small rod-like
elements below the proximal 8th or 9th caudals; ilium with a proportionally long, low
and distally tapering postacetabular process; pedal unguals shorter than corresponding
penultimate phalanges; and absence of rectrices and feathers on the metatarsus.
Compared with Anchiornis, a relatively short snout is also observed in PKUVP 1068 and
is not significantly different from other Anchiornis specimens. The lacrimal of BMNHC
PH804 has both long anterior and posterior processes, but both processes are extremely
slender and easy to break. Reduced chevrons below the proximal 8th or 9th caudal
vertebrae are observed in many Anchiornis specimens, such as BMNHC PH804 and
BMNHC PH822, and is common in most paravians. Anchiornis specimens have variation
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in proportions of pedal phalanges, even within the same specimen, such as in BMNHC
PH804 (see above). A long and low posterior process of the ilium is present in many
Anchiornis specimens (BMNHC PH804, BMNHC PH822 and BMNHC PH823). The
absence of rectrices and feathers on the metatarsus is possibly a preservational artifact, as
many Anchiornis specimens only have feathers associated with few bones instead of the
entire body. However, a short tail differentiates Eosinopteryx from Anchiornis. Normally
more than thirty caudal vertebrae are preserved in Anchiornis. Even if only twenty-two
caudal vertebrae are observed in PKUVP 1068, it clearly does not represent the life
condition of that specimen. Moreover, the 12th-14th caudal vertebrae reach the maximum
length in Eosinopteryx, as in most Anchiornis specimens, while the 6th exposed caudal
vertebra reaches the maximum length in PKUVP 1068. The morphology of Eosinopteryx
is mostly identical to that of Anchiornis, except for the short length of the tail in the
former. We regard Eosinopteryx as a valid taxon, but first hand examination of the
specimen is necessary to further confirm this conclusion.
As mentioned by Godefroit et al. (2013b), Aurornis xui (YFGP-T5198) differs
from Anchiornis huxleyi in having an elongate subnarial process of the premaxilla, an
elongate posterior process of the lacrimal, a relatively shorter and more gracile humerus
compared to the femur, a postacetabular process that is quadrangular in lateral view, the
presence of a hooked ischium, an elongate metatarsal I that is not reduced to a splint, and
the shorter penultimate phalanges of the pedal digits. However, these features are
inadequate to differentiate Aurornis from Anchiornis as a distinct new taxon. The skull of
YFGP-T5198 is shattered, and the presumed subnarial process is not confluent with the
remainder of the premaxilla, thus this is likely a misidentification. The elongate bone
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piece exposed between the shattered nasal and maxilla is possibly the vomer or the
ventral ramus of the adjacent maxilla, but this assertion requires further examination of
the specimen to validate it. BMNHC PH804 also has an elongate posterior process of the
lacrimal like in YFGP-T5198. Although the long posterior process is not observed in all
Anchiornis specimens, it is likely a preservational artifact, since this process is extremely
slender and difficult to preserve. The humerus of Aurornis is relatively shorter and more
slender than the femur, with a femur/humerus ratio of 1.13, which is within the range of
1.05-1.25 observed in other Anchiornis specimens. The morphology of the pelvic girdle
is subject to variation, as observed in other paravian taxa such as Microraptor and
Archaeopteryx (Wellnhofer, 2009; Senter et al., 2004; Turner et al., 2012; Pei et al.,
2014), and the suggested pelvic difference between Aurornis and other Jianchang
paravians is not significant. The elongation of metatarsal I in Aurornis is also likely a
preservational artifact, as no complete metatarsal I is preserved in any Anchiornis
specimens. Anchiornis also shows variation in proportions of pedal phalanges, even
within the same specimen (BMNHC PH804), thus the shorter penultimate phalanges of
the pedal digits also cannot differentiate Aurornis from Anchiornis. Therefore, we regard
Aurornis xui as a junior synonym of Anchiornis huxleyi.

SUMMARY
Four new specimens of Anchiornis huxleyi reveal new osteological details of this
important paravian taxon. Anchiornis huxleyi exhibits many conservative paravian
features, and closely resembles Archaeopteryx and other paravians from Jianchang
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County, such as Xiaotingia and Eosinopteryx. The other Jianchang paravian, Aurornis
xui, however, is considered as a junior synonym of Anchiornis huxleyi.
Anchiornis huxleyi shares derived features with avialans, such as a straight nasal
process of the premaxilla, and the absence of an external mandibular fenestra in lateral
view. Anchiornis also lacks derived deinonychosaurian characteristics, including lacking
a laterally exposed splenial and a specialized raptorial pedal digit II. Anchiornis appears
to be more closely related to avialans than deinonychosaurians or troodontids, based on
morphological comparisons and identification of potential synapomorphies in this
analysis.
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FIGURES

FIGURE 2.1. Mounted slab of PKUVP 1068.
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FIGURE 2.2. Mounted slab of BMNHC PH804.
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FIGURE 2.3. Mounted slab of BMNHC PH822. Shaded area was reconstructed before
acquisition of the specimen.
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FIGURE 2.4. Mounted slab of BMNHC PH823. Shaded areas were reconstructed before
acquisition of the specimen.
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FIGURE 2.5. Skull of PKUVP 1068.
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FIGURE 2.6. Skull of BMNHC PH804.
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FIGURE 2.7. Skull of BMNHC PH822.
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FIGURE 2.8. Skull of BMNHC PH823.
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FIGURE 2.9. Dentition of PKUVP 1068. Scale bar = 5 mm.
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FIGURE 2.10. Cervical series of PKUVP 1068.
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FIGURE 2.11. Cervical series of BMNHC PH804.
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FIGURE 2.12. Cervical series of BMNHC PH822.
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FIGURE 2.13. Trunk region and humerus of PKUVP 1068.
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FIGURE 2.14. Trunk region of BMNHC PH804.
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FIGURE 2.15. Trunk region and humerus of BMNHC PH822.
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FIGURE 2.16. Trunk region and humerus of BMNHC PH823.
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FIGURE 2.17. Pelvic region of PKUVP 1068.
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FIGURE 2.18. Pelvic girdle and femora of BMNHC PH804.
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FIGURE 2.19. Pelvic region of BMNHC PH822.
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FIGURE 2.20. Pelvic region of BMNHC PH823.
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FIGURE 2.21. Proximally exposed caudal vertebrae of PKUVP 1068.
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FIGURE 2.22. Proximal caudal vertebrae of BMNHC PH804.
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FIGURE 2.23. Proximal caudal vertebrae of BMNHC PH822.
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FIGURE 2.24. Proximal caudal vertebrae of BMNHC PH823.
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FIGURE 2.25. Left forelimb of PKUVP 1068.
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FIGURE 2.26. Right forelimb of PKUVP 1068.
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FIGURE 2.27. Left forelimb of BMNH PH804.
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FIGURE 2.28. Right forelimb of BMNHC PH804.
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FIGURE 2.29. Right ulna and radius of BMNHC PH822.
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FIGURE 2.30. Left manus of PKUVP 1068.
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FIGURE 2.31. Right manus of PKUVP 1068.
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FIGURE 2.32. Right manus of BMNHC PH822.
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FIGURE 2.33. Femora of PKUVP 1068 and BMNHC PH823. A, left femur of PKUVP
1068; B, right femur of PKUVP 1068; C, left femur of BMNHC PH823; D, right femur
of BMNHC PH823.

144

FIGURE 2.34. Femora and right pubis of BMNHC PH822.
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FIGURE 2.35. Tibiotarsi of BMNHC PH804, BMNHC PH822, BMNHC PH823 and
PKUVP 1068. A, left tibiotarsus of PKUVP 1068; B, right tibiotarsus of PKUVP 1068; C,
left tibiotarsus of BMNHC PH804; D, right tibiotarsus of BMNHC PH804; E, left
tibiotarsus of BMNHC PH822; F, right tibiotarsus of BMNHC PH822; G, left tibiotarsus
of BMNHC PH823; H, right tibiotarsus of BMNHC PH823.
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FIGURE 2.36. Right pes of PKUVP 1068.
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FIGURE 2.37. Left pes of BMNH PH804.
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FIGURE 2.38. Right pes of BMNHC PH804.
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FIGURE 2.39. Left pes of BMNHC PH822.
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FIGURE 2.40. Right pes of BMNHC PH823.
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TABLE. 1. Selected Measurements (in mm) of PKUP V1068,
BMNHC PH804, BMNHC PH822, and BMNHC PH823.

skull
body
scapula left
scapula right
humerus left
humerus right
ulna left
ulna right
radius left
radius right
metacarpal I left
metacarpal II left
metacarpal III left
manual phalanx I-1
left
manual phalanx I-2
left
manual phalanx II-1
left
manual phalanx II-2
left
manual phalanx II-3
left
manual phalanx III1 left
manual phalanx III2 left
manual phalanx III3 left
manual phalanx III4 left
metacarpal I right
metacarpal II right
metacarpal III right
manual phalanx I-1
right
manual phalanx I-2
right
manual phalanx II-1
right
manual phalanx II-2
right
manual phalanx II-3
right
manual phalanx III-

PKUVP
1068
61.3
~600
>37.0
~34.2
>69.5
72.2
59
58.5
52
52.8
12.4
32.13
>24.5

BMNHC
PH804
43.5
~360
29.1
29.1
45.7
44.5
39.8
38.8
39.1
38.2

BMNHC
PH822
61.2
~620
40.8
61.8
64.9
58.9
60.8
>58.0
58.9

25
21.8
18.9

11.4

>21.0

18.1

>14.5

10.1

20.8

6.9
6.6
9.5
9
12.7
35
29.8

12.6
36.2
32.7

26.1

29.6

>18.0

18.6

18

21.9

26.8

27.8

20.5
7.2

18.8
8.7
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BMNHC
PH823
56.0
~460
40.1
65.2
64.5

1 right
manual phalanx III2 right
manual phalanx III3 right
manual phalanx III4 right
ilium left
ilium right
pubis left
pubis right
ischium left
femur left
femur right
tibiotarsus left
tibiotarsus right
metatarsal II left
metatarsal III left
metatarsal IV left
pedal phalanx II-1
left
pedal phalanx II-2
left
pedal phalanx II-3
left
pedal phalanx III-1
left
pedal phalanx III-2
left
pedal phalanx III-3
left
pedal phalanx III-4
left
pedal phalanx IV-1
left
pedal phalanx IV-2
left
pedal phalanx IV-3
left
pedal phalanx IV-4
left
pedal phalanx IV-5
left
metatarsal I right
metatarsal II right
metatarsal III right
metatarsal IV right
pedal phalanx I-1
right
pedal phalanx I-2
right

6.9

7.2

14.7

15.3

14
42.2
~48.1
56.9
55.2

13.5
25.1
39.2

34.8
61.4

19
88.5
90.5
112
117.7
50.0
51.5
49.1

50.9
69.5
69.1
39.7

13

38.3

70.5
108.6
108
57.8
58
56.1

8.7

11.2

8.3

12.2

40.9
42.3

22.1
68.7
67.8
95.2
92.13

13.3
15

9.8

15.2

10

8

11.2

11.3

7.1

7.8

16.8

7.9

11

7.4

11.6

9.1

5.2

8.9

5.1

8.4

4.9

7.9

6.1
>6.5

10.8

10.2
56.2
56.4
55

38.3
5.3
4.2
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51
55.2
54.5

49
51.2
48.5
7.5

pedal phalanx II-1
right
pedal phalanx II-2
right
pedal phalanx II-3
right
pedal phalanx III-1
right
pedal phalanx III-2
right
pedal phalanx III-3
right
pedal phalanx III-4
right
pedal phalanx IV-1
right
pedal phalanx IV-2
right
pedal phalanx IV-3
right
pedal phalanx IV-4
right
pedal phalanx IV-5
right

16

8.7

10.4

11.5

7.6

8.1

9.1

13

9.7

12.8

7.8

7.8

7

11

7.7

13.2

15.1

11.5

7.4
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5.2

8.8

5.2

7.5

5.1

7.2

5.0

13.4

ABBREVIATIONS

ar

articular

as

astragalus

atf

antorbital fenestra

bsr

basisphenoid recess

bt

basal tuber

btp

basipterygoid process

dpc

deltopectoral crest

dr

dorsal rib

fm

fenestra magnum

fo

fenestra ovalis

fu

furcula

gtr

greater trochanter

I-1

phalanx I-1

I-2

phalanx I-2

II-1

phalanx II-1

II-2

phalanx II-2

II-3

phalanx II-3

III-1

phalanx III-1

III-2

phalanx III-2

III-3

phalanx III-3

III-4

phalanx III-4

IV-1

phalanx IV-1

IV-2

phalanx IV-2

IV-3

phalanx IV-3

IV-4

phalanx IV-4

IV-5

phalanx IV-5

lan

left angular

lc

left coracoid
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ld

left dentary

lf

left femur

lfi

left fibula

lfr

left frontal

lep

left ectopterygoid

lh

left humerus

li

left ilium

lis

left ischium

lj

left jugal

llc

left lacrimal

l.m.

lepidosaur mandibles

lmx

left maxilla

ln

left nasal

lpm

left premaxilla

lpu

left pubis

lq

left quadrate

lra

left radius

lsa

left surangular

lsc

left scapular

lsp

left splenial

lti

left tibia

ltr

lessor trochanter

lu

left ulna

mc

metacarpal

mf

maxillary fenestra

m.o.

middle-ear opening

mt

metatarsal

n.s.

neural spine

oc

occipital condyle

op

olecranon process

p

parietal
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pb

pubic boot

po

postorbital

pmf

promaxillary fenestra

pt

pterygoid

ptr

posterior trochanter

qj

quadratojugal

rad

radiale

ran

right angular

rc

right coracoid

rd

right dentary

rep

right ectopterygoid

rf

right femur

rfi

right fibula

rfr

right frontal

rh

right humerus

ri

right ilium

ris

right ischium

rlc

right lacrimal

rj

right jugal

rmx

right maxilla

rn

right nasal

rpm

right premaxilla

rpu

right pubis

rq

right quadrate

rra

right radius

rsa

right surangular

rsc

right scapular

rti

right tibia

ru

right ulna

scr

subcondylar recess

sc.r.

sacral rib
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sc.v.

sacral vertebrae

sec

semilunate

so

supraoccipital

sq

squamosal

X

cranial nerve opening X

XI

cranial nerve opening XI

XII

cranial nerve opening XII
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CHAPTER 3:
OSTEOLOGY OF THE LATE CRETACEOUS
TROODONTID SPECIMEN IGM 100/1323
FROM UKHAA TOLGOD, OVORKHANGI AIMAG, MONGOLIA

INTRODUCTION
Cretaceous deposits of the Gobi Desert have yielded many important and
exquisitely preserved fossils, which has significantly improved our understanding of the
systematics and paleobiology of non-avian dinosaurs (Osborn et al., 1924; Maleev, 1954;
Barsbold, 1974; Norell et al., 1995; Chiappe et al., 1998; Clarke et al., 2001; Brusatte et
al., 2009; Tsuihiji et al., 2014). Of the many fossil beds across Mongolia and northern
China, the Campanian beds of the Djadokhta Formation are famous for the abundance
and exquisite preservation of various maniraptorans (Osborn et al., 1924; Jerzykiewicz
and Russell, 1991; Norell et al., 1995; Norell and Makovicky, 1997; Clarke et al., 2001;
Turner et al., 2007b; Dingus et al., 2008; Godefroit et al., 2008; Balanoff and Norell,
2012; Tsuihiji et al., 2014). Here we report a small-bodied troodontid specimen from the
Djadokhta-Formation-like rocks of Ukhaa Tolgod, Mongolia. This skeleton was collected
by the joint expedition of American Museum of Natural History and Mongolian
Academy of Sciences in 1993.
At least three troodontid taxa have been reported and named in the Djadokhta
Formation and Djadokhta Formation equivilant fossil beds of the Gobi Desert:
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Saurornithoides mongoliensis from Bayan Dzak, Byronosaurus jaffei from Ukhaa Tolgod
and the recent Gobivenator mongoliensis from Zamin Khond (Osborn, 1924; Norell et
al., 2000; Tsuihiji et al., 2014). Two perinate troodontid specimens were reported from
Ukhaa Tolgod in 2009, and were regarded as the perinate individuals of Byronosaurus
(Bever and Norell, 2009). A fourth taxon, represented by IGM 100/1126 and IGM
100/3500, is a second new troodontid taxon from the Djadokhta-Formation-like rocks at
Ukhaa Tolgod. This taxon is described in detail in Chapter 4. To clarify, the fossil beds at
Ukhaa Tolgod, Zamin Khond are Djadokhta Formation equivilent, but cannot be referred
to the Djadokhta Formation sensu stricto. The fuanae are different from that at the known
Djadokhta Formation sites of Bayn Dzak and Toogrugeen Shireh (See Dingus et al.,
2008; Makovicky., 2008). However, In this thesis, all Djadokhta Formation equivalent
beds are referred as Djadokhta Formation	
  for	
  convience.	
  
All three named troodontid taxa from the Djadokhta Formation have an adult
skull length of 16 – 20 cm. The new specimen of IGM 100/1323 has a skull length of
about 8 cm, significantly smaller than other adult Djadokhta troodontids. As the first
small-sized troodontid taxon reported from the Late Cretaceous, IGM 100/1323 has both
primitive and derived troodontid features, and therefore provides critical information on
the evolution of Troodontidae and Paraves. IGM 100/1323 has been included in previous
study of maniraptoran phylogeny (Turner et al., 2011; Turner et al., 2012; Brusatte et al.,
2014), but was not officially reported and described. Here we provide a detailed
description of this specimen and its implications related to the ontogeny of troodontid
dinosaurs and their diversity in the Djadokhta Formation.
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MATERIAL
IGM (Institute of Geology, Mongolia) 100/1323 has a nearly complete skull and
partial postcranium (figs. 3.1, 3.2). The cranial elements of IGM 100/1323 are semiarticulated, with some bones displaced from the original position due to lateral
compression. The parietal, the left squamosal and the prootic were found adjacent to the
articulated skull (figs. 3.4, 3.5, 3.6). The postcranial skeleton (fig. 3.7) is partially
preserved with several sacral and proximo-caudal vertebrae, a partial pelvic girdle and
partial hindlimbs (missing pedal digits).
Limb bone thin sections failed to reveal the absolute age of IGM 100/1323 or
whether or not it was somatically mature. This is probably due to the fact that the bones
were fungally altered post depositionally. Because growth stage could not be determined
quantitatively, morphology was used to estimate the ontogenetic stage of IGM 100/1323.
IGM 100/1323 displays several features of immaturity, such as an unfused braincase,
unfused sacral vertebrae, and a rugose surface of limb bones. However, the ossification of
the skeleton, fusion of the parietals and the fusion of proximal tarsals may suggest IGM
100/1323 is actually close in size to a somatic adult. Although IGM 100/1323 displays
some juvenile-like features such as an enlarged orbit and a short snout, these features are
likely pedomorphic and are common in basal and small-sized paravians, such as
Sinovenator, Mei, Archaeopteryx, Anchiornis and Microraptor (Xu et al., 2002; Xu and
Norell, 2004; Hu et al., 2009; Pei et al., 2014).
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DIAGNOSIS
IGM 100/1323 can be referred to troodontids based on following characters:
lacrimal with a prominent supraorbital crest, lacrimal with an anterior process
significantly longer than posterior process, numerous dentary and maxillary teeth that are
closely packed anteriorly, laterally recessed squamosal and fully arctometatarsalian pes.
IGM 100/1323 can be distinguished from all other troodontids by the combination
of these derived characters: posteriorly curved pterygoid flange, absence of a lateral
groove on the anterior part of the dentary, distinct spike-like process extending from the
anterior edge of the obturator process at the distal one third of the ischium, the third
chevron more than three times as long as the corresponding caudal vertebra.

MORPHOLOGICAL DESCRIPTION
SKULL AND MANDIBLES
The skull of IGM 100/1323 is sub-triangular in lateral view (figs. 3.1, 3.2). The
skull has a primitive paravian profile resembling Archaeopteryx, Anchiornis,
Microraptor, Sinovenator and Mei (Xu et al. 2002; Xu and Norell, 2004; Hu et al., 2009;
Pei et al., 2014). The skull of IGM 100/1323 is deep and the length of the skull is about
2.5 times of the height. The pre-orbital region of IGM 100/1323 takes 61% of the length
of the skull, differing from Sinornithoides and more derived troodontids where the
rostrum is significantly elongate (Russell and Dong, 1993; Makovicky et al., 2003; Norell
et al., 2009; Tsuihiji et al., 2014).
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PREMAXILLA: Both premaxillae are completely preserved in IGM 100/1323 (figs.
3.1, 3.2, 3.3). The anterior tip of the rostrum is pointed in dorsal view, as in
Archaeopteryx, Anchiornis and Mei, but is different from derived troodontids such as
Byronosaurus and Saurornithoides where the rostrum is rounded in dorsal view
(Makovicky et al., 2003; Xu and Norell, 2004; Mayr, 2005; Norell et al., 2009; Hu et al.
2009). The anterior margin of the premaxilla inclines posterodorsally in lateral view,
similar to Mei, Anchiornis and Archaeopteryx (Xu and Norell, 2004; Pei et al., in
preparation). The premaxilla of IGM 100/1323 is shallow ventral to the external naris,
which agrees with other troodontids and some basal paravians (Xu et al., 2002;
Makovicky et al., 2003; Mayr et al., 2005, Norell et al., 2009; Pei et al., 2014). In contrast,
the premaxilla ventral to the external naris is dorsoventrally deep in derived
dromaeosaurids, such as Velociraptor, Dromaeosaurus and Tsaagan (Barsbold and
Osmólska, 1999; Currie et al., 1995; Norell et al., 2006). The nasal process of the
premaxilla is slender in IGM 100/1323, about twice as long as the premaxillary body,
forming the anterior and anterodorsal border of the external naris. As in other
deinonychosaurians, the anterior/lower portion of the nasal process of the premaxilla
extends posterodorsally, and the posterior/upper portion of the nasal process becomes
relatively horizontal (figs. 3.1, 3.2). This is different from Anchiornis and Archaeopteryx,
in which the nasal process is straight (Pei et al., in preparation). As in all described
troodontids and some basal paravians, the internarial bar of is dorsoventrally flattened as
observed on the right premaxilla (Makovicky et al., 2003; Lü et al., 2010; Pei et al., in
preparation).
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As a primitive condition of paravians, the subnarial process of the premaxilla is
reduced and partially obfuscated by the rostral ramus of the maxilla in lateral view (Xu et
al., 2002; Makovicky et al., 2003). The subnarial process contacts the nasal and forms the
bottom of the external naris. In contrast, the elongate subnarial process of derived
dromaeosaurids projects above the maxilla anteriorly and contacts the nasal in lateral
view (Currie, 1995; Norell and Makovicky, 2004). The external naris is elongate
anteroposteriorly, with the long axis more than twice that of the short axis. In this case, it
is similar to Sinovenator, Byronosaurus and some basal avialans (Xu et al., 2002;
Makovicky et al., 2003; Hu et al., 2009). In derived troodontids such as Saurornithoides
and Zanabazar, the external naris is short, regardless of the elongation of the rostrum
(Barsbold, 1974; Norell et al., 2009). The size-comparable dromaeosaurid Microraptor
also has an elongated external naris (Pei et al., 2014), but larger and derived
dromaeosaurid forms such as, Velociraptor and Tsaagan have shortened external naris
(Barsbold and Osmólska, 1999; and Norell et al., 2006). The anterior margin of the
external naris is located above the third premaxillary tooth in IGM 100/1323, which is
common in non-avialan paravians (Pei et al., in preparation).
Four premaxillary teeth are present on each side (fig. 3.3). The tooth crown is
lancet shaped and slightly recurved. The premaxillary teeth are perpendicular to the
ventral edge of the premaxilla. The premaxillary teeth are similar in size, as in other
troodontids and toothed avialans. In contrast, the first two premaxillary teeth are
significantly larger than the third and fourth teeth in dromaeosaurid dinosaurs (Xu, 2002;
Norell and Makovicky, 2004). The premaxillary teeth of IGM 100/1323 are similar in
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size as the anteriormost maxillary teeth, which is a feature shared with all other
troodontids.
MAXILLA: Both maxillae are completely preserved in IGM 100/1323 (figs. 3.1,
3.2). The rostral ramus of the maxilla is slender, and it attaches to the labial side of the
premaxilla (fig. 3.3). A rostral ramus is observed in troodontids, basal avialans and some
basal dromaeosaurids, such as Shanag (Turner et al., 2007b). As in the derived
troodontids Byronosaurus, Saurornithoides and Zanabazar (Makovicky et al., 2003;
Norell et al., 2009), the rostral ramus is dorsoventrally shallower than the ventral ramus
of the maxilla. This is different from Early Cretaceous troodontids Jinfengopteryx,
Sinovenator, Mei, Sinornithoides and the unnamed troodontid IGM 100/1126, in which
the rostral ramus is as deep as the ventral ramus of the maxilla (Russell and Dong, 1993;
Xu et al. 2002; Xu and Norell, 2004; Ji and Ji, 2007; Lü et al., 2000).
The lateral lamina of the ascending process of the maxilla is broad in IGM
100/1323 (figs. 3.1, 3.2, 3.3). It is as dorsoventrally high as the maxillary fenestra, which
is common in derived troodontid such as Byronosaurus, Gobivenator, Saurornithoides,
Zanabazar and (Makovicky et al., 2003; Norell et al., 2009; Tsuihiji et al., 2014). In
contrast, the lateral lamina of the ascending process is reduced and less than half the
height of the maxillary fenestra in the basal troodontids Jinfengopteryx, Sinovenator, Mei,
Sinornithoides and IGM 100/1126 (Russell and Dong, 1993; Xu et al. 2002; Xu and
Norell, 2004; Ji et al., 2005). The dorsal ramus of the ascending process is confluent with
the lateral lamina. The dorsal ramus of the maxilla forms the anterodorsal margin of the
antorbital fossa and sutures to the nasal dorsally. The pre-antorbital-fossa component of
the maxilla (the rostral ramus and the lateral lamina of the ascending process) of IGM
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100/1323 is 18% of the total length of the maxilla, which is comparable to most
paravians, such as Anchiornis (25%), Microraptor (21%), and Sinovenator (~20%), but
significantly shorter than in Archaeopteryx (45%) and more derived avialans.
The ventral ramus of the maxilla is posterior to the lateral lamina of the ascending
process and ventral to the antorbital fossa. It bears a row of foramina on the lateral
surface. The lateral surface of the ventral ramus is grooved, like in Byronosaurus,
Gobivenator and IGM 100/972 (Makovicky et al., 2003; Bever and Norell, 2009; Tsuihiji
et al., 2014). The dorsal and ventral edges of the ventral ramus are almost parallel, which
is typical of troodontids but different from the posteriorly tapering condition observed in
basal avialans and dromaeosaurids (e.g., Microraptor, Velociraptor, Archillobator,
Anchiornis and Archaeopteryx). The dorsal edge of the ventral ramus defines the ventral
margin of a large antorbital fossa. Posteriorly, the ventral ramus abuts the anterior end of
the suborbital process of the jugal.
The anterior margin of the antorbital fossa is located posterior to the caudal
margin of the external naris (figs. 3.1, 3.2), like in derived troodontid Byronosaurus,
Saurornithoides and Zanabazar (Makovicky et al., 2003; Norell et al., 2009), but
different from basal troodontid taxa like Jinfengopteryx, Sinovenator and Mei (Xu et al.,
2002; Xu and Norell, 2004; Ji et al., 2005) where the caudal margin of the naris overlaps
the antorbital fossa. A well-defined promaxillary fenestra is not visible laterally at the
anterior end of the antorbital fossa, in agreement with derived troodontid Byronosaurus,
Saurornithoides and Zanabazar (Makovicky et al., 2003; Norell et al., 2009).
The maxillary fenestra is located posterior to the anterior margin of the antorbital
fossa (figs. 3.1, 3.2, 3.3). It is slightly anteroposteriorly elongate as in IGM 100/972 and
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IGM 100/974 (Bever and Norell, 2009), which is an intermediate condition between the
relatively round maxillary fenestra of Sinovenator, IGM 100/1126 and Anchiornis (Xu et
al. 2002; Xu et al., 2008), and the significantly elongate maxillary fenestra of derived
troodontids, such as Byronosaurus and Zanabazar (Makovicky et al., 2003; Norell et al.,
2009). The maxillary fenestra is much smaller than the antorbital fenestra, around 10% of
the area of antorbital fenestra, as also found in derived troodontids (Makovicky et al.,
2003; Norell et al., 2009). In more basal troodontids such as Sinovenator, IGM 100/1126
and Jinfengopteryx, the maxillary fenestra is proportionally larger, usually more than
25% the area of the antorbital fenestra (Xu et al., 2002; Ji et al., 2005). Although derived
dromaeosaurids also have proportionally smaller maxillary fenestrae, they are much
smaller and more dorsally displaced compared to derived troodontids (Norell and
Makovicky, 2004; Turner et al., 2012). The antorbital fenestra is quadrangular, with a
shorter anterior margin than the posterior margin, like that in Byronosaurus and
Gobivenator, but it is not as elongated as these two taxa (Makovicky et al., 2003, Tsuihiji
et al., 2014).
The maxillary fenestra and the antorbital fenestra are separated by an
interfenestral bar that inclines anterodorsally. The interfenestral bar is inset from the
lateral surface of the maxilla, as in Gobivenator and Sinovenator (Xu et al. 2002; Tsuihiji
et al., 2014), but different from that of Byronosaurus (Makovicky et al., 2003). An
interfenestral canal connects the maxillary and antorbital fenestrae medial to the
interfenestral bar as in IGM 100/972, Byronosaurus and Zanabazar (Makovicky et al.,
2003; Bever and Norell, 2009, Norell et al., 2009).
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Sixteen maxillary teeth are observed on the right maxilla if IGM 100/1323 (fig.
3.3), and about seventeen maxillary tooth positions are estimated considering the length
of the tooth row. The number of maxillary teeth is close to that of many troodontids, such
as Sinovenator, Saurornithoides and IGM 100/972 (Xu et al. 2002; Norell et al., 2009;
Bever and Norell, 2009), but it is significantly less than in Byronosaurus and IGM
100/1126 (Makovicky et al., 2003, both Byronosaurus and IGM 100/1126 have more
than 30 maxillary teeth on each side). The maxillary teeth are closely packed anteriorly as
most troodontids. The anterior-most maxillary teeth are slightly smaller, but the middle
and posterior ones are larger, which is typical of deinonychosaurians (Norell and
Makovicky, 2004; Makovicky and Norell, 2004). The middle and posterior maxillary
teeth incline posteroventrally. The maxillary teeth are constricted between the crown and
the root, which is primitive for paravians. No serrations are developed on the tooth crown
of IGM 100/1323, in common with other troodontids such as Mei, Jinfengopteryx,
Gobivenator and Byronosaurus (Makovicky et al., 2003; Xu and Norell, 2004; Ji and Ji,
2007; Tsuihiji et al., 2014), but unlike the majority of troodontids (Makovicky and Norell,
2004) and even small dromaeosaurids like in Shanag (Turner et al., 2007b). The
maxillary tooth row extends for only the anterior 75% of the maxillary ventral ramus,
which is a derived troodontid condition found in IGM 100/1126, Byronosaurus,
Gobivenator, Saurornithoides and Zanabazar (Makovicky et al., 2003; Norell et al., 2009;
Tsuihiji et al., 2014). In the basal troodontids Mei, and Sinovenator, the maxillary tooth
row can extend over 90% of the ventral ramus of the maxilla (Xu et al. 2002; Xu and
Norell, 2004).
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NASAL: The nasals of IGM 100/1323 are pared and well-preserved (figs. 3.1, 3.2).
The nasal is elongate, as is typical of maniraptorans, with a width about 14% of the
length. Anteriorly, the nasal forms the posterolateral boundary of the large external naris.
A series of foramina are developed dorsally along the anterolateral margin of the nasal,
which is also observed in Byronosaurus and Saurornithoides (Makovicky et al., 2003;
Norell et al., 2009). The nasal of IGM 100/1323 tapers posteriorly, and forms a pointed
posterior end that is medial to the supraorbital crest of the lacrimal. A posteriorly
positioned cleft between the lacrimal and the nasal displays a “W”-shaped suture among
the nasal, the lacrimal and the frontal, which is common in paravians. The frontals
overlap the nasals dorsally and the lacrimals attach posterolaterally on the nasals. The
suture area (the region occupied by the “W”-shaped suture) is anteroposteriorly short in
basal paravians such as Anchiornis and Archaeopteryx (Mayr et al., 2005; Pei et al., in
preparation). This region is anteroposteriorly elongate in the derived troodontid
Zanabazar and IGM 100/1323, as well as some dromaeosaurids, such as Velociraptor
(Osborn, 1924; Norell et al., 2009).
FRONTAL: The frontals of IGM 100/1323 are paired, and they are dislocated from
their life position (figs. 3.1, 3.2). The frontal is strongly vaulted above the orbit, and is
about as long as the nasal like in basal paravians such as Sinovenator, Archaeopteryx and
Microraptor. The frontal of IGM 100/1323 has a similar shape and proportion to Troodon,
Zanabazar and Gobivenator (Norell et al., 2009; Tsuihiji et al., 2014), but unlike the
elongate frontal of Mei (Xu and Norell, 2004). The anterior end of the frontal is covered
by the nasal and the lacrimal if in life position, and should have appeared inserting
between the nasals like in Zanabazar and Troodon, as indicated by the shape of the
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posterior end of the overlaying nasal (Currie, 1985; Norell et al., 2009). Anterolaterally,
the frontal has a smooth lateral edge, and lacks a notch to receive the lacrimal that is
present in dromaeosaurids (Norell and Makovicky, 2004). A shallow longitude groove is
developed lateral to the suture of the frontals, thus a low ridge is likely formed along the
midline of the frontals as observed in Zanabazar, Gobivenator and IGM 100/1126
(Norell et al., 2009; Tsuihiji et al., 2014).
The frontal forms the dorsal margin of the round orbit. A supraorbital rim is
developed along the orbital margin as observed in a wide range of paravians, such as
Anchiornis, Zanabazar, and Microraptor (Hu et al., 2009; Norell et al., 2009; Pei et al.,
2014). The supraorbital rim is confluent posteriorly with the ventral edge of the
postorbital. Posteriorly, a faint ridge is present at the anterolateral corner of the anterior
margin of the upper temporal fenestra. A depression is located posteroventral to this ridge
and medial to the postorbital as the anterior wall of the upper temporal fenestra, which is
also observed IGM 100/1126, Gobivenator, Zanabazar and some dromaeosaurids (Norell
et al., 2009; Tsuihiji et al., 2014). Ventrally, the crista calvarii frontalis is almost
perpendicular from the skull roof, which defines a distinct groove between the lateral
wall of crista calvarii frontalis and the supraorbital rim. This surface is smooth in
Archaeopteryx and Zanabazar, but a similar but less distinct groove is also observed in
IGM 100/1126 and the dromaeosaurid Microraptor (Norell et al., 2009; Pei et al., 2014).
No vascular imprint is observed on the medial surface of the frontal.
LACRIMAL: The left lacrimal is preserved in IGM 100/1323, but the right
lacrimal is shattered. The right lacrimal is trifurcated and “T”-shaped in lateral view as
typical of paravian dinosaurs (fig. 3.2).
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The anterior process of the lacrimal is slender and long, forming the entire dorsal
margin of the antorbital fenestrae (fig. 3.2). The anterior process is longer than the
posterior process, which is typical of troodontids more derived than Sinovenator, Mei and
IGM 100/1126 (Xu et al. 2002; Xu and Norell, 2004). The anterior process of the
lacrimal of IGM 100/1323 is less than two times the length of the posterior process, in
contrast to Byronosaurus, Gobivenator, Saurornithoides and Troodon, where the anterior
process of the lacrimal is significantly elongate (Makovicky et al., 2003; Norell et al.,
2009; Tsuihiji et al., 2014). This incongruence is probably related to the shortened
rostrum of IGM 100/1323. In avialans, dromaeosaurids and basal troodontids, the anterior
process of the lacrimal is as long as the posterior process (Ji et al., 2005; Norell et al.,
2006; Hu et al., 2009). The anterior end of the anterior process is laterally overlapped by
the dorsal ramus of the maxilla in IGM 100/1323. Like in Byronosaurus, IGM 100/972,
Saurornithoides, and Microraptor (Makovicky et al., 2003; Makovicky and Norell, 2004;
Norell et al., 2009; Pei et al., 2014), a large pneumatic fossa is located at the
posterodorsal corner of the antorbital fenestra in IGM 100/1323, between the anterior and
ventral processes of the lacrimal. But this pneumatic fossa is absent in the other
Djadokhta troodontid Gobivenator (Tsuihiji et al., 2014).
The posterior process of the lacrimal is slightly shorter, but is more robust than
the anterior process (fig. 3.2). It is mediolaterally expanded and rectangular in dorsal
view. The posterior process forms a robust supraorbital crest as is typical of troodontids
(Turner et al., 2012; Pei et al., in preparation). The posterior edge of the supraorbital crest
forms a distinct angle with the lateral margin of the frontal. It is similar to the condition
in troodontids such as Sinovenator, Mei, Gobivenator and IGM 100/1126 (Xu et al. 2002;
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Xu and Norell, 2004; Tsuihiji et al., 2014). In dromaeosaurid dinosaurs the lateral edge of
the lacrimal posterior process is laterally confluent with the supraorbital rim of the frontal
(Norell et al., 2006; Pei et al., 2014). A pneumatic fossa is present laterally on the
lacrimal of IGM 100/1323 where the ventral and posterior processes meet (fig. 3.2). A
similar fossa is also observed in most deinonychosaurians, but it is more posteriorly
located on the ventral process and at the anterodorsal corner of the orbit, as observed in
IGM 100/1126, Zanabazar, Gobivenator and Byronosaurus (Makovicky et al., 2003;
Norell et al., 2009; Tsuihiji et al., 2014).
The ventral process of the lacrimal is anteroposteriorly flattened as most
maniraptorans (Makovicky et al., 2003; Norell et al., 2006; Balanoff and Norell, 2012).
The ventral end of the ventral process contacts the suborbital process of the jugal on the
medial side. Unlike Byronosaurus, Gobivenator and Saurornithoides, the ventral process
of IGM 100/1323 is straight and does not curve anteriorly.
JUGAL: The left jugal is well exposed in IGM 100/1323, but the right jugal is
missing (fig. 3.2). The jugal is “L”-shaped in lateral view. It is lightly built and slender as
observed in other troodontids and avialans (Mayr et al., 2005; Gao et al., 2012; Tsuihiji et
al., 2014), but different from the broad and plate-like jugal of some derived
dromaeosaurids (Norell et al., 2006). The suborbital process of the jugal is horizontally
positioned. It is band-like and is much longer than the postorbital process. The suborbital
process is as dorsoventrally shallow as the ventral ramus of the maxilla, like in
Gobivenator, Saurornithoides and IGM 100/1126 (Norell et al., 2009; Tsuihiji et al.,
2014). The anterior end of the suborbital process is forked, as observed in Jinfengopteryx,
Gobivenator and IGM 100/1126, and it overlaps the ventral ramus of the maxilla
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laterally, contributing to the posteroventral corner of the antorbital fenestra. A horizontal
groove is developed along the posterior portion of the suborbital process laterally, which
is also present in Sinovenator, Microraptor, and Anchiornis (Xu et al. 2002; Pei et al.,
2014; Pei et al., in preparation). The jugal is posteriorly forked (fig. 3.2), with a notch
developed on the posteroventral corner as observed in a wide range of paravians (e.g.,
Archaeopteryx, Anchiornis, Tsaagan, IGM 100/1126, Gobivenator, Mei). The postorbital
process of the jugal forms a continuous arc with the suborbital process. A short and
shallow groove runs posterior to the orbital margin on the postorbital process as observed
in Tsaagan and Gobivenator (Norell et al., 2006; Tsuihiji et al., 2014).
POSTORBITAL: The left postorbital of IGM 100/1323 is well-preserved and
exposed in lateral view (fig. 3.2). Only the anterior process of the right postorbital is
preserved in IGM 100/1323. The postorbital is trifurcate, and it contributes to the
postorbital bar and the temporal arcade. The ventral process of the postorbital is slender
and tapers ventrally, longer than the postorbital process of the jugal. The ventral process
is anteroposteriorly narrow, unlike the broad ventral process of Zanabazar and
Gobivenator (Norell et al., 2009; Tsuihiji et al., 2014). The ventral process of the
postorbital has a smooth anterior margin and lacks the tubercle present in Zanabazar
(Norell et al., 2009).
The anterior process of the postorbital is about half the length of the ventral
process. The anterior process attaches to and is confluent with the frontal, forming the
posterodorsal margin of the orbit. The anterior process slightly curves upward at the
anterior tip (fig. 3.2). The posterior process of the postorbital is shorter than the anterior
process, and the posterior end is ventrally curved like in Zanabazar (Norell et al., 2009).
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QUADRATOJUGAL: A fragmentary element posteroventral to the left jugal
represents the quadratojugal of IGM 100/1323 (fig. 3.2). However, the orientation of the
quadratojugal cannot be determined due to the heavy distortion of the posterior elements
of the skull. The quadratojugal is mediolaterally flat. It is generally “L”-shaped, matching
the profile of quadratojugal in other troodontids and basal avialans (Xu and Norell, 2004;
Mayr et al., 2005; Tsuihiji et al., 2014; Pei et al., in preparation). Like in Mei and
Gobivenator (Xu and Norell, 2004; Tsuihiji et al., 2014), the quadratojugal is reduced,
thus it is not likely to reach the squamosal considering its reduced size.
QUADRATE: The left quadrate of IGM 100/1323 is dislocated and partially
exposed in lateral view (fig. 3.2). The quadrate blade is sub-triangular in lateral view,
similar to IGM 100/1126. The quadrate head is mediolaterally expanded. A longitude
groove is developed anteriorly on the lateral surface of the jugal wing. The upper portion
of the quadrate blade has a smooth anterior edge, while a notch is developed on the
anterior edge of the lower portion, as observed in Mei and IGM 100/1126 (Xu and Norell,
2004). The quadrate foot is robust and mediolaterally expanded, and it is bicondylar as
common of paravians (Norell and Hwang, 2004; Mayr et al., 2005; Hu et al., 2009; Pei et
al., 2014). The lower portion of the quadrate shaft bearing the condyles is vertically
oriented, in agreement with other paravians, such as Mei and Microraptor (Xu and
Norell, 2004; Gao et al., 2012; Pei et al., 2014). A deep depression is developed on the
posterior surface of the quadrate in IGM 100/1323, like in Sinovenator and Mei (Xu et al.
2002; Xu and Norell, 2004). The posterior edge of the quadrate probably inclines
posterodorsally in lateral view, like in other troodontids and avialans (Tsuihiji et al.,
2014; Pei et al., in preparation).
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SQUAMOSAL: The left squamosal of IGM 100/1323 is preserved and it is
dislocated from life position (fig. 3.5). The squamosal should have contacted the parietal
posteromedially, and forms the lateral portion of the nuchal crest. Like in IGM 100/1126,
a notch is developed along the dorsal edge of the squamosal portion of the nuchal crest
(fig. 3.5). The posterior surface of the squamosal is smooth, but a cleft is developed on
the dorsal edge between the posterior surface and the lateral side of the squamosal. A
large and deep lateral recess makes up the entire lateral surface of the squamosal. The
lateral recess is a derived troodontid feature observed in IGM 100/1126, Gobivenator,
Linhevenator and Zanabazar (Norell et al., 2009; Xu et al., 2011; Tsuihiji et al., 2014). It
is rounded and relatively small in Zanabazar, but is triangular and proportionally large in
IGM 100/1126, IGM 100/1323 and Gobivenator (Norell et al., 2009; Tsuihiji et al.,
2014). In the basal troodontid Sinovenator (BMNHC 828), the lateral surface of the
squamosal is grooved but not as recessed as in more derived troodontids. The lateral
recess of the squamosal is enclosed by curved anterior and posterodorsal walls, as well as
a short ventral wall (fig. 3.5B). The posterodorsal wall also contributes to the posterior
surface of the squamosal. The anterior wall and the posterodorsal wall define a short
anterior process of the squamosal that projects anterodorsally. The anterior wall and the
ventral wall meet anteroventrally and define a reduced ventral process of the squamosal.
In this pattern, it agrees with the troodontid IGM 100/1126, Gobivenator and Zanabazar
(Norell et al., 2009; Tsuihiji et al., 2014). In contrast, the squamosal is laterally flat in
dromaeosaurids and avialans.
PARIETAL: The parietals of IGM 100/1323 are exposed in ventral view (fig.
3.4A). The parietals are fused as typical of most paravians except for some avialans. The
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anterior portion of the parietal is transversely more expanded than the posterior portion,
which agrees with the pattern in Mei, Gobivenator, IGM 100/1126, Linhevenator,
Zanabazar, Troodon and Saurornithosaurus (Currie 1985; Xu et al., 1999; Xu and
Norell, 2004; Norell et al., 2009; Xu et al., 2011; Tsuihiji et al., 2014), but different from
large derived dromaeosaurids such as Tsaagan (Norell et al., 2006). The parietal is
dorsally vaulted along the midline and descends laterally. The ventral surface of the
parietal is smooth, but a transverse low ridge is developed ventrally at the most
mediolaterally-expanded position of the bone. A dorsal concavity that is observed in IGM
100/1126 posterior to the parietal-frontal suture agrees with this observation of IGM
100/1323. The anterior edge of the parietal of IGM 100/1323 appears “U”-shaped in
ventral view, with the mid portion anteriorly convex. In contrast, the suture between the
parietal and the frontal is “W”-shaped in Anchiornis, Mei and Gobivenator, and straight
in IGM 100/1126 (Xu and Norell, 2004; Tsuihiji et al., 2014). A small buttress is
developed at the midline of the parietal-supraoccipital suture, probably as the extension
of the sagittal crest of the parietal. A ramus extends posteroventrally from the posterior
margin of the parietal (fig. 3.4A). It is anteroposteriorly compressed, and forms the
medial portion of the nuchal crest on the occipital surface.
PTERYGOID: The anterior end of the right pterygoid of IGM 100/1323 is exposed
through the left antorbital fenestra (fig. 3.2). The anterior end of the pterygoid is straight
and pointed like in other maniraptorans (Osmólska, 1972; Witmer; 1997; Mayr et al.,
2007; Tsuihiji et al., 2014). The posterior portion of the left pterygoid is ventrally
exposed. The posterior half of the pterygoid is slender, as in Dromaeosaurus and
Archaeopteryx (Witmer, 1997; Mayr et al., 2007), but is not as broad as in
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Saurornithoides and Gobivenator (Norell et al., 2009; Tsuihiji et al., 2014). The
pterygoid is ventrally concave. A short pterygoid flange curves posteriorly, similar to
Dromaeosaurus and Archaeopteryx (Witmer, 1997; Mayr et al., 2007), but different from
that of IGM 100/1126, Saurornithoides and Gobivenator (Norell et al., 2009; Tsuihiji et
al., 2013), where the pterygoid flange does not bear posterior curvature. The sphenoid
process of the pterygoid is located posteromedial to the pterygoid flange and articulates
with the basipterygoid process of the parabasisphenoid. It is of a similar size to the
pterygoid flange and projects posteromedially.
ECTOPTERYGOID: The left ectopterygoid of IGM 100/1323 is dislocated and
dorsally exposed (fig. 3.2). As typical of maniraptorans, the jugal process is slender and
curved while the contact with the pterygoid is broad and sheet-like.
SCLEROTIC RING: Sclerotic rings are preserved on both side of IGM 100/1323
(figs. 3.1, 3.2). The sclerotic ring is also observed in IGM 100/1126, Mei and
Microraptor (Xu and Norell, 2003; Xu et al., 2004). However, a sclerotic ring has not
been found in basal paravians such as Anchiornis and Archaeopteryx

BRAINCASE
The braincase of IGM100/1323 is shattered due to compression, with most bones
displaced. The supraoccipital, the left exoccipital/opisthotic, the prootic, the basisphenoid
and the parabasisphenoid appear to be unfused with each other. In Byronosaurus and
IGM 100/1126, the braincase is partially fused, with few sutures visible, while the
braincase of Saurornithoides, Zanabazar and Sinovenator is fully fused.
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SUPRAOCCIPITAL: The supraoccipital is isolated from the rest of the cranium. The
supraoccipital of IGM 100/1323 is transversely broad and plate-like, with the dorsal and
ventral margins almost parallel with each other (fig. 3.4B), which is observed in many
paravians, such as Gobivenator, Zanabazar and Mahakala (Norell et al., 2009; Turner et
al., 2011; Tsuihiji et al., 2014). In derived dromaeosaurids such as Tsaagan, the
supraoccipital is transversely narrow and triangular in posterior view (Norell et al., 2006).
The posterior surface of the supraoccipital is convex along the midline. A weak axial
nuchal crest is developed at the upper portion of posterior surface of the supraoccipital
along the midline, becoming smooth at the lower portion (fig. 3.4B). The ventral edge of
the supraoccipital, thus the dorsal margin of the foramen magnum is sharp.
The supraoccipital bears a lateral wall (possibly the fused epiotic surface) on each
side that expands anterolaterally (fig. 3.4B). The lateral wall of the supraoccipital likely
sutures with the parietal, the prootic and the laterosphenoid to form posterodorsal wall of
the braincase. A crescentic fossa is developed vertically where the posterior surface of the
supraoccipital meets the anterolateral surface. Two foramina are present within the fossa,
like in Zanabazar, Troodon and IGM 100/1126 (Currie and Zhao, 1993; Norell et al.,
2009).
The supraoccipital is inflated ventral to the crescentic fossa, and probably
articulates with the exoccipital/opisthotic to form the posterodorsal wall of the otic
capsule, like in Troodon (Currie and Zhao, 1993). The opening of a pneumatic duct is
located medial to the lateroventral inflation of the supraoccipital like in Troodon (fig.
3.4B) (Currie and Zhao, 1993). In ventral view, the supraoccipital is thick laterally and
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forms a robust posterior wall of the otic capsule. A thick ridge develops along the medial
surface of the supraoccipital, separating the braincase from the otic capsule.
EXOCCIPITAL/OPISTHOTIC: The left exoccipital/opisthotic of IGM 100/1323 is
preserved and exposed in posterior view (fig. 3.1). The exoccipital/opisthotic is displaced
from its original position and is weathered. The medial edge of exoccipital/opisthotic arcs
and contributes to the lateroventral margin of the foramen magnum. The shape of
foramen magnum cannot be directly observed, but considering the shape of supraoccipital
and exoccipital/opisthotic, the foramen magnum is likely dorsoventrally long like in other
troodontids (Makovicky and Norell, 2004).
The paroccipital process posterolaterally projects, as Sinovenator, Troodon and
some dromaeosaurids (Currie and Zhao, 1993; Xu et al. 2002; Norell et al., 2006), but
differs from Gobivenator, Byronosaurus and Zanabazar, where the paroccipital process
spreads laterally and does not evert posteriorly (Makovicky et al., 2003; Norell et al.,
2009; Tsuihiji et al., 2014). The paroccipital process slightly curves dorsally, unlike
typical theropods where it is straight or curves ventrally. In Byronosaurus and
Gobivenator, the distal end of the paroccipital processes curve slightly dorsally, like in
IGM 100/1323 (Makovicky et al., 2003; Tsuihiji et al., 2014). The posterior surface of
exoccipital/opisthotic is concave between the margin of foramen magnum and the
paroccipital process, and the openings of CN X, XI and XII are located in the concavity,
which is a common feature of coelurosaurian dinosaurs. A rugose tubercle lateroventral
to the foramen magnum is possibly the exoccipital contribution to the occipital condyle,
like other maniraptorans and notably the Ukhaa perinate IGM 100/974 (Bever and Norell,
2009). A small ventral tab that represents the lateral portion of the basal tubera lies
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lateroventral to the foramen magnum, which indicates the occipital surface of IGM
100/1323 is vertical like in Byronosaurus, Zanabazar and Troodon (Currie and Zhao,
1993; Makovicky et al., 2003; Norell et al., 2009). In dromaeosaurids and more basal
troodontids such as Sinovenator and IGM 100/1126, the basal tubera is more anteriorly
located (Xu et al. 2002). The ventral tab of the exoccipital/opisthotic bears a vertical
anterior surface in IGM 100/1323, which likely forms the posterior wall of a deep subotic
recess that is found in derived troodontids as in Byronosaurus, Saurornithoides,
Zanabazar, and Troodon (Currie and Zhao, 1993; Makovicky et al., 2003; Norell et al.,
2009). A deep subotic recess is convergent in ornithomimosaurs and derived troodontids.
In basal troodontids such as Sinovenator, IGM 100/1126 and IGM 100/3500, the subotic
recess is absent, and the ventral edge of the exoccipital/opisthotic lacks a vertical anterior
surface.
PROOTIC: Both prootics of IGM 100/1323 are dislocated from their original
position (fig. 3.6). The left prootic is well-preserved and resembles the prootic of IGM
100/974 (Bever and Norell, 2009). In lateral view, the prootic of IGM 100/1323 has a
typical troodontid profile as in Sinovenator, Byronosaurus, Troodon, Saurornithoides,
Zanabazar and IGM 100/974 (Barsbold, 1974; Currie and Zhao, 1993; Xu et al., 2002;
Makovicky et al., 2003; Norell et al., 2009, Bever and Norell, 2009). The paroccipital
ramus of the prootic projects posterodorsally and forms a dorsal articulation with the
exoccipital/opisthotic. The paroccipital ramus is short as in most troodontids such as
Byronosaurus and IGM 100/974 (Makovicky et al., 2003; Bever and Norell, 2009), and
not as elongate as in Archaeopteryx (Elzanowski, 1991). As in Byronosaurus, the
paroccipital ramus of IGM 100/1323 is more laterally projected than that of IGM 100/974
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(Makovicky et al., 2003; Bever and Norell, 2009). Anteriorly, the prootic articulates with
the laterosphenoid. A saddle-shaped depression is located between the articular surface
with the laterosphenoid and the paroccipital process, and represents the dorsal tympanic
recess observed in many maniraptorans (Walker, 1985; Witmer, 1990; Xu et al. 2002),
and notably the troodontid Troodon, Byronosaurus and IGM 100/974 (Currie and Zhao,
1993; Makovicky et al., 2003). As in IGM 100/974 and Archaeopteyrx (Walker, 1985;
Bever and Norell, 2009), the surface of the dorsal tympanic recess of IGM 100/1323 is
smooth and lacks a foramen (fig. 3.6), but a foramen is present in the dorsal tympanic
recess of Troodon and Byronosaurus (Currie and Zhao, 1993; Makovicky et al., 2003).
The posterior edge of the prootic forms the anterior margin of the middle-ear recess and
the fenestra ovalis.
A depression is located ventral to the laterosphenoid contact. The anteromedial
edge of the depression is arced and represents the posterior margin of the trigeminal
fenestra (fig. 3.6). The opening of CN V is located anterior to the prootic and likely
posteriorly defined by the laterosphenoid as observed in most deinonychosaurians, like
Byronosaurus, Troodon, Saurornithoides, Zanabazar, Velociraptor and, Dromaeosaurus
(Barsbold, 1974; Makovicky et al., 2003; Currie and Zhao, 1993; Norell et al., 2009;
Norell et al., 2004). The opening of CN V is proportionally large in Saurornithoides,
Byronosaurus and IGM 100/1323, but in Troodon and Zanabazar, CN V is relatively
small (Currie and Zhao, 1993; Makovicky et al., 2003; Norell et al., 2009). The ala
parasphenoidalis is developed ventral to the posterior margin of CN V, and is more
prominent than that in IGM 100/974 (Bever and Norell, 2009). The ala parasphenoidalis
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has a flat and broad anterior surface, and contributes to the anterior part of the
otosphenoidal crest (fig. 3.6).
A small foramen is developed posteroventral to CN V on the lateral side of the
prootic, representing the opening of CN VII (fig. 3.6). The anterior tympanic crista is
located ventral to CN VII, which represents the dorsal/posterodorsal portion of the
otosphenoidal crest. The otosphenoidal crest defines a pneumatic lateral depression of the
braincase is present in derived troodontids (Makovicky et al., 2003; Currie and Zhao,
1993; Norell et al., 2009). A similar structure is developed in the Ukhaa perinate IGM
100/974, but the otosphenoidal crest is not as distinct as in IGM 100/1323. Like in
Byronosaurus, Saurornithoides and IGM 100/974, CN VII is located posterodorsal to the
lateral depression in IGM 100/1323 (Makovicky et al., 2003; Norell et al., 2009). In
contrast, CN VII of Troodon and Zanabazar is located within the pneumatic lateral
depression (Barsbold, 1974; Currie and Zhao, 1993; Norell et al., 2009). The prootic
surface between CN VII and the anterior tympanic crista of IGM 100/1323 is smooth like
in Byronosaurus and Saurornithoides, but it lacks the rugose texture observed in the
Ukhaa perinate IGM 100/974 (Makovicky et al., 2003; Norell et al., 2009), perhaps
indicative of a more advanced ontogenetic stage.
A large and distinct anterior tympanic recess is developed ventral to the anterior
tympanic crista, and it opens lateroventrally (fig. 3.6). The anterior tympanic recess of
IGM 100/1323 is deep and large, and makes up most of the lateral depression as in
Troodon, Zanabazar and Saurornithoides (Currie and Zhao, 1993; Makovicky et al.,
2003; Norell et al., 2009). This differs from IGM 100/1126 and Byronosaurus, where the
lateral depression is shallow and the anterior tympanic recess is more located anteriorly
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(Makovicky et al., 2003). In the Ukhaa perinate IGM 100/974, the anterior tympanic
recess is represented by a socket ventral to CN VII (Bever and Norell, 2009), similar to
IGM 100/1323, Troodon and Saurornithoides, but it is proportionally smaller, possibly
reflecting ontogenetic or allometric variation in troodontid dinosaurs. The medial wall of
the anterior tympanic recess is prominent in IGM 100/1323 like in Troodon and
Saurornithoides (Currie and Zhao, 1993; Norell et al., 2009), but different from IGM
100/974, where the medial wall of the anterior tympanic recess is only weakly developed.
A foramen is located deep inside the anterior tympanic recess. A triangular fossa is
developed at the posteroventral corner of the anterior tympanic recess, and on the
posterior wall of the lateral depression. A similar fossa is also observed in
Saurornithoides, but is absent in Byronosaurus (see Makovicky et al., 2003; Norell et al.,
2009).
Posteriorly, a longitude canal runs along the anterior wall of the cochlear recess
like in IGM 100/974 (fig. 3.6). The medial surface of the prootic of IGM 100/1323 is
similar to that of IGM 100/974, except that the anterior tympanic recess is medially
obfuscated by the lateral wall of the braincase. The prootic of IGM 100/1323 has a
straight ventral edge. An acoustic recess is located in the middle of the medial surface of
the prootic in IGM 100/1323, like that observed in IGM 100/974 (Bever and Norell,
2009). The facial fossa and vestibulocochlear fossa are located within the acoustic recess,
which is widely observed in theropods is here confirmed as present in the troodontid
Byronosaurus and IGM 100/974 (Makovicky et al., 2003; Bever and Norell et al., 2009).
The vestibulocochlear fossa is penetrated by two foramina that transmitted
branches of CN VIII into the inner ear (fig. 3.6). The vestibular foramen is positioned
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above the cochlear foramen at the anterior margin of the vestibulocochlear fossa. The
vestibular foramen transmits the vestibular branch of CN VIII, and it opens onto the floor
of the vestibule. As observed in IGM 100/974, the cochlear foramen of the
vestibulocochlear fossa is larger than the vestibular foramen, and it opens medioventrally
into the anterior wall of the cochlear recess. The facial fossa is located anterior to the
vestibulocochlear fossa (fig. 3.6). Unlike IGM 100/974, a small foramen located ventrally
in the facial fossa opens into the anterior tympanic recess, which may be homologous to
the pneumatic recess within the anterior tympanic recess of Troodon (Currie and Zhao,
1993).
The dorsal portion of the right prootic is damaged, and the morphology of the
remaining portion is identical to the left prootic.
BASISPHENOID: A partial basisphenoid articulates with the right prootic posterior
to the lateral depression (fig. 3.6). A small portion of the dorsal edge of the basisphenoid
contributes to part of the ventral margin of middle-ear recess, like observed in
Byronosaurus (Makovicky et al., 2003). The basisphenoid forms a convex surface
posteroventral to the lateral depression of the braincase and anteroventral to the middleear recess. In Saurornithoides and Byronosaurus, a similar convex surface is present
between the lateral depression, the middle-ear recess and the subotic recess (Makovicky
et al., 2003; Norell et al., 2009). The subotic recess cannot be directly observed in IGM
100/1323, but the basisphenoid may contribute to the anterolateral wall of the subotic
recess like in Byronosaurus and Saurornithoides (Makovicky et al., 2003; Norell et al.,
2009).
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PARABASISPHENOID: The parabasisphenoid of IGM 100/1323 is preserved, but
the surface of the bone is slightly eroded (fig. 3.1). The basipterygoid process of the
parabasisphenoid is anteroventrally directed like in the basal troodontid Sinovenator and
IGM 100/1126 (Xu et al. 2002). The basipterygoid process of IGM 100/1323 is hollow as
in derived troodontids such as Byronosaurus and Troodon, and it is anteroposteriorly
broad like in Troodon (Currie and Zhao, 1993; Makovicky et al., 2003). In contrast, the
basisphenoid process is solid in basal troodontids such as Sinovenator and IGM 100/1126
(Xu et al., 2002).
A dorsoventrally deep cultriform process projects horizontally in IGM 100/1323,
like in Troodon, but proportionally larger and deeper than the condition in Byronosaurus
and Sinovenator (Currie and Zhao, 1993; Xu et al. 2002; Makovicky et al., 2003). The
lateral surface of the parasphenoid bulla is not recessed (fig. 3.1), which is similar to
Troodon and Sinovenator, but differs from that of Byronosaurus and IGM 100/1126
(Currie and Zhao, 1993; Xu et al., 2002; Makovicky et al., 2003). The parasphenoid bulla
bears a longitude grooved dorsally, and the hypophyseal fossa is located at the posterior
part of the parasphenoid bulla within the dorsal groove. The hypophyseal fossa of IGM
100/1323 is shallow and not as developed as in Troodon, but similar to that of
Sinovenator (Currie and Zhao, 1993; Xu et al. 2002).

MANDIBLE: The anterior portions of both dentaries are preserved in IGM
100/1323 (figs. 3.1, 3.2). The symphyseal region of the dentary is straight laterally,
unlike the medially curved dentary observed in derived troodontids such as
Saurornithoides and Zanabazar (Norell et al., 2009). The condition more approximates
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that of Sinovenator, Byronosaurus and Sinornithoides (Russell and Dong, 1993; Xu et al.,
2002; Makovicky et al., 2003). The anterior portion of the dentary has relatively parallel
dorsal and ventral edges like in most paravians. The lateral surface of the anterior portion
of the dentary is smooth, similar to the Ukhaa perinate IGM 100/974 and the unnamed
troodontid IGM 100/1126, but does not bear a lateral groove that is characteristic of other
troodontids and some other paravians (fig. 3.1) (Makovicky and Norell, 2004; Turner et
al., 2012). The lateral groove usually becomes more distinct at the posterior part of the
dentary in other troodontids, such as Sinovenator and Zanabazar (Xu et al. 2002; Norell
et al., 2009), but whether the dentary of IGM 100/1323 has a posteriorly distinct groove
is unknown, since the posterior part of the dentary is missing. A deep Meckelian groove
is observed medially on the left dentary of IGM 100/1323. The splenial of IGM 100/1323
is elongate and attaches medially to the dentary, ventral to the Meckelian groove.
The anterior end of the dentary tooth row is slightly downturned, and not strictly
in the same plane as the rest part of the tooth row (figs. 1, 3). This condition is observed
in many paravians, such as Anchiornis, Microraptor, and Byronosaurus (Makovicky et
al., 2003; Pei et al., 2014). 23 tooth positions are observed on the preserved portion of the
left dentary. The dentary teeth of IGM 100/1323 are more closely packed anteriorly than
posteriorly as is typical for troodontids. The anterior teeth are about the same size as the
middle ones. The dentary teeth have the same morphology as the maxillary teeth. They
are slightly recurved, and constricted between the crown and the root. The dentary teeth
are without serrations on either side. As in other troodontids (Makovicky et al., 2003;
Bever and Norell, 2009), the dentary teeth rest in an open groove along the dorsal edge of
the dentary and the tooth row lacks visible interdental plates.
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Some post-dentary bones on the left mandible are partially exposed (figs. 3.1, 3.2).
As is typical of paravians, the surangular is laterally ridged on the dorsal edge. The dorsal
surface of the surangular is faced dorsolaterally like in many troodontid and
dromaeosaurid dinosaurs (fig. 3.2). The triangular tab, that defines the glenoid fossa
anteriorly, laterally projects in IGM 100/1323 along the dorsolateral ridge of the
surangular. A single distinct oval surangular foramen penetrates the mandible
anteroventral to the glenoid fossa (fig. 3.2). The surangular foramen is anteroposteriorly
elongate like in Xiaotingia and Anchiornis (Hu et al., 2009; Xu et al., 2011), but differs
from the rounded foramen of IGM 100/1126 and Tsaagan (Norell et al., 2006). The
retroarticular process is dorsoventrally flattened in IGM 100/1323. It lacks a vertical
column, or spike, that is typical of dromaeosaurid dinosaurs (fig. 3.2).

POSTCRANIUM
VERTEBRAE
SACRAL VERTEBRAE: Three sacral vertebrae are preserved (fig. 3.7). The centra
of the sacral vertebrae remain unfused, which may indicate a pre-adult stage of IGM
100/1323. The centra of the sacral vertebrae are transversely wide. The posterior sacral
centrum (possibly the fifth) is smaller than the centra of the middle sacral vertebrae
(possibly the third and the fourth) This condition is similar to Zanabazar and Sinovenator
(Xu et al. 2002; Norell et al., 2009), but different from Saurornithoides and Velociraptor
(Norell and Makovicky, 1999; Norell et al., 2009), where the size of the sacral vertebrae
are relatively constant. The sacral region of IGM 100/1323 is heavily eroded, thus more
detailed information is not available.
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CAUDAL VERTEBRAE: Eleven proximal-most caudal vertebrae are preserved in
IGM 100/1323, while the more distal caudal vertebrae are missing (figs. 3.7, 3.8, 3.9).
The first five caudal vertebrae are closely packed, and the sixth to the eleventh preserved
caudal vertebrae are associated. The centra of the first and the eleventh caudal vertebrae
are missing.
The centra of the second to the eighth caudal vertebrae have similar size. They are
anteroposteriorly short, as typical of paravians. The centrum of the ninth preserved caudal
is elongate, and is 1.5 times as long as the second caudal centrum, which matches the
profile of other troodontid dinosaurs where the elongation of the caudal vertebrae
happens around the tenth caudal vertebra (Makovicky and Norell, 2004). The centrum of
the tenth caudal vertebra is only partially preserved and more posterior centra are
missing. All the preserved centra have ventral keels and are slightly concave along the
ventral surface, which is similar to Sinovenator, Mei, Sinornithoides, Gobivenator,
Saurornithoides and IGM 100/1126, but unlike Zanabazar, in which the centra is
ventrally smooth (Currie and Dong, 2001; Xu et al. 2002; Xu and Norell, 2004; Norell et
al., 2009; Tsuihiji et al., 2014).
The neural arches are relatively tall on the first five exposed caudal vertebrae,
almost twice as high as the corresponding centra (fig. 3.8). The neural spine is
rectangular and inclines posterodorsally. The postzygapophyses are developed
posterolaterally to the neural spine. The prezygapophyses are slender, and abut the
preceding postzygapophyses lateroventrally. Like in Saurornithoides, the
prezygapophyses can reach about one third the length of preceding caudal centra
(Osborn, 1924; Norell et al., 2009). The base of the prezygapophyses is more ventrally
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placed than the postzygapophyses. The transverse processes on the anterior vertebrae are
severely eroded, while distinct and posterolaterally directed transverse processes are
observed on the fourth and fifth caudal vertebrae (fig. 3.8). Troodontids typically have
elongate and slender transverse process on anteriormost caudal vertebrae (Xu, 2002;
Makovicky and Norell, 2004). The neural arches are reduced from the sixth to the tenth
vertebrae (fig. 3.9). The neural spines are also reduced. The prezygapophyses of the sixth
to the tenth vertebrae can reach no more than one fourth the length of the more anterior
centrum, relatively shorter than in basal troodontid Sinovenator (Xu et al. 2002). The
transverse processes are only represented by faint ridges on the sixth to tenth caudal
vertebrae. The neural arches are partially fused with the centra in IGM 100/1323.
The first three preserved chevrons are elongate (fig. 3.8). The first chevron is
about 1.5 times the length of the first caudal vertebra. The following two chevrons
increase in length. The third chevron of IGM 100/1323 reaches the maximum length, and
is more than three times as long as the corresponding caudal vertebrae, which is unique in
all troodontids. The elongation of chevrons is a primitive condition in coelurosaurians,
but is also observed in derived troodontid such as Saurornithoides, Gobivenator and
Sinornithoides. In Saurornithoides and Gobivenator, the longest chevron is about 2-2.5
times the length of the corresponding caudal vertebra (see Norell et al., 2009; Tsuihiji et
al., 2014). The chevrons of IGM 100/1323 are proportionally longer than in these derived
troodontid taxa. The chevrons preserved under the sixth to tenth caudal vertebrae are
reduced and become anteroposteriorly elongate, as is typical of paravians, such as
Zanabazar and Sinornithoides (Currie and Dong, 2001; Norell et al., 2009).
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GASTRALIA: The posterior elements of the gastralia are preserved in IGM
100/1323 (fig. 3.7). The medial segments of the gastralia abut each other and form a
basket-like structure like in most other theropod dinosaurs (Claessens, 2004). This pattern
is also observed in other deinonychosaurians such as Mei, Sinornithoides, Velociraptor
and Microraptor (Norell and Makovicky, 1997; Currie and Dong, 2001; Hwang et al.,
2002; Xu and Norell, 2004; Pei et al., 2014). The posterior-most gastral elements
approach the pubic apron in IGM 100/1323. They are curved and bear a robust hook-like
structure on the distal end, as observed in Gobivenator (Tsuihiji et al., 2014).

PELVIC GIRDLE
ILIUM: The right ilium of IGM 100/1323 is mostly preserved and exposed in
medial view, while the anterodorsal part of the ilium is damaged (fig. 3.7). Like in all
paravians, the ilium is dolichoiliac and dorsoventrally shallow in lateral view. The
anterior process of the ilium is slightly shorter than the posterior process, which is
common in non-avian paravians (Turner et al., 2011). The anterior tip of the anterior
process is rounded, slightly ventrally directed as is typical of paravians, and much like the
profile of IGM 100/1126, Anchiornis and Mahakala (Hu et al., 2009; Turner et al., 2011).
The anterior tip of the anterior process lacks a pointed hook that is typical of primitive
coelurosaurians, but in agreement with Mei, Gobivenator and Mahakala (Xu and Norell,
2004; Turner et al., 2011; Tsuihiji et al., 2014). The ventral edge of the anterior process is
sharp and curved in IGM 100/1323, but not as curved as in Sinusonasus (Xu and Wang,
2004).
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The posterior process of the ilium of IGM 100/1323 is horizontally directed, with
the ventral edge slightly curved and thickened near the ischiadic peduncle (fig. 3.7),
which is similar to the condition of Gobivenator, Sinovenator, Mei, Jinfengopteryx,
Anchiornis and Archaeopteryx (Ostrom, 1976; Xu et al. 2002; Xu and Norell, 2004; Ji
and Ji, 2007; Tsuihiji et al., 2014). The posterior process of the ilium in dromaeosaurids
is typically more ventrally curved at the posterior end compared to troodontids, as
observed in Mahakala, Velociraptor and Microraptor (Norell and Makovicky 1997;
Hwang et al., 2002; Turner et al., 2007a; Pei et al., 2014). The dorsal edge of the ilium is
convex and sharpens posteriorly. A brevis shelf is observed on the medial side of
posterior process of the ilium, for the attachment of transverse processes of the posterior
sacral vertebrae. The brevis shelf projects from the posterior edge of the ischiadic
peduncle and ends medial to the posterior end of the iliac blade.
Ventrally, the pubic and the ischiadic peduncles of IGM 100/1323 are similar in
size (fig. 3.7). The pubic peduncle is mostly obfuscated by the sacrum and not completely
visible in medial view. The ischiadic peduncle of IGM 100/1323 is triangular in medial
view. It is anteroposteriorly long and posteriorly centered like in Sinovenator and
Mahakala (Xu, 2002; Turner et al., 2007a; Turner et al., 2011). The medial surface of the
ischiadic peduncle is concave. The acetabulum of IGM 100/1323 is wider than deep, as in
Sinovenator and Gobivenator (Xu et al. 2002; Tsuihiji et al., 2014).
PUBIS: Both pubes of IGM 100/1323 are preserved (fig. 3.10), except for the
proximal end of the left pubis. The pubis is dislocated from the ilium, and it is possibly
anteroventrally positioned, as inferred from the shape of the articular facet with the
ischium. The anteroventral orientation of the pubis is a derived state observed in derived
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troodontids, in contrast to a posteroventral condition observed in basal paravians such as
Sinovenator, Unenlagia, Sinornithosaurus, Rahonavis and Archaeopteryx (Novas and
Puerta, 1998; Xu et al., 1999; Xu et al. 2002; Wellnhofer, 1974; Forster, 1998), and the
fully backward oriented condition of most dromaeosaurids and derived avialans (Norell
and Makovicky, 2004). The pubic shaft is slightly longer than the ilium. It is rod-like
proximally and anteroposteriorly flattened distally. A longitude groove is developed
along the medial side of the pubic shaft. A similar groove is also observed in Sinovenator
(Xu, 2002). Laterally, the pubic shaft is straight, and becomes ridged posterolaterally
below the pubic apron. The pubis of IGM 100/1323 lacks the lateral tubercle that is
observed in Sinovenator and Microraptor (Xu et al., 2002; Hwang et al., 2002; Pei et al.,
2014). This tubercle is not present in derived troodontids and other dromaeosaurids
(Norell and Makovicky, 1997; Zanno et al., 2011, Tsuihiji et al., 2014). The pubic shaft
of IGM 100/1323 is straight in lateral view like in Gobivenator, Talos, Saurornithoides,
Sinornithoides and Troodon (Russell and Dong, 1993; Norell et al., 2009; Zanno et al.,
2011; Tsuihiji et al., 2014), but unlike the posteriorly curved pubis of Sinovenator and
other paravians (Xu et al. 2002; Hwang et al., 2002; Foth et al., 2014). The pubic apron
begins at the distal two fifths of the shaft (fig. 3.7), significantly shorter than that of
Sinovenator, but slightly longer than that of IGM 100/1126. The pubic apron remains
unfused in IGM 100/1323. The pubic apron of IGM 100/1323 diminishes in width as it
projects ventrally, and probably leaves an open slit along the midline distally, as is
observed in most other troodontids (Xu et al., 2002; Norell and Xu, 2004). The distal end
of the pubis is anteroposteriorly expanded. A triangular pubic boot is present. It expands
more anteriorly than posteriorly. In contrast, the pubic boot is posteriorly expanded in
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Unenlagia, Sinovenator, and Anchiornis (Novas and Puerta, 1997; Xu et al. 2002; Pei et
al. in preparation), but is expanded both anteriorly and posteriorly in many derived
troodontids and some dromaeosaurids (Barsbold, 1983; Tsuihiji et al., 2014).
ISCHIUM: The right ischium of IGM 100/1323 is completely preserved but the left
ischium only preserves its distal half (fig. 3.11). The ischium is about 63% the length of
the pubis, comparatively longer than in Sinovenator and Mei (Xu et al. 2002; Xu and
Norell, 2004), but close to the condition of IGM 100/1126, Gobivenator and Talos
(Zanno et al., 2011; Tsuihiji et al., 2014). The ischia of IGM 100/1323 are not fused
distally as in most maniraptorans, but unlike that of Saurornithoides and many
oviraptorosaurs (Norell et al., 2009; Balanoff and Norell, 2012). The proximal end of the
ischium is expanded. A shallow notch separates the pubic peduncle and the iliac peduncle
of the ischium proximally, which is similar to Sinovenator (Xu et al. 2002). This notch is
more deeply defined in Gobivenator and Talos (Zanno et al., 2011; Tsuihiji et al., 2014).
A constriction is present ventral to the proximal end, where the ischiadic shaft of IGM
100/1323 is constricted to half the width of the proximal end (fig. 3.11). The ischiadic
shaft is mediolaterally flat. The obturator process is developed on the anterior edge of the
ischium, and located on the distal one third of the pubic shaft. This condition differs from
Gobivenator, Sinornithoides, Saurornithoides and Talos, where the obturator process is
located at the mid-shaft of the ischium (Russell and Dong, 1993; Norell at al., 2009;
Zanno et al., 2011; Tsuihiji et al., 2014). A distinct spike-like process extends ventrally
from the anterior edge of the obturator process in IGM 100/1323 (fig. 3.11). A similar
structure is also observed in Gobivenator (Tsuihiji et al., 2014), but is proportionally
shorter than in IGM 100/1323. The ischium of IGM 100/1126 has an anteroventrally
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pointed obturator process, but lacks the spike-like structure. In Saurornithoides, the
anterior edge of the obturator process is ridged, but a spike-like anteroventral process is
missing (Osborn, 1924; Norell et al., 2009).
The distal one third of the ischiadic shaft is posteriorly curved in IGM 100/1323.
The distal end of the ischium is expanded and club-like in lateral view (fig. 3.11), like
that in IGM 100/1126, but unlike the blade-like distal ischium of Gobivenator,
Saurornithoides and Talos (Norell et al., 2009; Zanno et al., 2011; Tsuihiji et al., 2014),
and the shortened ischium of Sinovenator, Jinfengopteryx and Anchiornis (Xu et al. 2002;
Ji et al., 2005; Xu et al., 2008). The posterior edge of the ischiadic blade of IGM
100/1323 is smooth and lacks the well-defined proximal dorsal process observed in
Sinovenator and Gobivenator (Xu et al. 2002; Tsuihiji et al., 2014). A small triangular tab
close to the distal end of the ischiadic blade may represent the distal dorsal process in
IGM 100/1323. The medial surface of the ischium of IGM 100/1323 is flat.

HINDLIMB
The surface of the hindlimb bones is rugose, perhaps indicating the immaturity of
the specimen. However, a rugose surface is known to occur in some other adult
deinonychosaurians (Csiki et al., 2010; Brusatte et al., 2013). The surface texture of the
hindlimb is hard to determine due to erosion.
FEMUR: Both femora are preserved in IGM 100/1323. The right femur is broken
into two parts and exposed in medial view, and only the distal half of the left femur is
preserved (fig.7). The skull/femur ratio of IGM 100/1323 (1.22) is higher than other
troodontids of comparable size (IGM 100/1126, Mei and Sinovenator, all within a range
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of 0.8-1.1). A relatively high skull/femur length ratio (~0.95) is also observed in the
larger-bodied Gobivenator (Tsuihiji et al., 2014).
The femur of IGM 100/1323 is slightly bowed as typical of theropods (Gauthier
1986). Proximally, the femur is not well exposed. A ridge-like longitude posterior
trochanter is developed on the posterior surface of the femur, as in derived troodontid
Talos, Linhevenator, Philovenator and Saurornithoides (Norell et al., 2009; Zanno et al.,
2011; Xu et al., 2011). Distally, both the lateral and medial condyles of the femur are
posteriorly projected. A deep and distally open popliteal fossa is present posteriorly,
defined between the posterior ridges of the medial and lateral condyles (fig.7). As typical
of paravians, the distal lateral condyle of the femur is transversely wider than the medial
condyle, and the posterior ridge of the lateral condyle is more prominent than that of the
medial condyle. A weak supracondylar crest is developed on the posterior edge of the
lateral condyle of IGM 100/1323 (fig.7). Unlike IGM 100/1126 and Byronosaurus, IGM
100/1323 lacks a notch that separates the supracondylar crest from the lateral condyle. An
eroded ectepicondyle is developed on the medial condyle of the femur of IGM 100/1323
anteriorly, like that in IGM 100/1126.
TIBIA: Both tibiae are almost completely preserved in IGM 100/1323, with only
slight erosion on the surface (fig.7). The tibia is about 1.4 times the length of the femur,
which is comparable to that of IGM 100/1126, Sinovenator, Mei and Anchiornis (Xu et al.
2002; Xu and Norell, 2004; Pei et al. in preparation). The tibial shaft is straight and is
round in cross-section. The proximal end of the tibia expands anterior-posteriorly. A
prominent cnemial crest raises anteromedially on the proximal end of the tibia. The
proximal edge of the cnemial crest slopes anteroventrally in lateral view, resembling the
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condition of Gobivenator (Tsuihiji et al., 2014), but different from that of Byronosaurus
and IGM 100/1126 (Makovicky et al., 2003). A moderately developed fibular condyle on
the proximal tibia contacts the fibula (fig.7). A wide groove is developed between the
cnemial crest and the lateral crest in IGM 100/1323. The posterior condyle of the
proximal tibia is confluent with the dorsal edge of the bone and posteriorly overhangs the
tibial shaft as in Byronosaurus, IGM 100/1126 and Bambiraptor (Burnham et al., 2000;
Makovicky et al., 2003). The proximal medial condyle of the tibia is weakly developed in
IGM 100/1323.
Distal to the cnemial crest, an anterior ridge is developed on the anterior surface
of the tibia. This ridge forms between the anterior and medial faces of the tibial shaft.
This ridge reaches the midpoint of the tibia, and then becomes flat distally. This condition
is similar to Sinovenator and Mahakala (Xu et al., 2004; Turner et al., 2011). Distally, the
end of the tibia expands mediolaterally. The right tibia of IGM 100/1323 is not fused with
the astragalus and the calcaneum, but whether the tarsals are fused the left tibia cannot be
determined due to erosion.
FIBULA: The right fibula of IGM 100/1323 is eroded and only its partial proximal
end and a small portion of the mid shaft preserved, while the left fibula has its part of its
distal end preserved (fig.7). The proximal end of the fibula is expanded and bears a
prominent crest posteriorly. The fibula is extremely slender distally, and its distal end
probably attaches anterolaterally on the tibiotarsus.
TARSALS: The astragalus and calcaneum of IGM 100/1323 are cofused like in
Gobivenator and Philovenator (fig.7) (Xu et al., 2012; Tsuihiji et al., 2014). The
proximal tarsals of IGM 100/1323 are anteroventrally directed on the distal end of the
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tibia, and project more ventrally than in IGM 100/1126, Talos and Zanabazar (Norell et
al., 2009; Zanno et al., 2011). The astragalus is hourglass-shaped in distal view. The
ascending process of the astragalus is triangular and high, and the center is medial to the
midline of the tibiotarsus. This is typical of most coelurosaurians (Zanno et al., 2011). A
shallow but wide groove is developed between the distal condyles of the tibiotarsus
anteroventrally. In IGM 100/1323, the suture between the astragalus and the tibia is
distally exposed on the tibiotarsus, as also observed in Zanabazar and Talos (Norell et al.,
2009; Zanno et al., 2011).
PES: The right metatarsus is partially preserved in IGM 100/1323, with only the
distal end missing (fig. 3.7, 12). The proximal end of metatarsal IV is preserved on the
left side (fig. 3.7). The metatarsus of IGM 100/1323 is fully arctometatarsalian as in
derived troodontids, with metatarsal III strongly pinched between metatarsals II and IV
(Makovicky and Norell, 2004).
Metatarsal II is proximally expanded, but it is mediolaterally compressed along
the shaft distally (fig. 3.12). Metatarsal II is less robust than metatarsal IV, which agrees
with the asymmetric metatarsi of troodontid dinosaurs (Makovicky and Norell, 2004). In
IGM 100/1323, the shaft of metatarsal II is less than 50% width of metatarsal IV, as
observed in Talos, Tochisaurus, Gobivenator, Troodon, Philovenator, Linhevenator,
Saurornithoides and IGM 100/1126 (Wilson and Currie, 1985; Kurzanov and Osmólska,
1991; Norell et al., 2009; Zanno et al., 2011; Xu et al., 2011; Tsuihiji et al., 2014). In
Jinfengopteryx, Sinovenator, Mei, IGM 100/44 and Sinornithoides, the shaft of metatarsal
II is nearly as wide as metatarsal IV (Barsbold, 1987; Currie and Dong, 2001; Xu et al.
2002; Xu and Norell, 2004; Ji and Ji, 2007). The proximal end of metatarsal II is more
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medially expanded, and reaches the proximal end of metatarsal IV like in other derived
troodontids (Kurzanov and Osmólska, 1991; Zanno et al., 2011; Tsuihiji et al., 2014).
Metatarsal III is strongly constricted between metatarsals II and IV and it is not
visible proximally on the anterior surface (fig. 3.12). Metatarsal III has an anterior
exposure from only the mid portion of the metatarsus. The preserved distal portion of
metatarsal III appears symmetric, with equal expansion on each side.
Metatarsal IV is more robust than metatarsal II in IGM 100/1323 (fig. 3.12). It is
dorsoventrally deeper than transversely wide, which is typical of derived troodontids, but
different from Sinovenator (Xu et al., 2002). Metatarsal IV also thins distally, but still
remains transversely wider than metatarsal II. The anterior surface of metatarsal IV is
proximally broad and becomes a prominent ridge on the mid and distal shaft.
The spike-like metatarsal V is much slender and less than one third the length of
metatarsals II, III and IV. It attaches posteriorly on metatarsal IV. Metatarsal V of IGM
100/1323 is straight like in Sinornithoides, in contrast to the curved metatarsal V of
Gobivenator and Philovenator (Russell and Dong, 1993; Xu et al., 2012; Tsuihiji et al.,
2014).

DISCUSSION
1. Comparisons with other troodontid taxa from the Djadokhta Formation
Three other named troodontid taxa have been reported from the Djadokhta
Formation of Mongolia. Saurornithoides mongoliensis was the first troodontid dinosaur
reported from the Djadokhta Formation in 1924, based on a weathered skull with an
articulated mandible and fragmentary postcranial bones (Osborn, 1924). Byronosaurus
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jaffei was reported in 2000, based on two adult specimens with partial cranial and
fragmentary postcranial bones (Norell et al., 2000). Gobivenator mongoliensis was
described in 2014, based on an almost complete cranium and most part of the
postcranium of an adult individual (Tsuihiji et al., 2014).
Unlike IGM 100/1323, adult specimens of Saurornithoides, Byronosaurus and
Gobivenator are similar in form, with a relatively large size (skull length ~20 cm) and an
elongate rostrum. This is in agreement with other later-diverging troodontids such as
Troodon and Zanabazar, as well as the Early Cretaceous troodontid Sinornithoides
(Currie and Dong, 2001; Makovicky et al., 2003; Norell et al., 2009). Though IGM
100/1323 resembles more basal troodontids (e.g., Sinovenator, Mei, Jinfengopteryx,
Sinusonasus) in having a relatively smaller size and a short rostrum, these Djadokhta
troodontids share many derived troodontid features. In the cranial skeleton, all four of
these Djadokhta taxa feature a well defined pneumatic lateral depression of the braincase,
an external naris positioned entirely anterior to the antorbital fenestra, a lateral groove on
the ventral ramus of the maxilla, a broad lateral lamina of the ascending process of the
maxilla, a reduced maxillary tooth row that does not reach the posterior end of the
maxilla, and a laterally recessed squamosal. All of these features are derived characters
that are absent in basal troodontids such as Sinovenator, Mei, Sinusonasus,
Jinfengopteryx, Sinornithoides and IGM 100/44. The ischium of IGM 100/1323 is more
than half the length of the pubis. This was regarded a primitive feature of IGM 100/1323
because basal maniraptorans tend to have longer ischia (Turner et al., 2012). But new
observations from Anchiornis, Talos, Gobivenator and IGM 100/1323 indicate that a
short ischium is primitive for paravians, and a longer ischium is secondarily acquired in
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later-diverging troodontids (Zanno et al., 2011; Tsuihiji et al., 2014; Pei et al. in
preparation). Therefore, the elongate ischium of IGM 100/1323 is actually a
synapomorphy of a relatively anatomically derived troodontid clade.
IGM 100/1323 differs from adult specimens of Saurornithoides, Byronosaurus
and Gobivenator in many features, most of which are primitive troodontid features of the
cranial skeleton, especially of the rostrum. Structures of the maxilla, including the
antorbital fossa, maxillary fenestra, and antorbital fenestra, are proportionally shorter in
IGM 100/1323 than in other named Djadokhta troodontids. Unlike in Saurornithoides,
Byronosaurus and Gobivenator, the ventral process of the lacrimal inclines
anterodorsally in IGM 100/1323, as in most Early Cretaceous troodontids, and the
anterior portion of the dentary of IGM 100/1323 lacks the lateral groove characteristic of
other troodontids.
IGM 100/1323 also differs significantly from Byronosaurus in the number of
maxillary teeth. In IGM 100/1323, about sixteen to seventeen tooth positions are
estimated on each maxilla, which is congruent with the pattern seen in most other
troodontids. However, in Byronosaurus, around thirty maxillary teeth are estimated
(Makovicky et al., 2003). Both taxa have the typical troodontid pattern of tooth
distribution, of which the anterior teeth are closely packed, but the density of teeth is
significantly different between IGM 100/1323 and Byronosaurus. Four teeth occur
ventral to the maxillary fenestra in IGM 100/1323 and ten teeth are located ventral to the
maxillary fenestra in Byronosaurus. Besides the characters mentioned above, IGM
100/1323 also differs from Byronosaurus in having an anteroposteriorly narrow
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interfenestral bar of the maxilla and an enlarged anterior tympanic recess excavated
ventral to the anterior tympanic crista.
IGM 100/1323 and Gobivenator share several similarities of the cranial and
postcranial skeleton, as mentioned above. Notably, both IGM 100/1323 and Gobivenator
have a spike-like process on the anterior edge of the obturator process of the ischium. But
unlike Gobivenator, the spike-like process is much more pronounced in IGM 100/1323,
and is more distally positioned on the ischiadic shaft (fig. 3.11). The ischia of IGM
100/1323 remain unfused, whereas the ischia form a symphysis in Gobivenator and
Saurornithoides (Norell et al., 2009; Tsuihiji et al., 2014). In addition, IGM 100/1323
differs from Gobivenator in the presence of an anterolateral recess on the lacrimal, a
straight ventral process of the lacrimal, a posteriorly curved pterygoid flange, and
absence of an anterior surangular foramen.
Despite the proportions of the rostral elements, IGM 100/1323 is different from
Saurornithoides in absence of denticles on maxillary teeth. Serrated teeth are observed in
nearly all dromaeosaurids, and in many troodontids including Sinovenator, Sinusonasus,
Sinornithoides, Saurornithoides, Troodon, Zanabazar and Linhevenator (Xu et al., 2002;
Norell et al., 2009; Xu et al., 2011). Other troodontids such as Mei, Gobivenator and
Byronosaurus lack denticles on the maxillary teeth (Norell et al., 2000; Xu and Norell,
2004; Tsuihiji et al., 2014). Saurornithoides also differs from IGM 100/1323 in having a
shortened external naris and a “U”-shaped mandibular symphysis, both of which are
synapomorphies of a later-diverging troodontid clade. The pterygoid flange of
Saurornithoides is short and does not bear the posterior curvature that is present in IGM
100/1323 (Norell et al., 2009).
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A fragmentary troodontid specimen, IGM 100/1083, was described in 2004 from
the Djadokhta Formation at Ukhaa Tolgod (Norell and Hwang, 2004). IGM 100/1083 has
a broad lateral lamina of the ascending process of the maxilla, like most Late Cretaceous
troodontids (except for IGM 100/1126 and IGM 100/3500). It was provisionally referred
to Saurornithoides mongoliensis based on stratigraphic occurrences, but it is too
fragmentary and lacks definitive morphological features to be assigned to a named
generic level taxon (Norell and Hwang, 2004).
IGM 100/1126 and IGM 100/3500 together represent another new troodontid
taxon from the Djadokhta Formation, and are described in detail in Chapter 4. This taxon
is more basal than other Djadokhta troodontids. It displays many primitive characters,
and lacks synapomorphies of other Late Cretaceous troodontids, such as an external naris
entirely anterior to the antorbital fossa, a shallow rostral ramus of the maxilla, a broad
lateral lamina of the ascending process of the maxilla, and a subotic recess. Therefore,
this taxon can be differentiated from all other Djadokhta troodontids, including
Byronosaurus, Gobivenator, Saurornithoides, IGM 100/1323, IGM 100/1083 and the
Ukhaa perinates IGM 100/972 and IGM 100/974. The anatomy of IGM 100/1126 is
discussed in detail in Chapter 4.

2. Comparisons with the Ukhaa perinates IGM 100/972 and IGM 100/974
Two perinate troodontid specimens (IGM 100/972 and IGM 100/974) were
reported from the Djadokhta Formation of Ukhaa Tolgod (Bever and Norell, 2009).
These specimens are represented by a partial snout and a partial braincase. Previous study
regarded IGM 100/972 and IGM 100/974 as perinates of Byronosaurus, but with new
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observations from IGM 100/1323 and the recently reported Gobivenator (Tsuihiji et al.,
2014), the Ukhaa perinates may actually be more similar to IGM 100/1323 than to
Byronosaurus.
IGM 100/972 and IGM 100/974 share many common features with IGM
100/1323, Byronosaurus, Gobivenator and Saurornithoides. Both specimens of the
Ukhaa perinates have a broad lateral lamina of the ascending process of the maxilla, a
maxillary tooth row that does not reach the posterior end of the maxilla, and an external
naris entirely anterior to the antorbital fossa. All these are characters shared by a group of
derived troodontids, including IGM 100/1323, Byronosaurus, Gobivenator and
Saurornithoides.
Previous study regarded IGM 100/972 and IGM 100/974 as perinate
Byronosaurus based on the presence of the lateral groove on the ventral ramus of the
maxilla (Bever and Norell, 2009). However, this feature, which is a synapomorphy of an
exclusive troodontid clade, is also present in Gobivenator, IGM 100/1323 and on the left
maxilla of Saurornithoides. The number of maxillary teeth of IGM 100/972 and IGM
100/974 is around 13-15, closer to that of Gobivenator (19), IGM 100/1323 (17) and
Saurornithoides (19), but significantly fewer than in Byronosaurus (more than 30). The
increase in the number of maxillary teeth is regarded as an ontogenetic trend of some
theropod dinosaurs (Rauhut and Fechner, 2005; Bever and Norell, 2009), but the
difference between Byronosaurus jaffei and the Ukhaa perinates is still substantial and
unlikely to be due solely to within-species ontogeny changes. Gobivenator, with a size
similar to Byronosaurus jaffei, has a maxillary tooth number of round 19, much closer to
that of the Ukhaa perinates, which may imply significant differences in tooth number
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between the Ukhaa perinates and Byronosaurus jaffei and cannot simply be regard as
postnatal transformation. The prootic of the Ukhaa perinate IGM 100/974 also
differentiates it from Byronosaurus. IGM 100/974 has a prootic with an anterior
tympanic recess excavated ventral to the anterior tympanic crista, as in IGM 100/1323,
Saurornithoides and Troodon (Currie and Zhao, 1993; Norell et al., 2009), but differing
from Byronosaurus, in which the anterior tympanic recess is groove-like instead of
excavated ventral to the anterior tympanic crista (Makovicky et al., 2003). In addition, as
in IGM 100/1323, the dorsal tympanic recess of IGM 100/974 lacks a foramen that is
present in Byronosaurus.
As in IGM 100/1323, Byronosaurus and Saurornithoides, the Ukhaa perinates
also differ from Gobivenator in having an anterolateral recess on the lacrimal. The
anterior part of the dentary of the Ukhaa perinates lacks the lateral groove that is typical
of troodontids, a condition also seen in IGM 100/1323, but different from that of
Byronosaurus, Gobivenator and Saurornithoides. The interfenestral bar of the Ukhaa
perinates is anteroposteriorly narrow as in IGM 100/1323 and Saurornithoides (Norell et
al., 2009), but differs from the condition in Gobivenator and Byronosaurus (Makovicky
et al., 2003; Tsuihiji et al., 2014), in which the interfenestral bar is anteroposteriorly
wide. The teeth of IGM 100/972 and IGM 100/974 lack serrations on either anterior or
posterior carinae, as in IGM 100/1323, Byronosaurus and Gobivenator, but differing
from Saurornithoides.
Therefore, the Ukhaa perinates are more similar to IGM 100/1323, Gobivenator
and Saurornithoides than to Byronosaurus based on the morphology of the maxilla, the
dentition and the prootic. Among IGM 100/1323, Gobivenator and Saurornithoides, the
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Ukhaa perinates resemble IGM 100/1323 more closely in having a smooth lateral surface
at the anterior part of the dentary. However, the taxonomic affiliation of the Ukhaa
perinates still cannot be determined definitively, because both specimens were found in a
nest of eggs with sizes that are too large to be those of IGM 100/1323. As inferred from
the morphology, the Ukhaa perinates IGM 100/972 and IGM 100/974 may be closely
related to IGM 100/1323, but they are probably not the same taxon.
To make a safe ontogenetic comparison, common features of IGM 100/1323,
Gobivenator and Saurornithoides are employed as an ontogenetically more developed
comparison of the Ukhaa perinates, to investigate the trend of postnatal transformation of
a later-diverging troodontid clade. As perinatal individuals, IGM 100/972 and IGM
100/974 have allometric variations relative to IGM 100/1323, Gobivenator and
Saurornithoides in general scaling of the skull. The orbit is proportionally larger in the
Ukhaa perinates than in those taxa. The rostral elements, such as the maxilla and the
nasal of the Ukhaa perinates, are proportionally shorter than in IGM 100/1323,
Gobivenator and Saurornithoides. Therefore, postnatal elongation of the rostrum likely
occurs in troodontids and is also common in other archosaurs (Coombs, 1982; Carr,
1999; Rauhut and Fechner, 2005). This difference of scaling and a trend of rostral
elongation were also proposed by Bever and Norell (2009), during comparison with
Byronosaurus jaffei. Despite the elongation of the rostrum, the proportions within the
antorbital fossa remain relatively constant in the Ukhaa perinates, IGM 100/1323 and
even more anatomically derived troodontids with elongate snouts, such as Gobivenator
and Saurornithoides (Makovicky et al., 2003; Norell et al., 2009; Tsuihiji et al., 2014).
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The prootic of IGM 100/974 closely resembles that of IGM 100/1323, and the
postnatal transformation of the prootic is not as significant as determined in previous
studies, where a comparison was made between IGM 100/974 and Byronosaurus jaffei
(Bever and Norell, 2009). Compared to IGM 100/974, IGM 100/1323 exhibits an
enlarged anterior tympanic recess and a more pronounced anterior tympanic crista, but
other structures of the prootic are rather similar in both specimens. This may imply that
the postnatal changes of the braincase are mainly proportional rather than structural in a
derived troodontid clade.

SUMMARY
IGM 100/1323 represents a new troodontid taxon from the Late Cretaceous
Djadokhta Formation at Ukhaa Tolgod. This new taxon is diagnosed as distinct from
other troodontids by presence of a posteriorly curved pterygoid flange, absence of a
lateral groove on the anterior part of the dentary, presence of a distinct spike-like process
on the ischium, and elongate chevrons. Although IGM 100/1323 has a small body size
and a short snout as in basal paravians, it has many derived troodontid features, such as
an external naris entirely anterior to the antorbital fossa, a shallow rostral ramus of the
maxilla, a broad lateral lamina of the maxillary ascending process, and a lacrimal with a
longer anterior process than posterior process.
The Ukhaa perinates, IGM 100/972 and IGM 100/974 may actually be more
closely related to IGM 100/1323 than to Byronosaurus, based on similarities in the
maxilla, dentary, and braincase. In an ontogenetic comparison between the Ukhaa
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perinates and ontogenetically more developed IGM 100/1323, Gobivenator and
Saurornithoides, the postnatal elongation of the rostrum is confirmed as previously
suggested, but the postnatal transformation of the braincase is actually proportional rather
than structural in troodontids.
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FIGURES

FIGURE 3.1. Skull of IGM 100/1323 in right lateral view.
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FIGURE 3.2. Skull of IGM 100/1323 in left lateral view.
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FIGURE 3.3. Dentition of IGM 100/1323.
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FIGURE 3.4. Parietal of IGM 100/1323 in ventral view (A); supraoccipital in posterior
view (B).
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FIGURE 3.5. Squamosal of IGM 100/1323 in posterolateral (A) and lateral (B) view.
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FIGURE 3.6. Prootic of IGM 100/1323. Right prootic in anterior (A), lateral (C) and
medial view (E); left prootic in anterior (B), lateral (D) and medial (F) view.
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FIGURE 3.7. Postcranium of IGM 100/1323.
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FIGURE 3.8. Proximal caudal vertebrae of IGM 100/1323.
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FIGURE 3.9. Proximal and middle caudal vertebrae of IGM 100/1323.
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FIGURE 3.10. Pubes of IGM 100/1323.
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FIGURE 3.11. Ischia of IGM 100/1323.
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FIGURE 3.12. Right pes of IGM 100/1323 in anterior view.
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TABLE 1. Selected Measurements (in mm) of IGM 100/1323.

Skull length

~82

Skull height

35.3

Left ilium

56.5

Left pubis

60.1

Right ischium

38.5

Right femur

68.3

Right tibiotarsus

94.5

Left tibiotarsus

96.1
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ABBREVIATIONS
aof

antorbital fenestra

ap

anterior process

asop

anterior spike of the obturator process

ast

astragalus

atr

anterior tympanic recess

bpp

basipterygoid process

ca 1-11

caudal vertebra 1-11

ca.v

caudal vertebrae

cf

crescentic fossa

ch

chevron

cp

cultriform process

cr

cochlear recess

ddp

distal dorsal process

dtr

dorsal tympanic recess

e-o

exoccipital-opisthotic

eos

epiotic surface of the supraoccipital

ff

facial fossa

gas

gastralia

l.an

left angular

l.ec

left ectopterygoid

l.d

left dentary

l.f

left femur

l.fr

left frontal

l.fi

left fibula

l.is

left ischium

l.j

left jugal

l.l

left lacrimal

l.m

left maxilla

l.n

left nasal

l.p

left pubis
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l.po

left postorbital

l.pr

left prearticular

l.q

left quadrate

l.qj

left quadratojugal

l.prm

left premaxilla

l.t

left tibia

llap

lateral lamina of the ascending process

mf

maxillary fenestra

mt II-IV

metatarsal II-IV

na

naris

nc

nuchal crest

otc

otosphenoidal crest

pd

pneumatic duct

pua

pubic apron

pub

pubic boot

pt

pterygoid

r.bs

right basisphenoid

r.d

right dentary

r.f

right femur

r.fi

right fibula

r.fr

right frontal

r.i

right ilium

r.is

right ischium

r.l

right lacrimal

r.m

right maxilla

r.n

right nasal

r.ls

right laterosphenoid

r.m

right maxilla

r.p

right pubis

r.pl

right palatine

r.prm

right premaxilla
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r.t

right tibia

rr

rostral ramus

s.v.

sacral vertebrae

sl

sclerotic ring

soc

supraorbital crest

sqc

cleft on the squamosal

sqr

lateral recess of the squamosal

V

opening for cranial nerve V

VII

opening for cranial nerve VII

vcf

vestibulocochlear fossa

vp

ventral process
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CHAPTER 4:
OSTEOLOGY OF THE LATE CRETACEOUS TROODONTID IGM100/1126
AND IGM 100/3500 FROM UKHAA TOLGOD, MONGOLIA

INTRODUCTION
Articulated troodontid remains are rarely recovered. However, many wellpreserved troodontid specimens have been found from Cretaceous deposits in China and
Mongolia in the last two decades (Xu et al., 2002; Makovicky et al., 2003; Xu and Norell
2004; Xu and Wang 2004; Bever and Norell et al., 2009; Xu et al., 2011; Gao et al.,
2012; Tsuihiji et al., 2014). Here we describe a new troodontid taxon based on an
exquisitely preserved skeleton of IGM 100/1126 and a partial skeleton of IGM 100/3500.
These specimens were collected by AMNH-MAE expeditions from the Late Cretaceous
Djadokhta Formation of Ukhaa Tolgod locality in the central Gobi Desert (Djadokhta
Formation equivilant beds are referred as Djadokhta Formation in this thesis, see Dingus
et al., 2008; Makovicky et al., 2008). IGM 100/1126 is preserved in three dimensions and
lies in articulation. It and Gobivenator (Tsuihiji et al., 2014) are some of the best
preserved troodontid skeletons presently known. IGM 100/3500 is fragmentary but
contains a well-preserved braincase. It is the same taxon of IGM 100/1126 and is known
from a braincase and a few associated elements. This taxon is the second small troodontid
dinosaur from the Late Cretaceous Djadokhta Formation, and it bears a distinct
combination of primitive and derived troodontid characters providing important insights
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into the evolution of troodontid dinosaurs.

MATERIAL
IGM 100/1126 preserves an almost complete and articulated skeleton. The
cranium of IGM 100/1126 lacks only the left side of the rostrum, portions of the palate
and the anterior part of the braincase. The postcranial skeleton of IGM 100/1126 consists
of a partial sacral vertebral series, proximal caudal vertebrae, the distal end of the right
ulna and radius, an almost complete manus, the pelvic girdle and almost complete
hindlimbs (fig. 4.1). A referred specimen, IGM 100/3500, is represented by partial cranial
bones including the right maxilla, the parietal, a partial laterosphenoid, a well-preserved
braincase missing only the anterior and anterolateral portion, and both dentaries (figs. 4.5,
4.6, 4.7). The postcranium of IGM 100/3500 preserves several isolated caudal vertebrae
and a partial right hindlimb.
The skull of IGM 100/1126 is 7.8 cm in length, resembling relatively basal
troodontids such as Sinovenator, Mei, Jinfengopteryx and IGM 100/1323, but it is
significantly smaller than Sinornithoides, Gobivenator, Byronosaurus, Xixiasaurus,
Linhevenator, Saurornithoides, Zanabazar and Troodon (figs, 4.2, 4.3). The skeleton of
IGM 100/1126 is well ossified with a fused braincase, sacrum and tibiotarsus, and the
bone surface is dense and smooth. This strongly indicates that the specimen had reached
somatic maturity. Thin section of the fubular indicated that IGM 100/1126 was at least 6
years old at death (Erickson et al., 2007, though it was erroneously labled as IGM
100/1129 in that paper). The braincase of IGM 100/3500 is slightly smaller than that of
IGM 100/1126, and it is fully fused, which is indicative of somatic maturity (fig. 4.7).
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DIAGNOSIS
IGM 100/1126 and IGM 100/3500 can be referred to troodontids based on
following characters: lacrimal with a prominent supraorbital crest, numerous dentary and
maxillary teeth that are closely packed anteriorly, laterally recessed squamosal, neural
spines of distal caudal vertebrae reduced to sulci, and fully arctometatarsalian pes.
IGM 100/1126 and IGM 100/3500 can be distinguished from all other troodontids
in having evenly and closely packed peg-like teeth, a twisted suborbital process of the
jugal, a quadratojugal with a crescentic ascending process that braces the quadrate
posteriorly, basal tubera reduced to low ridges, and the presence of a posterior fossa on
the proximal fibula.

MORPHOLOGICAL DESCRIPTION
SKULL AND MANDIBLES
The skull of IGM 100/1126 is triangular with an enlarged orbit (figs. 4.2, 4.3),
which is a primitive configuration all basal paravians (Wellnhofer, 1974; Xu, 2002; Xu
and Norell, 2004; Mayr et al., 2005; Hu et al., 2009; Xu et al., 2011). Like in other basal
paravians and especially the troodontid Sinovenator, Mei, Jinfengopteryx and IGM
100/1323 (Xu et al., 2002; Xu and Norell, 2004; Ji et al., 2005), the skull of IGM
100/1126 is dorsoventrally deep and the rostrum is not as elongate as in more derived
troodontid dinosaurs (Osborn, 1924; Makovicky et al., 2003; Norell et al., 2009; Tsuihiji
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et al., 2014). Most of the cranial bones of IGM 100/1126 are preserved in life
articulation, except for the palatal elements and the right splenial which have been
dislocated.

PREMAXILLA: The right premaxilla is partially preserved in IGM 100/1126
except for the nasal process (fig. 4.2). The left premaxilla is not preserved in IGM
100/1126. Considering the shape of the right premaxilla, the anterior tip of the rostrum
should be pointed in dorsal view in IGM 100/1126, which resembles basal paravians such
as Archaeopteryx, Anchiornis, IGM 100/1323 and Mei (Wellnhofer, 1974; Xu and Norell,
2004; Mayr et al., 2005; Hu et al., 2009, Pei et al., in preparation), but different from
derived troodontids such as Byronosaurus, Saurornithoides and Zanabazar, where the
rostrum is rounded anteriorly (Makovicky et al., 2003; Norell et al., 2009). The main
body of the premaxilla is short and shallow, which is the ancestral condition found in
basal paravians and troodontids (figs. 4.2, 4.4). The premaxilla of IGM 100/1126 is
dorsoventrally shallower than the ventral ramus of the maxilla, like in Sinornithoides
(Currie and Dong, 2001), but different from avialans, dromaeosaurids and some
troodontids such as Byronosaurus and Sinovenator (Wellnhofer et al., 1974; Xu, 2002;
Makovicky et al., 2003; Burnham et al., 2010). The lateral surface of the premaxilla
forms the anterior part of the ventral margin of the external naris as in other
deinonychosaurians (Xu et al., 1999; Xu, 2002; Norell and Makovicky, 2004). In contrast,
the premaxilla of Anchiornis and Archaeopteryx is mostly anteroventral to the external
naris and only has a limited contribution to the ventral margin of the external naris
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(Elzanowski and Wellnhofer, 1996; Hu et al., 2009). Like in derived troodontids, the
subnarial process of the premaxilla is reduced in IGM 100/1126.
Two premaxillary teeth are preserved on the right premaxilla of IGM 100/1126
(figs. 4.2, 4.4). However, the actual number judging from the size of the tooth row was
probably four, which is the primitive condition of theropod dinosaurs (Gauthier, 1986).
The premaxillary teeth are lancet shaped and the tip of the tooth crowns curve
posteriorly. The tooth crown is tall, about four times the width. A clear constriction is
present between the tooth crown and the root, which is typical of paravians. The
preserved teeth are probably the first and second premaxillary teeth, and they are nearly
identical in size.
MAXILLA: The right maxilla is well-preserved in IGM 100/1126, while only part
of the interfenestral bar is preserved in the left maxilla (figs. 4.2, 4.3). An isolated right
maxilla is preserved in IGM 100/3500, missing only the anterodorsal margin of the
antorbital fenestra (fig. 4.5). The maxillae of both specimens are dorsoventrally deep like
in basal paravians. The maxilla of IGM 100/3500 is slightly elongate compared to that of
IGM 100/1126.
The rostral ramus of the maxilla is short in IGM 100/1126, and it attaches to the
premaxilla laterally (fig. 4.4). The rostral ramus is about 10% of the total length of the
maxilla in IGM 100/1126, like that in Sinovenator (Xu et al., 2002), but in IGM 100/3500
the rostral ramus is slightly elongate and makes up about 15% the length of the entire
maxilla. The rostral ramus of both specimens is as dorsoventrally deep as the ventral
ramus of the maxilla, which agrees with Early Cretaceous troodontids Jinfengopteryx,
Sinovenator, Mei, Sinusonasus and Sinornithoides (Russell and Dong, 1993; Xu et al.,
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2002; Xu and Norell, 2004; Xu and Wang, 2004; Ji et al., 2005). The rostral ramus of the
maxilla is rounded anteriorly in IGM 100/1126 and IGM 100/3500 (figs. 4.4, 4.5). In
Sinovenator and Mei (Xu et al., 2002; Xu and Norell, 2004; Norell et al., 2009), the
rostral ramus of the maxilla has a rounded anterior end, while in Byronosaurus, IGM
100/1323, Zanabazar and Saurornithoides (Makovicky et al., 2003; Norell et al., 2009),
the rostral ramus bears a sharp and elongate ventral extension that points anteriorly.
The lateral lamina of the ascending process of the maxilla is reduced in lateral
view in both specimens and forms a triangular plate (figs. 4.4, 4.5), which is typical of
basal troodontids like Jinfengopteryx, Sinovenator, Mei and Sinornithoides (Russell and
Dong, 1993; Xu et al., 2002; Xu and Norell, 2004; Ji et al., 2005). A reduced lateral
lamina of the maxilla is also observed in many basal paravians like Archaeopteryx,
Anchiornis, Shanag and Microraptor (Elzanowski, 2001; Turner et al., 2007a; Hu et al.,
2009; Pei et al., 2014). This is in contrast to more derived troodontids, such as IGM
100/1323, Byronosaurus, Gobivenator, Saurornithoides, Zanabazar and Geminiraptor
(Makovicky et al., 2003; Norell et al., 2009; Senter et al., 2010; Tsuihiji et al., 2014),
where the lateral lamina of the ascending process is broad and nearly as tall as the
maxillary fenestra. A slender dorsal ramus extends posterodorsally from the ascending
process of the maxilla to form a well-defined anterodorsal margin of the antorbital fossa
(fig. 2). In IGM 100/3500 the dorsal ramus becomes ridged laterally above the maxillary
fenestra. Anteriorly, the ascending process has a medial lamina that spreads medially and
forms the posteroventral floor of the external naris in both specimens.
In both IGM 100/1126 and IGM 100/3500, the ventral ramus of the maxilla is
horizontal, and is laterally penetrated by neural-vascular foramina (figs. 4.4, 4.5). A
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primary row of neural-vascular foramina lies dorsal to the tooth row. A secondary row of
foramina is located above the primary row, but is restricted to the lateral surface of the
lateral lamina of the ascending process like in other paravians, such as Anchiornis, IGM
100/1323, Byronosaurus and Microraptor (Makovicky et al., 2003; Pei et al., 2014; Pei et
al., in preparation). The ventral ramus of the maxilla is band-like and has parallel dorsal
and ventral edges (figs. 4.2, 4.5). In this case, the ventral ramus of the maxilla in both
IGM 100/1126 and IGM 100/3500 is typical of all troodontids. In avialans and
dromaeosaurids, the ventral ramus of the maxilla decreases in size posteriorly
(Wellnhofer, 1974; Perle et al., 1999; Mayr et al., 2005; Norell et al., 2006; Hu et al.,
2009; Pei et al., 2014). Therefore, the band-like ventral ramus of the maxilla is likely a
troodontid synapomorphy. The lateral surface of the maxillary ventral ramus of both
specimens is flat, as in most troodontids except for Byronosaurus, Gobivenator,
Saurornithoides and IGM 100/1323, where the maxillary ventral ramus is laterally
grooved (Xu et al., 2002; Xu and Norell, 2004; Makovicky et al., 2003; Norell et al.,
2009; Tsuihiji et al., 2014). The ventral ramus of the maxilla forms the ventral margin of
the antorbital fenestra (figs. 4.4, 4.5). A narrow shelf is developed medial to the ventral
ramus in both specimen, as is typical of troodontids (except for Byronosaurus), but
differs from basal avialans and dromaeosaurids where a wide surface separates the
ventral ramus and the antorbital fenestra (Pei et al., 2014; Pei et al., in preparation). In
IGM 100/3500, this narrow shelf becomes a distinct groove between the ventral ramus of
the maxilla and the antorbital fenestra.
In both IGM 100/1126 and IGM 100/3500, the anterior margin of the antorbital
fossa is located anterior to the caudal margin of the external naris (figs. 4.4, 4.5), like in

230

basal troodontids such as Jinfengopteryx, Sinovenator and Mei as well as basal paravians
such as Microraptor, Anchiornis and Archaeopteryx (Xu et al., 2002; Xu and Norell,
2004; Ji et al., 2005; Pei et al., 2014; Pei et al., in preparation). In more derived
troodontid Gobivenator, Byronosaurus, Xixiasaurus; Saurornithoides and Zanabazar, the
caudal margin of the naris is completely anterior to the antorbital fossa (Makovicky et al.,
2003; Norell et al., 2009; Lü et al., 2010; Tsuihiji et al., 2014).
The anteromedial lamina of the antorbital fossa is slightly damaged along the
margin of the maxillary fenestra in IGM 100/1126. The damaged surface on the
anteroventral corner of the antorbital fossa likely represents the promaxillary fenestra, yet
the shape of the fenestra is difficult to determine (fig. 4.4). The promaxillary fenestra of
IGM 100/1126 is located at the anterior end of the antorbital fossa, and its anterior
portion is laterally covered by the lateral lamina of the ascending process of the maxilla.
A promaxillary fenestra is also present in the same position in Sinovenator and
Sinornithoides but is ventrally displaced in the non-troodontid taxa Anchiornis and
Microraptor (Russell and Dong, 1993; Xu et al., 2002; Hu et al., 2009; Pei et al., 2014),
and dorsally displaced in derived dromaeosaurids (Norell and Makovicky, 2004; Turner
et al., 2012). However, the promaxillary fenestra is not laterally visible in more derived
troodontids such as IGM 100/1323, Byronosaurus, Gobivenator, Saurornithoides and
Zanabazar (Makovicky et al., 2003; Norell et al., 2009; Tsuihiji et al., 2014). Unlike the
significantly elongate promaxillary fenestra of Anchiornis and Microraptor (Pei et al., in
preparation; Pei et al., 2014), the promaxillary fenestra of IGM 100/1126 is generally
oval (although the exact shape cannot be determined) as in Sinusonasus and
Sinornithoides (Russell and Dong, 1993; Xu and Wang, 2004). A thin anterior
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interfenestral bar is developed between the promaxillary fenestra and the maxillary
fenestra. The shape of the anterior interfenestral bar is difficult to tell due to preservation,
but it is anteroposteriorly narrow as in basal troodontids and basal avialans (Elzanowski
and Wellnhofer, 1996; Xu et al., 2002; Hu et al., 2009). In contrast, the space between the
promaxillary fenestra and maxillary fenestra is broad in dromaeosaurids.
In IGM 100/3500, the anterior end of the antorbital fossa is partially covered by
the lateral lamina of the ascending process (fig. 4.5). The promaxillary fenestra of IGM
100/3500 is located at the anterior end of the antorbital fossa, and is partially exposed
laterally. The lateral exposure of the promaxillary fenestra in IGM 100/3500 is not as
large as in IGM 100/1126, and the shape of the promaxillary fenestra cannot be exactly
determined. Like in IGM 100/1126 and other troodontids, the space between the
promaxillary fenestra and the maxillary fenestra is narrow in IGM 100/3500.
The maxillary fenestra is located posterior to the promaxillary fenestra (figs. 4.4,
4.5). The anterior margin of the maxillary fenestra is damaged in IGM 100/1126. Based
on remnants of the margins of the maxillary fenestra, it is dorsoventrally taller than
anteroposteriorly wide. In this case, it is similar to Jinfengopteryx, Anchiornis, and
Archaeopteryx (Wellnhofer, 1974; Ji et al., 2005; Hu et al., 2009), but is not as
anteroposteriorly elongate as in other troodontids (Ostrom, 1974; Xu et al., 2002;
Makovicky et al., 2003; Xu and Wang, 2004; Tsuihiji et al., 2014). Like in Sinovenator
and Jinfengopteryx (Xu et al., 2002; Ji et al., 2005), the maxillary fenestra of IGM
100/1126 is proportionally larger, making up more than 50% the area of the pre-antorbital
fenestral region of the maxilla. The maxillary fenestra is proportionally smaller in IGM
100/1323, Gobivenator, Byronosaurus, Zanabazar and Saurornithoides (Makovicky et al.,
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2003; Norell et al., 2009; Tsuihiji et al., 2014). A triangular depression is developed
posterodorsal to the maxillary fenestra on the interfenestral bar of IGM 100/1126. The
anterodorsal and posterior margins of the depression are confluent with the anterior and
posterior margins of the maxillary fenestra (fig. 4.2). This depression is probably
homologous to the caudal/caudodorsal recess of the maxillary fenestra observed in
dromaeosaurids, such as Microraptor and Shanag (Turner et al., 2007b; Pei et al., 2014).
A similar recess is absent in the basal avialan Anchiornis and Archaeopteryx (Pei et al., in
preparation). Therefore, the caudal/caudodorsal recess of the maxillary fenestra is likely a
shared derived character of Deinonychosauria.
The maxillary fenestra of IGM 100/3500 is well-preserved (fig. 4.5). It is
generally rounded, and is slightly anteroposteriorly elongate like in Sinovenator (Xu et
al., 2002). A shallow depression is developed posterodorsal to the maxillary fenestra,
similar to that in IGM 100/1126, but not as distinctly developed. As in IGM 100/1126, a
faint ridge is confluent with the posterior margin of the maxillary fenestra and forms the
posterior margin of this caudodorsal recess in IGM 100/3500, while the anterodorsal
margin of this recess is not clearly defined. A thin medial lamina develops as the medial
wall of the maxillary fenestra in IGM 100/3500 (fig. 4.5), like in derived troodontids such
as Byronosaurus, Zanabazar and Saurornithoides (Makovicky et al., 2003; Norell et al.,
2009). However, this medial lamina is not observed in IGM 100/1126, probably as a
result of preservation, because this region in IGM 100/1126 is damaged. The maxillary
fenestra of IGM 100/3500 defines a maxillary fenestral cavity that is medially walled by
the medial lamina. The maxillary fenestral cavity of IGM 100/3500 bears a pocket-like
recess anteriorly, medial to the surface between the promaxillary fenestra and the
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maxillary fenestra, like that in Byronosaurus and Zanabazar, but this recess is absent in
Saurornithoides (Makovicky et al., 2003; Norell et al., 2009).
In both IGM 100/1126 and IGM 100/3500, the interfenestral bar between the
maxillary fenestra and the antorbital fenestra is hourglass-shaped in lateral view (figs.
4.4, 4.5). It is inset from the lateral surface of the maxilla as in other troodontids except
for Byronosaurus (Makovicky et al., 2003). The interfenestral bar is anteroposteriorly
narrow as in Xixiasaurus and Sinovenator (Xu et al., 2002; Lü et al., 2010), but different
from Gobivenator and Byronosaurus where the interfenestral bar is anteroposteriorly
long (Makovicky et al., 2003; Tsuihiji et al., 2014). Like in Microraptor and Sinovenator
(Xu et al., 2002; Pei et al., 2014), a shallow depression develops laterally at the lower
half of the interfenestral bar in both specimens. In IGM 100/1126, the posterior edge of
the upper half of the interfenestral bar bears a short tab which invades into the antorbital
fossa (fig. 4.2). This tab is also observed in Archaeopteryx (Mayr et al., 2005). Both IGM
100/1126 and IGM 100/3500 have a vertical pneumatic recess developed posteriorly on
the interfenestral bar, and an interfenestral canal is observed on the ventral portion of this
recess, which is congruent with Byronosaurus, Gobivenator, Zanabazar, Sinovenator and
the Ukhaa perinates (Xu et al., 2002; Makovicky et al., 2003; Norell et al., 2009; Bever
and Norell, 2009; Tsuihiji et al., 2014).
The antorbital fenestra makes up the posterior half of the antorbital fossa in both
specimens (figs. 4.2, 4.5). In IGM 100/1126, the anterodorsal margin of the fenestra is
not a continuous arc but interrupted by the triangular tab of the interfenestral bar. In
contrast, the antorbital fenestra is quadrangular in IGM 100/1323, Byronosaurus,
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Gobivenator, Zanabazar and Saurornithoides (Makovicky et al., 2003; Norell et al.,
2009; Tsuihiji et al., 2014).
Twenty maxillary teeth are preserved on the right maxilla of IGM 100/1126, but
more tooth positions are observed (fig. 4.4). About fourty teeth should have been present
along each maxilla of IGM 100/1126, which is significantly more than in most other
troodontid dinosaurs (~ 20 maxillary teeth on each maxilla), but similar to Byronosaurus
(Makovicky et al., 2003). In IGM 100/3500, 37 teeth are preserved in the right maxilla
(fig. 4.5). Unlike other troodontids, the maxillary teeth of IGM 100/1126 and IGM
100/3500 are conical and peg-like. The maxillary teeth are morphologically similar to the
premaxillary teeth, but the tip of the tooth crowns are not as recurved as the premaxillary
teeth. No serrations are developed on the tooth crowns, as in Mei, Jinfengopteryx, IGM
100/1323, Xixiasaurus, Urbacodon, Gobivenator, Byronosaurus and the Ukhaa perinates
(Makovicky et al., 2003; Xu and Norell, 2004; Ji et al., 2005; Averianov and Sues 2007;
Bever and Norell, 2009; Lü et al., 2010; Tsuihiji et al., 2014). A distinct constriction is
present between the tooth crowns and the roots in both specimens (figs. 4.4, 4.5), which
is primitive in maniraptorans. The maxillary teeth are closely packed in IGM 100/1126
and IGM 100/3500. The density of maxillary teeth remains constant along the tooth row.
In all other troodontids, the maxillary teeth are significantly more densely packed at the
anterior portion of the tooth row (Makovicky and Norell, 2004). The apicobasal height of
the teeth is constant along the tooth row in both IGM 100/1126 and IGM 100/3500,
except the middle and posterior maxillary teeth are slightly smaller than anterior
maxillary teeth, which is different from other paravians, where the middle and posterior
teeth are usually largest. Byronosaurus also has a significantly higher tooth number than
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other troodontid dinosaurs, but unlike IGM 100/1126 and IGM 100/3500, the maxillary
teeth of Byronosaurus follow the typical troodontid pattern of morphology and
distribution (Makovicky et al., 2003). The maxillary tooth row of both specimens does
not extend beyond the anterior 70% of the maxillary ventral margin, in agreement with
the observation of more derived troodontids, such as IGM 100/1323, Byronosaurus,
Saurornithoides and Zanabazar (Makovicky et al., 2003; Norell et al., 2009). Primitively,
the basal troodontids Sinovenator and Mei as well as the basal avialans Anchiornis have
the tooth row cover almost the entire ventral edge of the maxilla (Xu et al., 2002; Xu and
Norell, 2004; Pei et al., in preparation).
NASAL: The left nasal of IGM 100/1126 is completely preserved, while the right
nasal has its anterior portion missing (figs. 4.2, 4.3). The nasals are paired in IGM
100/1126. The length/width ratio of the nasal is 6.8 which is less than the larger bodied
troodontid Saurornithoides and Byronosaurus (Makovicky et al., 2003; Norell et al.,
2009). However, it is comparable to the ratio of smaller troodontids, such as Mei,
Sinovenator and IGM 100/1323 (Xu et al., 2002; Xu and Norell, 2004).
The nasals of IGM 100/1126 cosuture at the midline and form a faint midline
ridge at the anterior portion. The nasal makes up about 40% of the total length of the
skull (figs. 4.2, 4.3), like in Sinovenator, Mei and IGM 100/1323 (Xu et al., 2002; Xu and
Norell, 2004), but it is not as extensive as in derived troodontid forms where the rostrum
is elongate. Anteriorly, the nasal forms the posterior margin of the naris. A short and
slender anterolateral process of the nasal sutures with the ascending ramus of the maxilla.
In IGM 100/1126, the dorsal surface of the nasal is concave above the maxillary
interfenestral bar, but it becomes flattened posteriorly. In contrast, the dorsal surface of
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the nasal is flat in other troodontids. The nasal is slightly mediolaterally expanded above
the antorbital fenestra, where the lateral edge of the nasal forms a continuous ridge with
the anterior process of the lacrimal in dorsal view. The nasal of IGM 100/1126 overlaps
the lacrimal dorsally and the suture between the nasal and the lacrimal is straight.
Posteriorly, the nasal overlaps the frontal. The suture between the nasals and the frontals
appears as “V”-shaped in dorsal view, similar to Zanabazar (Norell et al., 2009). The
caudal end of the nasal is posterior to the anterior margin of the orbit in IGM 100/1126,
as in most paravians, but different from Mei, in which this suture between the nasal and
the frontal is anterior to the orbit (Xu and Norell, 2004).
FRONTAL: Both frontals of IGM 100/1126 are completely preserved and they are
unfused along the midline (figs. 4.2, 4.3). Anteriorly, the frontal is overlapped by the
lacrimal and the nasal. The shape and proportion of the frontal is similar to IGM
100/1323 and Gobivenator (Tsuihiji et al., 2014). The frontal of IGM 100/1126 is as long
as the nasal and about 1.6 times as long as the parietal.
In dorsal view, the frontal of IGM 100/1126 narrows anteriorly, and is
transversely expanded posteriorly. The width of the anterior end of the frontal is less than
one third of the posterior end, which is representative of small troodontids such as IGM
100/1323 and Mei (Xu and Norell, 2004). The suture between both frontals is straight,
and it is slightly ridged along the anterior half of the frontals, becoming flattened
posteriorly. The supraorbital rim of the frontal is ridged as observed in a wide range of
paravians such as Anchiornis, Microraptor and Zanabazar (Hu et al., 2009; Norell et al.,
2009; Pei et al., 2014). An elongate groove lies medial to the orbit rim in dorsal view,
like in Zanabazar, Gobivenator and IGM 100/1323 (Norell et al., 2009; Tsuihiji et al.,
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2014). The dorsal surface of the frontal is vaulted. The apex of the frontal is posterior to
the center of the orbit.
Posteriorly, the frontal sutures with the parietal along a straight transverse border,
unlike Gobivenator and IGM 100/1323, but similar to Mei and Tsaagan (Xu and Norell,
2004; Norell et al., 2006; Tsuihiji et al., 2014). Posterolaterally, the dorsal surface of the
frontal slopes ventrally to form a small depression anterior to the upper temporal fenestra
as observed in many deinonychosaurians such as Troodon, Zanabazar, Gobivenator,
IGM 100/1323 and Tsaagan (Norell et al., 2006; Norell et al., 2009; Tsuihiji et al., 2014).
An arched ridge is developed between this depression and the dorsal surface of the frontal.
In lateral view, the frontal is dorsoventrally shallow anteriorly, and becomes
deeper posteriorly. A weak groove is developed at the posterior part of the lateral wall
and below the supraorbital rim (figs. 4.2, 4.3). Alternatively, this groove is present along
the entire orbital margin of the frontal in IGM 100/1323, and it is absent in Zanabazar.
LACRIMAL: The ventral process of the left lacrimal is missing, and the right
lacrimal is completely preserved in IGM 100/1126 (figs. 4.2, 4.3). The lacrimal of IGM
100/1126 is “T”-shaped, as typical of paravians.
The anterior process of the lacrimal is slender, and it forms the entire dorsal
margin of the antorbital fenestra like in other deinonychosaurians (figs. 4.2, 4.3). The
anterior process is slightly longer than the posterior process on the left side, but is as long
as the posterior process on the right side. In some dromaeosaurids and derived
troodontids such as IGM 100/1323, Gobivenator, Byronosaurus and Zanabazar
(Makovicky et al., 2003; Norell et al., 2009; Tsuihiji et al., 2014), the anterior process of
the lacrimal is significantly longer than the posterior process, while in basal avialans and
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basal dromaeosaurids, the anterior and posterior processes have subequal length (Xu et al.,
1999; Pei et al., in preparation). In the left lacrimal of IGM 100/1126, the length to width
ratio of the anterior process to the posterior process is around 1.3 which is similar to that
of IGM 100/1323 (1.5), but significantly less than in derived troodontids like
Gobivenator, Byronosaurus and Zanabazar (Makovicky et al., 2003; Norell et al., 2009;
Tsuihiji et al., 2014). A lateral ridge is present along the posterior half of the anterior
process in IGM 100/1126 (fig. 4.3), like in Byronosaurus and Gobivenator (Makovicky
et al., 2003; Tsuihiji et al., 2014). This lateral ridge braces the lateral edge of the nasal
ventrally and extends posteriorly to join the supraorbital crest of the posterior process of
the lacrimal. The anterior process of the lacrimal faces lateroventrally in IGM 100/1126,
and borders the entire posterodorsal margin of the antorbital fossa like in derived
troodontids and dromaeosaurids. Posteriorly, the anterior process of the lacrimal turns
ventrally and merges into the anterior surface of the ventral process (figs. 4.2, 4.3). A
shallow fossa develops anteriorly at the posterodorsal corner of the antorbital fenestra, as
reported in Byronosaurus and IGM 100/1323, but it is not as distinctly recessed as in
these taxa (Makovicky et al., 2003).
The ventral process of the lacrimal is anteroposteriorly compressed and sheet like
(fig. 4.2). It is slightly sinusoidal as its ventral end slightly curves posteriorly. In contrast,
the ventral process is anteriorly curved in Byronosaurus and Gobivenator, Xixiasaurus
and Saurornithoides (Makovicky et al., 2003; Norell et al., 2009; Lü et al., 2010; Tsuihiji
et al., 2014), and it is straight and posteroventrally inclined in Sinovenator (BMNHC
PH829), Mei and IGM 100/1323 (Xu and Norell, 2004). The ventral process of the
lacrimal is band-like in anterior view, and is laterally curved at the ventral terminus like
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in Tsaagan (Norell et al., 2006). The ventral end of the lacrimal contacts the anterior end
of the suborbital process of the jugal medially (fig. 4.2). A small foramen is present
posteriorly on the dorsal end of the ventral process, but this foramen is not as large as in
Byronosaurus and IGM 100/1323 (Makovicky et al., 2003).
The posterior process of the lacrimal forms the anterodorsal margin of the orbit
(figs. 4.2, 4.3). It is dorsally overlapped by the nasal and contacts the frontal posteriorly.
Laterally, a prominent supraorbital crest is developed as is typical of troodontid dinosaurs
(Makovicky et al., 2003; Xu and Norell, 2004; Norell et al., 2009; Tsuihiji et al., 2014).
The supraorbital crest is sub-triangular in dorsal view, and its dorsal surface is level with
the nasal and the frontal. In dorsal view, the supraorbital crest forms a high-angled arc
with the frontal margin of the orbit, similar to that in Mei, Gobivenator and IGM
100/1323, (Xu and Norell, 2004; Tsuihiji et al., 2014). Avialans and dromaeosaurids
usually have a lacrimal margin confluent with the frontal and lack a well-defined
supraoccipital crest. The dorsal surface of the lacrimal is rugose. The lateral edge of the
supraorbital crest is continuous with the lateral edge of the anterior process of the
lacrimal in dorsal view. The lateral edge of the supraorbital crest of IGM 100/1126 slopes
lateroventrally as in IGM 100/1323, Byronosaurus and Gobivenator (Makovicky et al.,
2003; Tsuihiji et al., 2014). A small foramen is developed posterior to the main body of
the lacrimal and ventral to the margin of the supraorbital crest (figs. 4.2, 4.3), which is
also observed in IGM 100/1323 and Gobivenator (Tsuihiji et al., 2014).
Some ornithomimosaurs have a supraorbital crest of a similar shape as in
troodontids (Makovicky et al., 2004), but the supraorbital crest is formed by the
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prefrontal instead of the lacrimal. Therefore, the supraorbital crest of troodontids is likely
homologous to the prefrontal of basal coelurosaurians.

JUGAL: Only the anterior portion of the suborbital process is preserved on the
right jugal of IGM 100/1126. The postorbital process of the left jugal of IGM 100/1126 is
missing (figs. 4.2, 4.3).
The suborbital process of the jugal is slender and bowed (figs. 4.2, 4.3). The
suborbital process is dorsoventrally shallow, no more than 1/15 the orbital diameter,
which is comparable to basal troodontids like Sinovenator, Mei and IGM 100/1323 (Xu et
al., 2002; Xu and Norell, 2004). In contrast, this ratio is usually around 1/7 in more
derived troodontids, like Saurornithoides and Gobivenator (Norell et al., 2009; Tsuihiji et
al., 2014). Derived dromaeosaurids have a deeper suborbital process of the jugal than
troodontids do. The suborbital process of the jugal of IGM 100/1126 has a bifurcate
anterior tip on the right side which contributes to the posteroventral corner of the
antorbital fossa. The anterior tip of the left jugal is pointed (fig. 4.3). However, this
difference is possibly a result of preservation. The bifurcate nature of the anterior end of
the suborbital process is observed in IGM 100/1323 and Jinfengopteryx (Ji et al., 2005;
Turner et al., 2012). The anterior portion of the suborbital process is laterally convex, and
the posterior half flattens laterally. This differs from other paravians where the suborbital
process of the jugal is usually plate-like and has a flat or grooved lateral surface.
The anterior portion of the suborbital process of the jugal bears a deep groove
mediodorsally in IGM 100/1126. The ventral process of the lacrimal inserts into the
anterior end of the mediodorsal groove of the jugal as in other maniraptorans. A medial
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lamina of the jugal develops to form the medial wall of the mediodorsal groove along the
suborbital process. The ectopterygoid contacts the jugal on the medial lamina in IGM
100/1126. In this case, it is similar to IGM 100/1323, but differs from Saurornithoides
where the ectopterygoid contacts the jugal on the dorsal edge of the suborbital process
(Norell et al., 2009).
A ventral groove is present along the suborbital process of the jugal in IGM
100/1126. This ventral groove becomes laterally exposed posteriorly as the ventral
surface of the suborbital process flares laterally (fig. 4.3). This is different from other
troodontids, where the lateral surface of the suborbital process remains in a plane and
does not twist. The ventral edge of the anterior portion of the suborbital process becomes
a lateroventral ridge at the middle-posterior portion of the suborbital process, separating
the laterally flared ventral groove from the lateral surface of the jugal.
The base (the posterior plate) of the jugal is sheet-like in IGM 100/1126 (fig. 4.3).
It is reduced as in Sinovenator (BMNHC PH829) and not as broad as in dromaeosaurids.
The lateral surface of this region is rugose. The base of the jugal is posteriorly notched as
in other paravians, such as IGM 100/1323, Gobivenator, Mei, Anchiornis, Archaeopteryx
and Tsaagan (Xu and Norell, 2004; Mayr et al., 2006; Norell et al., 2006; Tsuihiji et al.,
2014; Pei et al., in preparation), but unlike these taxa, the posteroventral branch of the
jugal in IGM 100/1126 is relatively short and does not reach the posterior end of the bone.
QUADRATOJUGAL: The quadratojugal is extremely reduced in IGM 100/1126, as
is typical of troodontid and avialans (Hwang et al. 2004). The quadratojugal is hardly
visible in lateral view (fig. 4.3). It is “L”-shaped like in Anchiornis, Archaeopteryx,
Gobivenator and IGM 100/1323 (Mayr et al., 2005; Tsuihiji et al., 2014; Pei et al., in
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preparation). The anterior process of the quadratojugal is dorsoventrally flat, and it
appears to insert into the posterior notch of the jugal. The quadratojugal of IGM
100/1126 lacks a mediolaterally flattened anterior process that is present in Gobivenator
and other paravians (Tsuihiji et al., 2014). The ascending process of the quadratojugal is
significantly reduced. The ascending process is crescent shaped in posterior view and
rises from the posteromedial edge of the dorsoventrally flattened anterior process. The
ascending process is anteroposteriorly flattened, and is hardly visible in lateral view. This
crescentic ascending process curves dorsolaterally and articulates with the quadrate on
the posterior surface above the lateral condyle. In this fashion, the quadratojugal of IGM
100/1126 articulate with the quadrate in a different way compared to other
deinonychosaurians, where the quadratojugal articulates with the quadrate laterally (Xu
and Norell, 2004; Norell et al., 2006).
QUADRATE: Both quadrates are preserved in IGM 100/1126. The right quadrate is
almost complete, and the left element is damaged anteriorly (figs. 4.2, 4.3).
The quadrate head is slightly compressed anteroposteriorly. The quadrate head
articulates with the prootic medially and the squamosal dorsally, like in Gobivenator and
Zanabazar (Norell et al., 2009; Tsuihiji et al., 2014). The quadrate blade is triangular in
lateral view and it faces anterolaterally. The quadrate is strongly posterodorsally inclined
(figs. 4.2, 4.3), like in the basal avialans Archaeopteryx and Anchiornis and most
troodontids, but different from the vertical orientation in Mei and most dromaeosaurids
(Xu and Norell, 2004; Norell and Makovicky, 2004; Pei et al., in preparation).
The lateral/anterolateral surface of the quadrate blade is grooved like in other
paravians (figs. 4.2, 4.3). The quadrate blade of IGM 100/1126 lacks a distinct anterior
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phalange that defines a quadrate foramen with the quadratojugal, which is different from
dromaeosaurids (Norell and Makovicky, 2004). The anterior edge of the quadrate
contacts the pterygoid anteromedially. The anterior edge of both quadrate is damaged,
thus the exact shape is unknown.
The posterior surface of the quadrate shaft is narrow dorsally and expands
ventrally. The posterior surface is flat near the quadrate head. But it becomes weakly
grooved as it projects ventrally, which is possibly homologous to the posterior
pneumaticity of some troodontids, such as Sinovenator (Xu et al., 2002). The medial
surface of the quadrate blade is grooved vertically. This medial groove is posteromedially
bound by a longitude ridge that descends from the quadrate head medially like in
Velociraptor (Barsbold and Osmólska, 1999). The posteromedial ridge of the quadrate
becomes flattened above the medial condyle of the quadrate.
The quadrate foot laterally flares and is anteroposteriorly compressed (figs. 4.2,
4.3). It is bicondylar with a wide medial condyle, a condition in contrast to a wider lateral
condyle in other paravians, such as Tsaagan and IGM 100/1083 (Norell and Hwang,
2004; Norell et al., 2006). In posterior view, the quadrate foot is triangular, with the
medial condyle directing ventrally and the lateral condyle directing lateroventrally.
SQUAMOSAL: The left squamosal of IGM 100/1126 is only partially preserved
(fig. 4.3). The anterior process of the squamosal is slender and sinusoidal along its long
axis. The anterior process of the squamosal forms the lateral margin of the upper
temporal fenestra. The occipital surface of the squamosal is flat, and its medial portion is
overlapped by the parietal posteriorly and only exposed as the lateral portion of the
nuchal crest. As in IGM 100/1323, a notch is present on the dorsal edge of the squamosal
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and visible on the occipital surface. The posteroventral edge of the squamosal flares
posteriorly in IGM 100/1126, and it is more posterior to the paroccipital process, which is
different from other troodontids where the paroccipital process is more posteriorly
positioned.
Viewed laterally, a deep and triangular recess is present laterally on the
squamosal dorsal to the quadrate head (fig. 4.3), which is a typical troodontid
characteristic that is also observed in Gobivenator, Zanabazar and IGM 100/1323 and
Linhevenator (Norell et al., 2009; Xu et al., 2011b; Tsuihiji et al., 2014). This recess is
rounded and relatively small in Zanabazar but is triangular and large in IGM 100/1126,
IGM 100/1323 and Gobivenator. As in IGM 100/1323 this lateral recess of the squamosal
has curved anterior and posterodorsal walls and a short ventral wall. The anterior wall
and the posterodorsal wall meet at the posterior end of the anterior process of the
squamosal. The anterior wall and the ventral wall of the lateral recess meet ventrally and
define a reduced ventral process of the squamosal like in IGM 100/1323. In
dromaeosaurids and avialans (Norell et al., 2006; Pei et al., in preparation), the
squamosal is laterally flat. In basal troodontid Sinovenator (BMNHC PH829), the lateral
surface of the lacrimal is slightly grooved, but it lacks a deep recess that is observed in
derived troodontid. Whether this feature is present in other basal troodontids, as in Mei
and Jinfengopteryx is unknown.
PARIETAL: The parietals are completely preserved in both IGM 100/1126 and
IGM 100/3500 (figs. 4.2, 4.3). They are cofused to each other as is typical of
deinonychosaurians, but unlike the separated parietals of Archaeopteryx (Mayr et al.,
2005). The parietals are anteroposteriorly shorter than the frontals.
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The suture between the frontals and the parietals is slightly ridged along the
midline in both specimens, as in Gobivenator, Troodon and Zanabazar (Currie and Zhao,
1993; Norell et al., 2009; Tsuihiji et al., 2014). The parietals of both IGM 100/1126 and
IGM 100/3500 are transversely wider than their anteroposterior length, similar to Mei,
but different from IGM 100/1323, Gobivenator, Troodon and Zanabazar where the
transverse dimension of the parietal is subequal to their anteroposterior dimension (Currie
and Zhao, 1993; Norell et al., 2009; Tsuihiji et al., 2014).
In IGM 100/1126, a triangular platform is formed along the midline on the
parietal and posterior to the suture with the frontal, which is also observed in Tsaagan,
Zanabazar (Norell et al., 2006; Norell et al., 2009). An arched ridge is developed on each
side of the parietal in dorsal view in IGM 100/1126, formed by the parietal-frontal suture,
the posterolateral edge of the triangular platform, and the sagittal ridge of the parietal.
This arched ridge defines posteriorly a concave surface on each side of the parietal,
which forms the medial wall of the upper temporal fenestra. The lateral concavity of each
side is close to the midline of the parietals in IGM 100/1126, as typical of many
paravians such as Tsaagan, Saurornithosaurus and Zanabazar (Xu et al., 1999; Norell et
al., 2006; Norell et al., 2009). In contrast, a broad platform exists between the two arched
ridges in Gobivenator instead of a sagittal ridge (Tsuihiji et al., 2014).
In IGM 100/3500, the dorsal surface of the parietal is relatively smooth compared
to IGM 100/1126. The sagittal ridge becomes flat at the posterior part of the bone. The
parietal of IGM 100/3500 lacks the triangular platform that is observed in IGM 100/1126
and other troodontids. Like in Gobivenator, the lateral concavity of the parietal is at a
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distance from the midline, and a broad platform is present between the lateral concavities
of each side in IGM 100/3500.
In both IGM 100/1126 and IGM 100/3500, the posterior wing of the parietal
forms the medial portion of the nuchal crest on the occipital surface. The parietal has a
broader posterior exposure compared to the squamosal, as in Zanabazar, Gobivenator,
and Tsaagan (Norell et al., 2006; Norell et al., 2009; Tsuihiji et al., 2014).
THE PALATAL ELEMENTS: Several palatal elements are visible in IGM 100/1126,
but they are scattered and fragmentary. However, an extensive secondary palate is not
observed in IGM 100/1126 as indicated by CT-scan data. Yet this could be preservational.
The right palatine is shattered. The pterygoid process of the palatine defines the
medial margin of a large suborbital fenestra. The pterygoid process is transversely narrow
and slightly wider than the anterior ramus of the pterygoid. Considering the shape of the
fragmented palatine and the pterygoid, an elongate fenestra is probably present between
the pterygoid process of the palatine and the anterior ramus of the pterygoid in IGM
100/1126, as is typical in paravians.
The anterior end and the posterior shaft of the right pterygoid are preserved in
IGM 100/1126. The anterior ramus of the pterygoid is pointed, and parallel to the
pterygoid process of the palatine. The posterior portion of the pterygoid is flat and
transversely narrow, similar to Saurornithoides, but unlike the transversely broad
pterygoid in Gobivenator (Norell et al., 2009; Tsuihiji et al., 2014). The pterygoid (jugal)
flange is laterally spread and curves slightly anteriorly in IGM 100/1126 like in
Gobivenator (Tsuihiji et al., 2014). In contrast, a posterior curvature of the pterygoid
flange is found in IGM 100/1323. The pterygoid flange contacts the ectopterygoid
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anteriorly. The pre-quadrate process is mediolaterally flat and is not located in the same
plane as the rest of the pterygoid body in IGM 100/1126. The pre-quadrate process of the
pterygoid braces the quadrate medially. The sphenoid process of the pterygoid is short,
and is located posteromedial to the pterygoid flange.
Both ectopterygoids are damaged in IGM 100/1126. The ectopterygoid bears a
concave anterior edge like in Gobivenator, which is a primitive paravian condition that is
also observed in Dromaeosaurus, Anchiornis and Archaeopteryx (Tsuihiji et al., 2014;
Pei et al., in preparation). The jugal process of the ectopterygoid is posteriorly curved and
articulates with the medial ridge of the jugal. The posterior edge of the jugal process
becomes a wide arc in IGM 100/1126 like that in Gobivenator, but differs from the
sharply notched jugal process observed in Saurornithoides, Dromaeosaurus and
Archaeopteryx (Currie, 1995; Mayr et al., 2007; Norell et al., 2009; Tsuihiji et al., 2014).

BRAINCASE
The braincase of IGM 100/1126 is complete and most of the sutures are so fused
that sutures between the bones are only partially visible. The anterior wall and the
anterolateral wall of the braincase, including a partial laterosphenoid, a partial prootic and
a partial basisphenoid is missing. The endocranium of IGM 100/1126 has been included
in previous study based on CT-scan data (Balanoff et al., 2012). The braincase of IGM
100/3500 is slightly smaller than IGM 100/1126, and is fully fused (fig. 4.6). The anterior
portion of the braincase of IGM 100/3500 is also missing. The anterior wall of the
braincase is not preserved in several troodontids such as IGM 100/44, Byronosaurus,
IGM 100/1323 and Saurornithoides, but is preserved in Zanabazar and Troodon
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(Barsbold et al., 1987; Currie and Zhao, 1993; Makovicky et al., 2003; Norell et al.,
2009).
OCCIPITAL SURFACE: The occipital surface of IGM 100/1126 is vertically
positioned, which is typical in most paravians, and notably resembles the troodontids
Byronosaurus, Gobivenator, Troodon and Saurornithoides (Currie and Zhao, 1993;
Makovicky et al., 2003; Norell et al., 2009; Tsuihiji et al., 2014). The posterior surface of
the supraoccipital is partially damaged in IGM 100/1126. Dorsally, the supraoccipital
sutures as part of the parietal-squamosal nuchal wing, and the contact with the dorsal
surface of the parietal is limited, as observed in Tsaagan (Norell et al., 2006), but
different from IGM 100/1323, Gobivenator and Zanabazar, where the suture between the
supraoccipital and the dorsal surface of the parietal is relatively long (Norell et al., 2009;
Tsuihiji et al., 2014).
The supraoccipital of IGM 100/3500 is transversely wider than that of IGM
100/1126 (fig. 4.6). The posterior surface of the supraoccipital dorsal to the foramen
magnum is generally flat and platform-like. The posterior surface of the supraoccipital
has a straight suture with the dorsal surface of the parietal in IGM 100/3500, and this
suture is proportionally longer than that of IGM 100/1126. Instead it resembles that of
IGM 100/1323, Gobivenator and Zanabazar (Norell et al., 2009; Tsuihiji et al., 2014).
The dorsal part of the posterior surface of the supraoccipital is slightly concave along the
midline in IGM 100/3500 (fig. 4.6), which is different from IGM 100/1323 where this
region is slightly ridged.
The supraoccipital bears a flat epiotic surface laterally on each side. A crescent
shaped groove develops between the posterior platform and the epiotic surface of the

249

supraoccipital (fig. 4.6). Two foramina are nested in the crescent groove, which are also
observed in IGM 100/1323, Troodon and Mahakala and possibly in Tsaagan (Currie and
Zhao, 1993; Norell et al., 2006; Turner et al., 2011).
The exoccipital and the opisthotic are fused in both IGM 100/1126 and IGM
100/3500 (fig. 4.6). The exoccipital/opisthotic forms the lateral margin of the foramen
magnum. Laterally, the paroccipital process is short, in contrast to the elongate
paroccipital process of Gobivenator and Tsaagan (Norell et al., 2006; Tsuihiji et al.,
2014). A short paroccipital process is typical of troodontids (Makovicky et al, 2003).
The paroccipital process of IGM 100/1126 is lateroventrally directed as is typical of
paravians, but it lacks a ventral hook at the distal terminus like in dromaeosaurids. The
dorsal edge of the paroccipital process of IGM 100/1126 lies ventrally to the parietalsquamosal nuchal wing. The distal end of the paroccipital process is round and extends
no further than the lateral margin of the squamosal, which is shared in Gobivenator and
Zanabazar (Norell et al., 2009; Tsuihiji et al., 2014). In other theropods, such as
Anchiornis, Tsaagan and Alioramus (Norell et al., 2006; Brusatte et al, 2012; Pei et al., in
preparation), the paroccipital process is pointed and extents significantly further laterally
than the lateral margin of the squamosal. In the basal troodontid Sinovenator and Mei (Xu
et al., 2002; Xu and Norell, 2004), the paroccipital process extends only slightly further
than the lateral margin of the squamosal. Like in IGM 100/1323 and Troodon (Currie and
Zhao, 1993), a pneumatic duct is located dorsal to the posterior surface of the otic capsule
in both IGM 100/1126 and IGM 100/3500 (fig. 4.6).
The basioccipital forms the ventral margin of the foramen magnum. The occipital
surface of the basioccipital is anteroventrally inclined in IGM 100/1126 and IGM
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100/3500, which differs from the relatively vertical basioccipital of other troodontids (fig.
4.6) (Currie and Zhao, 1993; Makovicky et al., 2003; Norell e al., 2009). The margin of
the foramen magnum of IGM 100/1126 is damaged. The foramen magnum is sub-circular
in IGM 100/3500, and it has a shorter dorsal margin than ventral margin, which is similar
to Anchiornis, Archaeopteryx and Gobivenator (Alonso et al., 2004; Tsuihiji et al., 2014;
Pei et al., in preparation). In contrast, the foramen magnum is dorsoventrally tall in
Zanabazar and Byronosaurus (Makovicky et al., 2003; Norell et al., 2009). Like in
Anchiornis and Gobivenator, the occipital condyle of IGM 100/1126 and IGM 100/3500
is much smaller than the foramen magnum (fig. 4.6) (Tsuihiji et al., 2014; Pei et al., in
preparation). The occipital condyle bears a constriction ventrally, which is like in
Gobivenator (Tsuihiji et al., 2014). In IGM 100/1126, the occipital condyle is
posteroventrally directed as in Gobivenator (Tsuihiji et al., 2014), while the occipital
condyle is posteriorly directed in IGM 100/3500 (fig. 4.6).
VENTRAL SURFACE: The subcondylar recess, which is the recess ventral to the
occipital condyle, is broad and shallow in both IGM 100/1126 and IGM 100/3500 (fig.
4.6), as in Gobivenator (Tsuihiji et al., 2014). The subcondylar recess appears deep in
Saurornithoides and Tsaagan, because the occipital condyle is more ventrally directed in
these taxa (Norell et al., 2006; Norell et al., 2009).
A shallow fossa is developed lateral to the subcondylar recess, as observed on the
left side of IGM 100/1126 and both sides of IGM 100/3500 (fig. 4.6). Two foramina,
representing the openings of CN XII, are located within this fossa. A third foramen
representing the opening of CN X and CN XI, is positioned lateral to this shallow fossa
and transmits into braincase. On the right side of IGM 100/1126, all three foramina are
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located in a pocket-like fossa lateral to the subcondylar recess. In Byronosaurus, the two
openings of CN XII are located lateral to the occipital condyle, and the opening of CN X
and CN XI is lateroventrally placed (Makovicky et al., 2003). In the dromaeosaurid
Tsaagan, all three openings are located in a fossa lateral to the subcondylar recess (Norell
et al., 2006).
The suture between the basioccipital and the basisphenoid is transversely
developed on the ventral surface of the braincase. The basal tubera are reduced to very
low ridges along the suture and located lateral to the midline (fig. 4.6). This is different
from the more developed basal tubera observed in other troodontids (Currie and Zhao,
1993; Xu et al., 2002; Makovicky et al., 2003; Norell et al., 2009). This low ridge
becomes a rugose and flat surface medially. A basisphenoid foramen is located along the
midline, and between these rugose surfaces. The basisphenoid foramen is rounded in
IGM 100/1126 and anteroposteriorly elongate in IGM 100/3500 (fig. 4.6). This foramen
is probably homologous to the basisphenoid recess of non-troodontid theropods. The
basisphenoid recess is usually a deep and pocket-like recess in other theropods, such as
Tsaagan and Alioramus (Norell et al., 2006; Brusatte et al., 2012). Even though the
basisphenoid recess is small in Anchiornis (Pei et al., in preparation), it is proportionally
larger than the basisphenoid foramen in IGM 100/1126 and IGM 100/3500. In
Sinovenator and Byronosaurs, a fossa-like remnant of the craniopharyngeal canal is
developed between the basal tubera, which is likely homologous to this basisphenoid
foramen (Makovicky et al., 2003; A. Turner, personal commun.).
The basisphenoid of both IGM 100/1126 and IGM 100/3500 bears a longitude
groove along the midline on the ventral surface (fig. 4.6), which is also observed in other
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theropods, such as Alioramus (Brusatte et al., 2012). This ventral groove is defined by a
pair of longitude ridges that project from the rugose surface lateral to the basisphenoid
foramen (fig. 4.6). A similar pattern is also observed in Anchiornis (Pei et al., in
preparation). Both ridges flare laterally as they extend anteriorly, and become the
posterior edge of the basipterygoid process on each side. The ventral groove between
these ridges opens anteriorly, and merges into the ventral surface of the cultriform
process.
The basipterygoid process is hollow in both specimens, which is a feature shared
with derived troodontids such as IGM 100/1323, Byronosaurus and Troodon (Currie and
Zhao, 1993; Makovicky et al., 2003). A shallow concave surface develops laterally on the
ventral surface of the basisphenoid on each side, and it is ventral to the pneumatic lateral
depression of the braincase. This concavity is defined posteriorly by the basal tuber ridge,
medially by the longitude ridge and laterally by the arched edge of basisphenoid. This
concavity is absent in derived troodontids. Considering its position, it is possibly
homologous to the subotic recess of derived troodontids. A prominent subotic recess that
is a characteristic feature of derived troodontids is absent in IGM 100/1126 and IGM
100/3500 (fig. 4.6), which is in common with the basal troodontid Sinovenator (Xu et al.,
2002).

LATERAL SURFACE: The lateral braincase surface of IGM 100/1126 and IGM
100/3500 displays the typical troodontid plan like in Byronosaurus (Makovicky et al.,
2003). The middle-ear recess is oval and located anteroventral to the paroccipital process
in both specimens (fig. 4.6). The interfenestral crest is anteroventrally inclined, and it is
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confluent with the lateral surface of the prootic like in Sinovenator, Byronosaurus, IGM
100/1323, but differs from Troodon, where the interfenestral crest is inset in the middleear recess (Currie and Zhao, 1993; Xu et al., 2002; Makovicky et al., 2003). The foramen
ovalis is subtriangular in IGM 100/1126 and IGM 100/3500, as in Byronosaurus
(Makovicky et al., 2003). The foramen pseudorotunda is larger and more deeply inset in
the mid-ear recess than the foramen ovalis. As in Byronosaurus, a metotic foramen is
present posterior to the foramen pseudorotunda in IGM 100/3500 (fig. 4.6) (Makovicky
et al., 2003). The mid-ear recess is hooded posterodorsally by the exoccipital/opisthotic,
and a caudal tympanic recess is developed caudodorsal to the middle-ear recess like in
Sinovenator, Byronosaurus and Archaeopteryx (Xu et al., 2002; Makovicky et al., 2003;
Alonso et al., 2004), but different from Troodon and dromaeosaurids (Currie and Zhao,
1993; Norell et al., 2004). In IGM 100/1126 and IGM 100/3500, a large concavity
representing the dorsal tympanic recess is developed anterior to the base of the
paroccipital process, and on the prootic anterodorsal to the middle-ear recess (fig. 4.6),
which is similar to other paravians. Unlike Byronosaurus (Makovicky et al., 2003), the
dorsal tympanic recess of IGM 100/1126 and IGM 100/3500 is smooth and lacks a
foramen that opens into the braincase. The opening for CN VII is located anterior to the
middle-ear recess in IGM 100/3500 (fig. 4.6). It is rounded and relatively small. The
posterior margin of a larger opening of CN V is positioned anterior to CN VII. In this
case, the lateral surface of the braincase of IGM 100/1126 and IGM 100/3500 is similar
to that of IGM 100/1323, Saurornithoides, Zanabazar and Byronosaurus (Makovicky et
al., 2003; Norell et al., 2009).
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A well-defined otosphenoidal crest (fig. 4.6) is developed in IGM 100/3500 as in
derived troodontids such as Byronosaurus, IGM 100/1323, Troodon, Saurornithoides and
Zanabazar (Makovicky et al., 2003; Norell et al., 2009). The otosphenoidal crest consists
of an anterior tympanic crista dorsally and an ala parasphenoidalis anteriorly. The
anterior tympanic crista starts ventral to CN VII and curves anteroventrally, forming the
dorsal margin of a distinct pneumatic depression. The depression is posteriorly bounded
by a surface anterior to the middle-ear opening. The pneumatic depression of IGM
100/3500 has a similar configuration to Byronosaurus (fig. 4.6), and it lacks a deep and
pocket-like anterior tympanic recess that is present in IGM 100/1323, Troodon,
Saurornithoides and Zanabazar (Currie and Zhao, 1993; Norell et al., 2009). Instead, the
anterior tympanic recess of IGM 100/3500 is shallow and groove-like, only making up
the dorsal portion of the pneumatic lateral depression. Like in Byronosaurus and Troodon
(Currie and Zhao, 1993; Makovicky et al., 2003), the left and right lateral depressions are
connected by pneumatic canals ventral to the anterior tympanic recess in IGM 100/3500.
A thin lamina is present anterior to the lateral depression of IGM 100/3500 (fig.
4.6), with the hypophyseal fossa present at its base. The hypophyseal fossa of IGM
100/3500 is shallow, like in IGM 100/1323 and Sinovenator (Xu et al., 2002). The
cultriform process of IGM 100/3500 is proportionally smaller and shallower than that of
IGM 100/1323 and Troodon (Currie and Zhao, 1993).
MANDIBLE
DENTARY: Both dentaries are preserved in IGM 100/1126. The right dentary is
almost complete except the anterior end, and the left dentary has its dorsal edge damaged
(figs. 4.2, 4.3). Both dentaries are well-preserved in IGM 100/3500 (fig. 4.7).
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The dentaries of both specimens are of a typical troodontid configuration. The
dentary is slightly higher posteriorly than anteriorly and the dorsal and ventral margins
are sub-parallel along the anterior portion of the bone. The ventral edge of the dentary is
slightly convex as in Mei, Sinovenator, Byronosaurus and Anchiornis (Xu et al., 2002;
Makovicky et al., 2003; Xu and Norell, 2004; Hu et al., 2009). The dentary of IGM
100/1126 is about half the length of the mandible (figs. 4.2, 4.3), which resembles that of
Mei and Sinovenator (Xu et al., 2002; Xu and Norell, 2004).
In ventral view, the dentary appears transversely broad at its anterior portion in
both specimens, because the lateral surface of the dentary twisted medioventrally at the
anterior half of the bone, which is also observed in Zanabazar and Saurornithoides
(Norell et al., 2009). The symphyseal region of the dentary is “V”-shaped which is the
primitive condition in troodontid dinosaurs, compared to the “U”-shaped symphysis
observed in derived forms such as Troodon, Saurornithoides and Zanabazar (Norell et
al., 2009).
The dentary of IGM 100/1126 and IGM 100/3500 is penetrated by a line of
foramina on the lateral side (figs. 4.2, 4.3, 4.4, 4.7). The foramina are smaller anteriorly
and the size increases posteriorly. Unlike most other troodontids, the series of foramina in
IGM 100/1126 is superficial and the dentary lacks the lateral groove on the anterior part
of the bone, but this is possibly a preservational artifact, whereas in IGM 100/3500, the
neurovascular foramina are set in a shallow lateral groove on the anterior part of the
dentary as in other troodontids. In both specimens, the series of foramina falls in a
posteriorly open groove at the posterior one third of the lateral surface of the dentary, as
observed in all reported troodontids with the relevant part preserved (Makovicky et al.,
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2003; Makovicky and Norell, 2004; Tsuihiji et al., 2014). A posteriorly open lateral
groove is also found in the dentary of Anchiornis, Buitreraptor and the Eichstätt
specimen of Archaeopteryx (Wellnhofer, 1974; Makovicky et al., 2005; Hu et al., 2009).
In IGM 100/1126 and IGM 100/3500, the posterior end of the dentary is square in
lateral view (figs. 4.2, 4.3, 4.7), similar to Anchiornis, which is different from the
posteroventrally pointed dentary observed in Gobivenator (Tsuihiji et al., 2014; Pei et al.,
in preparation), and the posteriorly bifurcate dentary in Microraptor (Hwang et al., 2002;
Pei et al., 2014). Like in other troodontids, the posterior end of the dentary of IGM
100/1126 is excluded from the large external mandibular fenestra by the angular. In
medial view, the dentary of IGM 100/3500 is marked by a distinct Meckelian groove that
almost reaches the anterior end of the dentary (fig. 4.7), like in Urbacodon (Averianov
and Sues, 2007).
Both specimens have identical dentary teeth. The dentary teeth are also peg-like
and perpendicular to the tooth row, with the identical morphology as the maxillary teeth
(figs. 4.4, 4.7). The tooth crown slightly curves posteriorly, and a long constriction is
present between the tooth crown and the root. The tooth crown is about five times of its
width. The dentary teeth are evenly and closely packed along the tooth row, like the
pattern of maxillary teeth. Twenty-five dentary teeth are preserved on the right dentary in
IGM 100/1126, but at least fourty dentary teeth should have been present. In IGM
100/3500, at least fourty-five tooth positions are observed in the right dentary. All
dentary teeth have similar size in both specimens, and the tooth row lacks replacement
waves.
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As inferred from the left dentary of IGM 100/1126, the dentary teeth are located
in an open groove like in most troodontids, and the dentary lacks separated alveoli along
the anterior part of the bone, which is different from other paravians and notably the
troodontid Urbacodon (Averianov and Sues, 2007). In IGM 100/3500, separate alveoli
are observed in the posterior part of the tooth row, as in Saurornithoides and Gobivenator
(Currie, 1987; Tsuihiji et al., 2014). The lingual wall of the tooth row is significantly
lower than the labial wall in IGM 100/3500. No interdental plates are present in either
specimen, which is in congruent with other troodontids and notably the Ukhaa perinate
IGM 100/974 (Bever and Norell, 2009), but different from Anchiornis and Archaeopteryx,
where interdental plates are observed (Mayr et al., 2005; Pei et al., in preparation).
SPLENIAL: The left splenial of IGM 100/1126 is preserved associated with the
dentary (fig. 4.3). The splenial is a triangular and sheet-like bone on the medial side of
the mandible, as typical of coelurosaurians, such as Alioramus, Archaeopteryx and
Tsaagan (Elzanowski and Wellnhofer, 1996; Norell et al., 2006; Brusatte et al., 2012).
The splenial has a triangular lateral exposure posteroventral to the dentary (fig. 4.3),
which is a shared character of deinonychosaurians (Makovicky and Norell, 2004; Norell
and Makovicky, 2004). The anterior end of the splenial is pointed, and covers the
posterior part of the Meckelian groove medially.
The right splenial of IGM 100/1126 is broken off from the dentary and exposed
laterally (figs. 4.2, 4.3). A thickened lateral shelf is developed along the ventral edge of
the splenial like in Alioramus (Brusatte et al., 2012), and this shelf is likely attached to
the ventral part of the medial surface of the dentary while articulated. The posterior end
of this lateral shelf is slightly convex. This posterolateral convexity is exposed laterally
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between the dentary and the angular while in articulation, and appears as the triangular
lateral exposure of the splenial.
ANGULAR: The angular of IGM 100/1126 is elongate and blade like in lateral
view (figs. 4.2, 4.3). The angular forms the ventral and the anterior margins of a feathershaped external mandibular fenestra. The angular excludes the dentary from contributing
to the external mandibular fenestra, like in other troodontids (Tsuihiji et al., 2014). The
anterior tip of the angular is raised, riding on the splenial and contacts the dentary (figs.
4.2, 4.3). The anterior surface of the angular is notched, to receive the posterior edge of
the splenial. The anterior tip of the angular meets the anterior end of the surangular
dorsally, defining a pointed anterior end of the external mandibular fenestra. The angular
is dorsoventrally expanded posterior to the external mandibular fenestra, and overlaps the
surangular laterally. The suture between the angular and the surangular is irregular.
Medially, the angular articulates with the prearticular.
SURANGULAR: The surangular is elongated in IGM 100/1126. It tapers anteriorly
in lateral view, and its anterior tip contacts both the angular and the dentary (figs. 4.2,
4.3). The anterior ramus is about half the length of the entire surangular, which is also
common in deinonychosaurians. The anterior ramus of the surangular of IGM 100/1126
is generally straight in lateral view, which is different from Sinovenator and Gobivenator,
where the anterior ramus is dorsally convex (Xu et al., 2002; Tsuihiji et al., 2014). Unlike
Gobivenator, the dorsal surface of the anterior ramus faces dorsolaterally in IGM
100/1126 (Tsuihiji et al., 2014). A foramen is located on the dorsal surface of the anterior
process. The lateral exposure of the anterior ramus is dorsoventrally shallow compared to
that of Gobivenator (Tsuihiji et al., 2014). The anterior ramus of the surangular forms the
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dorsal margin of the external mandibular fenestra. The ventral edge of the anterior ramus
curves ventrally and defines a rounded posterior margin of the external mandibular
fenestra.
The posterior half of the surangular is sheet like and dorsoventrally deep. A small
surangular foramen is present anteroventral to the glenoid fossa (figs. 4.2, 4.3). A pair of
triangular tabs are developed along the dorsolateral ridge of the surangular, as present in
IGM 100/1323 and Gobivenator. A notch is visible laterally between the two tabs and
marks the position of the glenoid fossa.
In IGM 100/1126, a shelf is formed on the dorsal surface of the surangular
without a prominent lateral rim, thus the cross-section of the surangular is probably
reversed “L”-shaped. This is different from the “T”-shaped cross section of Sinovenator
(BMNHC PH829) and Gobivenator (Tsuihiji et al., 2014). The dorsal shelf of the
surangular is grooved, and transversely expanded near the glenoid fossa. A smaller fossa
is formed primarily on the surangular, to receive the lateral condyle of the quadrate, and
medial to that, a larger fossa is formed primarily by the articular and the prearticular to
receive the medial condyle of the quadrate. Posteriorly, the surangular sutures with the
articular and contributes to the retroarticular process.
The posterior end of the mandible is medially curved in dorsal view, as also
observed in the dromaeosaurid Tsaagan (Norell et al., 2006). The prearticular forms the
medial and ventral wall of the posterior end of the mandible. The retroarticular process is
formed by the articular, the prearticular and the surangular. The retroarticular process has
a medial extension at the posterior end of the mandible. The medial extension of the
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retroarticular process is mostly horizontal in IGM 100/1126, and lacks a vertical medial
column or spike that characterizes dromaeosaurids (Norell and Makovicky, 2004).
HYOID: A pair of rod-like elements represents the hyoid in IGM 100/1126 (fig.
4.2). They are bowed and expanded anteriorly. The posterior end of the hyoid appears to
have a contact with the basipterygoid process of the braincase.

POSTCRANIUM
SACRAL VERTEBRAE: Five vertebrae are preserved in the sacral region of IGM
100/1126, and they are fused with each other (fig. 4.8). The first sacral centrum is
exposed. It is nearly complete and fused with the following centrum. Like in most
paravians, the centrum of the first sacral vertebrate is oval in anterior view, and is
laterally concave in dorsal view. The second centrum is partially exposed, about the same
size as the first centrum. The centra of the third to the fifth sacral vertebrae are concealed
by their neural arches.
The third to fifth neural arches of IGM 100/1126 are fused together (fig. 4.8). The
neural spines of the sacral vertebrae appear low, possibly as a result of erosion. The fused
neural spine is relatively tall in the basal troodontid Mei (Xu and Norell, 2004). The
fourth and fifth sacral neural spines of IGM 100/1126 appear to form a continuous ridge,
but the third sacral neural spine remains separated. The sacral neural arches of IGM
100/1126 form a continuous shelf by the fusion of prezygapophyses and
postzygapophyses (fig. 4.8), like in Mei, Gobivenator, Zanabazar and Velociraptor
(Norell and Makovicky, 1997; Xu and Norell, 2004; Norell et al., 2009; Gao et al., 2012;
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Tsuihiji et al., 2014). The last pair of postzygapophyses is posteriorly directed,
articulating with the prezygapophyses of the first caudal vertebrae medially.
The fourth and fifth sacral ribs are preserved on the left side in IGM 100/1126 (fig.
4.8). The fourth sacral rib is broad, and extends posterolaterally from the lateral side of
the neural arch. The dorsal surface of the fourth sacral rib is level with the dorsal surface
of the prezygapophyses. The fifth sacral rib also directs posterolaterally. It is not as
anteroposteriorly broad as the fourth sacral rib. It contacts the brevis shelf medial to the
posterior process of the ilium, like that in Mei (Xu and Norell, 2004; Gao et al., 2012).

CAUDAL VERTEBRAE: Thirteen anteriormost caudal vertebrae are preserved in
IGM 100/1126 (fig. 4.8). The transition point from short anterior caudal vertebrae to
longer middle caudal vertebrae occurs at the 8th to the 10th caudal vertebrae, in
agreement with other troodontids (Makovicky and Norell, 2004).
The centra of caudal vertebrae of IGM 100/1126 are anteroposteriorly long. The
first caudal centrum is partially buried in the matrix. The second to the fifth caudal centra
are about the same length, and they are relatively shorter than then first sacral vertebrae
(2/3 of the first sacral centrum), which is typical of troodontids and avialans. The sixth
and seventh caudal centra are slightly longer than anterior caudal vertebrae, about 1.2
times the length of the centrum of the second caudal vertebra. The eighth caudal centrum
is as long as the first sacral vertebra and 1.5 times the length of the second caudal
centrum. The length of the ninth and the tenth caudal centra continuously increases, to a
point where the tenth centrum is about twice the length of the second caudal vertebra.
The eleventh and twelfth caudal vertebrae are as long as the tenth caudal vertebra. Only
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the anterior end of the thirteenth caudal centrum is preserved. All preserved caudal centra
of IGM 100/1126 bear a shallow groove laterally. The ventral surfaces of the centra are
keeled as in most troodontids (Xu et al., 2002; Norell et al., 2009). In contrast, the caudal
vertebrae of Zanabazar are ventrally flat (Norell et al., 2009).
The neural arches are well exposed on the caudal column of IGM 100/1126 (fig.
4.8). The neural arches are anteroposteriorly longer than the corresponding centra. The
length of the prezygapophyses reduces distally on each caudal vertebra, while the length
of the postzygapophyses increases distally, like in Mei and Velociraptor (Norell and
Makovicky, 1997; Gao et al., 2012). The prezygapophyses are slender and direct
anteriorly on the first three caudal vertebrae, and they become more laterally spread on
the following vertebrae. On the second and third caudal vertebrae, the prezygapophyses
are about 60% the length of the centrum. The postzygapophyses direct posterolaterally on
the anterior caudal vertebrae, and the articular facet faces lateroventrally. On the middle
caudal vertebrae, the postzygapophyses direct posteriorly, not as widely spread as the
prezygapophyses of the same vertebra.
Like in other coelurosaurians, the neural spine of caudal vertebra is located
posteriorly on the neural arch in IGM 100/1126 (fig. 4.8). The neural spines of the
anterior six caudal vertebrae are tall and posteriorly inclined. The neural spines then
reduce to a mid ridge on the seventh and eighth caudal vertebrae. The neural spines
disappear on the following caudal vertebrae, and become a groove between two ridges
along the dorsal surface of the neural arch, which is typical of troodontid dinosaurs
(Makovicky and Norell, 2004). In dromaeosaurids and avialans, the neural spines of
posterior caudal vertebrae remain as a low ridge (Wellnhofer, 2009; Turner et al., 2011;
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Pei et al., in preparation). Like in other troodontids such as Saurornithoides (Osborn,
1924), a triangular recess is developed ventral to the anterior edge of the neural spine and
between the bases of prezygapophyses in IGM 100/1126. This recess is absent in the
basal dromaeosaurid Mahakala (Turner et al., 2011).
The transverse processes are elongate and direct posterolaterally on the anterior
caudal vertebrae of IGM 100/1126 (fig. 4.8). The transverse process is not completely
preserved on the first caudal vertebra. The transverse process of the second caudal
vertebrae is rod-like and about 1.5 times as long as the centrum. The length of the
transverse process declines distally, and it has an equal length to the centrum on the third
caudal vertebra. In Velociraptor the transverse processes are equal in length from the
third to fifth caudal vertebrae (Norell and Makovicky, 1997). The first three pairs of
transverse process are straight in IGM 100/1126, and the fourth and fifth pair posteriorly
curve. The transverse processes on the sixth and seventh caudal vertebrae are reduced to
fan shaped flanges. The transverse processes are not observed on further distal caudal
vertebrae.
The chevrons associated with the anterior most caudal vertebrae are
dorsoventrally elongate and slender in IGM 100/1126, but are relatively shorter than IGM
100/1323, Gobivenator and Saurornithoides (Norell et al., 2009; Tsuihiji et al., 2014).
Chevrons associated with middle caudal vertebrae are anteroposteriorly elongate, with a
bifurcate anterior end like in other troodontids (Currie and Zhao, 2001; Norell et al.,
2009).
One proximal caudal vertebra and several fragmentary distal caudal vertebrae are
preserved in IGM 100/3500. The proximal caudal vertebra has an amphicoelous and box-
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like centrum. Both the anterior and posterior surfaces of the centrum incline anteriorly.
Like in other paravians and IGM 100/1126, the proximal caudal centrum of IGM
100/3500 is short. The neural spine is high and located posteriorly on the neural arch. As
typical of troodontids, the transverse process is slender, and it directs posterolaterally. A
small triangular fossa is developed ventral to the neural spine and between the
prezygapophysis as observed in IGM 100/1126 and other troodontids (e.g., Osborn,
1924).
The distal caudal vertebrae of IGM 100/3500 have a typical troodontid
configuration. The centra of the distal caudal vertebrae are elongate. The neural spine is
reduced and becomes a sulcus along the dorsal surface of the neural arch, unlike
dromaeosaurids and avialans. The prezygapophyses are more laterally spread compared
than the postzygapophyses, and a small recess is developed between the prezygapophyses
like in the proximal caudal vertebra. Unlike Saurornithoides (Norell et al., 2009), but
similar to some dromaeosaurids (Norell and Makovicky, 1997), the centrum of distal
caudal vertebra bear distinct ventral sulci in IGM 100/3500. The chevrons associated
with the distal caudal vertebrae are reversed “T”-shaped. The distal chevrons of IGM
100/3500 are generally dorsoventrally flattened and have bifurcate anterior and posterior
ends.

FORELIMB
Only the distal portion of the right ulna and the right radius are preserved in IGM
100/1126 (figs. 4.9, 4.10, 4.11).
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ULNA: The distal portion of the ulna is almost straight and slightly bowed
medially (fig. 4.9), similar to Sinovenator (BMNHC PH829), Sinornithoides and Talos
(Currie and Dong, 2001; Zanno et al., 2011), but not as bowed as in Mei and
dromaeosaurids such as Microraptor (Xu et al., 2000; Hwang et al., 2002; Gao et al.,
2012). The shaft of the ulna is round in cross section, and it is more robust than the
radius, which agrees with other troodontids such as Xixiasaurus, Sinornithoides and Mei
(Currie and Dong, 2001; Lü et al., 2010; Gao et al., 2012). The distal end of the ulna is
anteroposteriorly expanded and triangular as in Sinornithoides and Mei (Currie and Dong,
2001; Gao et al., 2012). The distal end of the ulna contacts the radius medially but does
not reach the distal end of the radius.
RADIUS: The distal portion of the radius appears straight (fig. 4.9). The distal end
of the radius is strap-like and hooks laterally toward the ulna like in Troodon and
Sinornithoides (Russell, 1969; Currie and Dong, 2001). The distal end of the radius is
more distally extended than the ulna, and it contacts the radiale. The distal end of the
radius is laterally expanded in IGM 100/1126, but it is medially expanded in
Sinornithoides (Currie and Dong, 2001).
RADIALE: The radiale of IGM 100/1126 is flat in dorsal view (fig. 4.9), like in
paravians, such as Mei, Sinornithoides, Anchiornis, Deinonychus and Velociraptor
(Norell and Makovicky, 1999; Currie and Dong, 2001; Hu et al., 2009; Gao et al., 2012;
Pei et al., in preparation). The radiale has a contact with the radius posteriorly, with the
semilunate anteriorly and possibly a limited contact with the ulna laterally.
SEMILUNATE: The semilunate, composed of one or more distal carpals (Padian
and Chiappe, 1997), is crescent in dorsal view (fig. 4.9). The semilunate is closely
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associated with the metacarpals. As in most maniraptorans (Ostrom, 1969; Currie and
Dong, 2001; Hu et al., 2009), the semilunate of IGM 100/1126 convers the proximal end
of metacarpals I and II. Like in the Eichstätt Archaeopteryx, the semilunate of IGM
100/1126 and is centered on metacarpal II (Wellnhofer, 1974), thus the wrist of IGM
100/1126 likely resembles Archaeopteryx in both morphology and motion wise (Ostrom
et al., 1999).
METACARPALS: Metacarpal I is completely preserved in the left manus of IGM
100/1126 (fig. 4.9). Metacarpal I is short, less than half the length of metacarpal II or III.
The shaft of metacarpal I is twisted. The proximal portion of metacarpal I closely
appresses to the medial side of metacarpal II, and a cleft separates the distal shaft of
metacarpal I from metacarpal II, which is similar to Sinornithoides (Currie and Dong,
2001) and Sinovenator (BMNHC PH829). Metacarpal I is proportionally slender in IGM
100/1126 compared to that of Sinornithoides, and unlike Sinornithoides, it lacks a
proximal medial flange that partially braces metacarpal II (Currie and Dong, 2001). The
proximal end of metacarpal I is more proximally positioned than metacarpal II. Only the
proximomedial surface of metacarpal I contacts the semilunate in IGM 100/1126 (fig.
4.9), which is different from Sinornithoides and Deinonychus, where the proximal end of
metacarpal I is entirely covered by semilunate (Ostrom, 1969; Currie and Dong, 2001).
Distally, metacarpal I has a larger lateral condyle. The lateral condyle of metacarpal I is
twisted dorsally. Like in Mei, the distal end of metacarpal I is ginglymoid in IGM
100/1126 (Gao et al., 2012).
The distal ends of metacarpals II and III are broken off from the rest part of the
bone (figs. 4.9, 4.10). The shaft of metacarpal II is straight, but it is thinner than
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metacarpal I. The proximal end of metacarpal II has a flat contact with the semilunate. A
bony tab is present dorsomedially on the shaft and near the proximal end. The distal end
of metacarpal II is ginglymoid like in Mei and Sinornithoides (Currie and Dong, 2001;
Gao et al., 2012).
Metacarpal III is slightly mediolaterally compressed in IGM 100/1126 (figs. 4.9,
4.10). Metacarpal III is shorter than metacarpal II, as typical of paravians. The shaft of
metacarpal III is thinner than metacarpal II in dorsal view, like in most paravians, such as
Sinornithoides and Anchiornis (Currie and Dong, 2001; Pei et al., in preparation). In
lateral view, the shaft of metacarpal III is about the same thickness as metacarpal II,
which is similar to the condition in Mei (Gao et al., 2012). In IGM 100/1126, the
proximal end of metacarpal III attaches to metacarpal II medioventrally, and metacarpal
III does not contact with metacarpal II extensively except at its proximal end. As in Mei,
The distal end of metacarpal III is not ginglymoid.
MANUAL PHALANGES: Manual phalanx I-1 of IGM 100/1126 is slender, and is
slightly bowed as observed in a wide range of paravians (fig. 4.10), such as
Sinornithoides and Anchiornis (Currie and Dong, 2001; Pei et al., in preparation). It is
almost as long as metacarpal II, but the exact length cannot be determined, because the
shaft is broken apart. Phalanx I-1 is the transversely thickest of all manual phalanges. The
distal end of phalanx I-1 is symmetric and ginglymoid. All non-ungual manual phalanges
of IGM 100/1126 are proximally keeled like phalanx I-1. Phalanx I-2 of IGM 100/1126 is
laterally grooved and lacks a distinct proximodorsal lip (fig. 4.10), which is in common
with Sinornithoides, but different from Microraptor, Archaeopteryx and Anchiornis,
where a distinct proximodorsal lip is observed on manual ungual phalanx I-2 (Currie and
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Dong, 2001; Hwang et al., 2002; Pei et al., 2014; Pei et al., in preparation). The flexor
tubercle of phalanx I-2 is anteroventral to the articular surface like the other manual
unguals of IGM 100/1126.
Manual phalanx II-1 of IGM 100/1126 is about 60% the length of phalanx II-2. It
has a dorsoventrally deep proximal end and a rounded distal shaft. Phalanx II-2 is about
as long as metacarpal II, and is mediolaterally compressed. Both phalanges II-1 and II-2
are straight. Phalanx II-3 is as large as Phalanx I-2. Phalanx II-3 bears a proximodorsal
lip dorsal to the articular surface (figs. 4.10, 4.11).
Manual phalanges III-1 and III-2 of IGM 100/1126 are short as in most paravians.
Phalanx III-3 is slightly ventrally curved like in many maniraptorans, and is
mediolaterally compressed like phalanx II-2 (figs. 4.10, 4.11). Phalanx III-4 is slightly
smaller than phalanx II-3. A distinct proximodorsal lip is developed on phalanx III-4 like
in other paravians (figs. 4.10, 4.11), such as Archaeopteryx, Anchiornis and
Sinornithoides (Currie and Dong, 2001; Pei et al., in preparation).

PELVIC GIRDLE
ILIUM: The ilia of IGM 100/1126 are damaged anteriorly and dorsally (figs. 4.8,
4.12). Only the region around the acetabulum and the posterior process are preserved.
The paired iliums approach each other anteriorly in dorsal view as in other theropods.
The pubic peduncle of the ilium is wedge-like and anteroposteriorly long (fig.
4.12), like that in IGM 100/1323 and dromaeosaurids, such as Mahakala and
Velociraptor (Norell and Makovicky, 1997; Turner et al., 2011). Like in dromaeosaurids
and basal avialans, the pubic peduncle is anteroposteriorly longer than the ischiadic
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peduncle in IGM 100/1126. The pubic peduncle is as ventrally projected as the ischiadic
peduncle, which is different from the typical troodontid profile of the ilium where the
pubic peduncle is more ventrally spread (Russell and Dong, 1993; Xu et al., 2002;
Tsuihiji et al., 2014). The lateral surface of the pubic peduncle of IGM 100/1126 is
slightly concave as described in Mahakala (Turner et al., 2011). The posterior edge of the
pubic peduncle is laterally rimmed. This rim is continuous above the acetabulum, and
forms a supraacetabular rim that hoods acetabulum like in many coelurosaurians. The
anterior surface of the ischiadic peduncle of IGM 100/1126 is stout and laterally flared as
typical of paravians.
The posterior process of the ilium of IGM 100/1126 is horizontally positioned as
in Gobivenator, Sinovenator, Mei, Jinfengopteryx, Anchiornis and Archaeopteryx (Xu et
al., 2002; Xu and Norell, 2004; Ji et al., 2005; Gao et al., 2012; Tsuihiji et al., 2014; Pei
et al., in preparation), but different from most dromaeosaurid dinosaurs, where the
posterior process is ventrally curved (Norell and Makovicky, 2004). The posterior end of
the posterior process of IGM 100/1126 is pointed (fig. 4.12), like in basal troodontids
Sinovenator, Mei and Jinfengopteryx (Xu et al., 2002; Ji and Ji, 2007; Gao et al., 2012).
This is unlike the rounded end of IGM 100/1323 and Gobivenator (Tsuihiji et al., 2014).
The ventral edge of the posterior process is straight as observed on the right ilium, while
the posterior process of the left ilium appears posteroventrally directed due to a breakage
near the posterior end. The posterior end of the ventral edge of the posterior process is
slightly dorsally turned, which is in common with Mei, Sinovenator, and Buitreraptor
(Xu et al., 2002; Makovicky et al., 2005; Gao et al., 2012). The dorsal edge of the
posterior process is convex in IGM 100/1126, and it becomes blunted posteriorly (fig.
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4.12). The brevis shelf is observed on the medial side of the posterior process. The brevis
shelf in IGM 100/1126 starts posteriorly to the ischia peduncle and terminates medial to
the posterior end of the ilium.
PUBIS: The right pubis of IGM 100/1126 is represented by the proximal end and
the pubic apron, while the left pubis only has the distal portion preserved.
The proximal end of the pubic shaft is flat, and the pubis is likely anteroventrally
or ventrally directed (fig. 4.8). The anteroventral orientation is a derived state observed in
derived troodontids such as Gobivenator, Troodon, Saurornithoides, Talos (Norell et al.,
2009; Zanno et al., 2011; Tsuihiji et al., 2014), in contrast to a posteroventral condition
observed in basal paravian forms such as Sinovenator, Unenlagia, Sinornithosaurus,
Rahonavis and Archaeopteryx (Novas and Puerta, 1998; Xu et al., 1999; Wellnhofer,
1974, 1993; Forster, 1998). In lateral view, the pubis of IGM 100/1126 is slightly
posteriorly curved like in Anchiornis, Microraptor, Sinovenator, Mei and Sinusonasus
(Xu et al., 2002; Xu and Wang, 2004; Xu and Norell, 2004; Hu et al., 2009; Pei et al.,
2009), but unlike the straight pubis of more derived troodontids such as Talos, IGM
100/1323 and Gobivenator (Zanno et al., 2011; Tsuihiji et al., 2014).
Proximally, the pubic shaft of IGM 100/1126 is transversely compressed (fig.
4.8), as in Sinovenator and Anchiornis (Xu et al., 2002; Pei et al., in preparation), but
different from the rounded cross-section of the pubis found in IGM 100/1323,
Gobivenator and Talos (Zanno et al., 2011; Tsuihiji et al., 2014). Distally the pubic shaft
of IGM 100/1126 is anteroposteriorly compressed like in most troodontids, but different
from Talos, where the pubis has a sub-triangular cross-section (Zanno et al., 2011). The
pubic shaft of IGM 100/1126 curves medially at the distal one third of the shaft in
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anterior view. In contrast, the pubic shaft is medially curved at the distal one half in
Sinovenator in anterior view, and the pubic shaft is straight in IGM 100/1323 and Talos
(Xu et al., 2002; Zanno et al., 2011).
The pubes of IGM 100/1126 meet each other at the distal end, and they form a
short pubic apron. The pubic apron of IGM 100/1126 is restricted to the distal one fourth
of the pubic shaft, similar to that of Troodon, Gobivenator, Talos and IGM 100/1323
(Zanno et al., 2011; Tsuihiji et al., 2014), but unlike the basal troodontid Sinovenator,
where the pubes contact extensively (Xu et al., 2002). A slit is present in the pubic apron
of IGM 100/1126 like in other deinonychosaurians. As in Sinovenator and Anchiornis,
the pubic boot of IGM 100/1126 does not have an anterior expansion that is present in
IGM 100/1323 and Gobivenator, but may have a posterior expansion as typical of
paravians.
ISCHIUM: Both ischia are preserved and nearly complete in IGM 100/1126 (fig.
4.8). The proximal end of the ischium is not visible. The ischium has a similar
configuration to that of IGM 100/1323, Saurornithoides, Troodon, Talos and
Gobivenator (Norell et al., 2009; Zanno et al., 2011; Tsuihiji et al., 2014). The ischium of
IGM 100/1126 is about half the length of the pubis, proportionally longer than in
Anchiornis, Jinfengopteryx, Mei and Sinovenator (Xu et al., 2002; Xu and Norell, 2004;
Ji et al., 2005; Pei et al., in preparation), but similar to that of derived troodontids (Norell
et al., 2009; Zanno et al., 2011; Tsuihiji et al., 2014). The ischiadic shaft is convex
laterally, and bears a caudodorsal ridge on the lateral surface as in Troodon,
Saurornithoides and Talos, but unlike Sinovenator where the ischium has a flat lateral
surface (Xu et al., 2002; Norell et al., 2009; Zanno et al., 2011). The ischiadic shaft of
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IGM 100/1126 is narrow, and the obturator process is triangular and positioned at the
middle of the ischiadic shaft as in Talos and Saurornithoides (fig. 4.8). The ischia of IGM
100/1126 articulate with each other distal to the obturator process, and remain unfused
like in most troodontids except for Saurornithoides and Gobivenator (Osborn, 1924;
Norell et al., 2009; Tsuihiji et al., 2014). The ischium becomes expanded and extends
posteroventrally below the obturator process, and has a rounded posterior end as in IGM
100/1323. A weak distal dorsal process is developed on the posterior edge of the ischium
(fig. 4.8). Like in Talos and IGM 100/1323, IGM 100/1126 lacks a well-defined
proximodorsal tuberosity on the ischium (Zanno et al., 2011).

HINDLIMB
FEMUR: Both femora are preserved in IGM 100/1126, and the right femur is
preserved in IGM 100/3500 except the proximal end.
The right femur of IGM 100/1126 is nearly complete, but is broken into two parts,
while the left femur only has the femoral head and the distal shaft preserved (fig. 4.13).
The femora of both specimens are bowed anteriorly, and in IGM 100/1126 is about 1.3
times as long as the skull. This ratio is comparable to Sinovenator and Mei (Xu et al.,
2002; Xu and Norell, 2004), but significantly greater than IGM 100/1323 and
Gobivenator (Tsuihiji et al., 2014).
Proximally, the femoral shaft has an oval cross-section, with an anteroposterior
long axis. The femoral head of the right femur is missing and the left femoral head is not
exposed in IGM 100/1126. The lessor trochanter of IGM 100/1126 is tongue shaped, and
its anterior edge is ridged along the anterior margin of the femur (fig. 4.13). The lessor
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trochanter is separated from the greater trochanter by a shallow groove in IGM 100/1126,
as in IGM 100/1323, Sinusonasus, Gobivenator and Saurornithoides (Xu and Wang,
2004; Norell et al., 2009; Tsuihiji et al., 2014). The proximal end of the lessor trochanter
is higher than that of the greater trochanter in IGM 100/1126, as observed in
Saurornithoides. As is typical of paravians, a trochanteric shelf is developed ventral to
the greater trochanter on the lateral surface of the femur. The ridge-like posterior
trochanter is developed in IGM 100/1126 similar to most derived troodontids such as
IGM 100/1323, Talos, Linhevenator, Philovenator and Saurornithoides (Xu et al., 2011;
Norell et al., 2009; Zanno et al., 2011; Xu et al., 2012).
The femoral shaft is rounded at the distal extremities in both IGM 100/1126 and
IGM 100/3500. The distal lateral condyle of the femur is more distally extended than the
medial condyle in both specimens (fig. 4.13). The distal lateral condyle is transversely
wider than the medial condyle, like in other troodontid dinosaurs, but in contrast to
Sinovenator, where a wider medial condyle is observed (Xu et al., 2002). The posterior
ridge of the lateral condyle of the femur is more developed than that of the medial
condyle, and a supracondylar crest is developed on the posterior edge of the lateral
condyle like in other deinonychosaurians (fig. 4.13). A distinct notch is present in IGM
100/1126 to separate the supracondylar crest and the lateral condyle like in Byronosaurus
(see Makovicky et al., 2003). However, the supracondylar crest and the lateral condyle
are nearly confluent in IGM 100/3500. The popliteal fossa opens posteriorly at the distal
end of the femur between the posterior ridges of the medial and lateral condyles in both
specimens. On the anterior aspect, a shallow extensor groove is present on the distal end
of the femur in IGM 100/1126 (fig. 13), as in Philovenator and Sinovenator (Xu et al.,
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2002; Xu et al., 2012), while this region appears relatively flat in IGM 100/3500. As
observed in the unnamed troodontid IGM 100/1323, Linhevenator and Philovenator
(Currie and Peng, 1994; Xu et al., 2011; Xu et al., 2012), an ectepicondyle is developed
on the medial condyle anteromedially in IGM 100/1126, while the ectepicondyle is more
medially flared in IGM 100/3500.
TIBIOTARSUS: Both right and left tibiotarsi are preserved in IGM 100/1126. The
right tibiotarsus is complete, but is broken at the mid shaft. The distal portion of the left
tibiotarsus is eroded (fig. 4.14). The tibiotarsus of IGM 100/1126 is about 150% of the
length of the femur. The right tibiotarsus of IGM 100/3500 is preserved, but both
proximal and distal ends are eroded. The anterior surface of the tibiotarsus is crushed due
to compression in IGM 100/3500, thus the shaft appears grooved anteriorly.
The proximal end of the tibiotarsus of IGM 100/1126 is anteroposteriorly
expanded as in most derived troodontids (fig. 4.14), except for Sinovenator where the
tibiotarsus is more transversely expanded (Xu et al., 2002). The cnemial crest is
prominent in IGM 100/1126, and it is rounded anteriorly in dorsal view (fig. 4.14),
different from the blade-like cnemial crest of IGM 100/1323. The cnemial crest of IGM
100/1126 bears a thick lateral edge proximally which is also observed in Byronosaurus
(Makovicky et al., 2003). A smaller lateral cnemial crest is developed anteriorly on the
lateral condyle of the tibiotarsus of IGM 100/1126, and it is separated from the cnemial
crest by a widely open groove (fig. 4.14). In contrast, a well-defined lateral cnemial crest
is absent in Byronosaurus and IGM 100/1323 (Makovicky et al., 2003). The lateral
condyle contacts the proximal end of the fibula. In proximal view, the lateral condyle of
the proximal tibia is anteroposteriorly elongate, and its proximal surface is convex. The
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posterior condyle is about the same size as the lateral condyle and is separated from the
lateral condyle by a small notch when viewed proximally. On the proximal surface of the
right tibiotarsus of IGM 100/1126, a large notch is present between the cnemial crest and
the posterior condyle, while the proximal surface is smooth on the left tibiotarsus. The
posterior condyle has a posteroventrally sloping proximal surface in lateral view, and it
overhangs posteriorly on the proximal end of the tibiotarsus like in Byronosaurus and
IGM 100/1323 (Makovicky et al., 2003). The medial condyle of the proximal tibiotarsus
is developed as a low bulb as in Sinovenator and Byronosaurus (Xu et al., 2002;
Makovicky et al., 2003). A prominent fibular crest rises laterally distal to the proximal
end bracing the fibula anteromedially (fig. 4.14).
The cross-section of the tibiotarsus shaft is triangular proximally and rounded
distally in IGM 100/1126 (fig. 4.14). The distal end of the tibiotarsus is transversely
expanded and triangular in anterior view. The astragalus and the calcaneum appear fused
with the tibia (fig. 4.8), which is different from most deinonychosaurians and basal
avialans, where the proximal tarsals remain separated from the tibia (Burnham et al.,
2000; Wellnhofer, 2009; Zanno et al., 2011; Xu et al., 2012). The posterior surface and
the distal surface of the distal tibiotarsus are grooved (fig. 4.8). The distal condyles of the
tibiotarsus are anteriorly projected in IGM 100/1126 as in most troodontids except for
IGM 100/1323, where the distal condyles project anteroventrally. The lateral condyle of
the distal tibiotarsus is slightly larger than the medial condyle in IGM 100/1126, like in
Talos and Philovenator, but different from Zanabazar (Currie and Peng, 1994; Norell et
al., 2009; Xu et al., 2011; Zanno et al., 2011).
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The tibiotarsus of IGM 100/3500 appears to be bowed laterally. A prominent
cnemial crest is developed anteriorly on the proximal end like in IGM 100/1126. The
shaft of the tibiotarsus is anteroposteriorly compressed and it appears grooved anteriorly
because the anterior surface of the bone is postmortemly crushed.
FIBULA: Both fibulae are preserved in IGM 100/1126. The left fibula is laterally
exposed (fig. 4.14), while the right fibula is almost completely buried in the matrix. The
proximal end of the fibula is anteroposteriorly expanded like in Sinovenator but not as
expanded as in Anchiornis (Xu et al., 2002; Xu et a., 2008; Pei et al., in preparation). As
in Sinovenator, the proximal end of the fibula is more posteriorly expanded in IGM
100/1126, but this is different from the condition in Talos, where the fibula is proximally
flat and more anteriorly expanded (Xu et al., 2002; Zanno et al., 2011). A shallow fossa is
developed on the posterior surface at the proximal end of the fibula in IGM 100/1126 (fig.
4.14), and this feature is not reported in other troodontids. An iliofibularis tubercle is
developed 2 cm below the proximal end of the fibula and at the level of the fibula crest of
the tibiotarsus. The fibular shaft narrows distally and does not reach the distal end of the
tibiotarsus. The middle and distal portion of the fibula is attached to the anterior surface
of the tibiotarsus in IGM 100/1126.
METATARSUS: The right metatarsus of IGM/1126 is completely preserved and
exposed in anteromedial view (figs. 4.8, 4.13), and the proximal half of the left
metatarsus is eroded and missing (figs. 4.14, 4.15, 4.16). The metatarsus of IGM
100/1126 is about 95% the length of the femur, in contrast to Sinovenator (61%),
Gobivenator (83%) and Philovenator (125%). The metatarsus of IGM 100/1126 is
asymmetric with a longer and more robust metatarsal IV than metatarsal II (figs. 4.8,
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4.15), which is typical of troodontid dinosaurs (Makovicky and Norell, 2004). The
metatarsus of IGM 100/1126 is fully arctometatarsalian with the proximal end of
metatarsal III being strongly pinched (fig. 4.8). The metatarsus of IGM 100/1126 is
significantly more slender than other troodontid taxa such as Sinovenator, Troodon, Talos
and IGM 100/1323, but less slender than that of Philovenator (Wilson and Currie, 1985;
Xu et al., 2002; Zanno et al., 2011; Xu et al., 2012).
Metatarsal I of IGM 100/1126 is significantly reduced as in other coelurosaurians.
The shaft of metatarsal I is slender and tapers proximally (fig. 4.16). Unlike other
metatarsals, the shaft of metatarsal I is sinusoidal. The distal end of metatarsal I is
bulbous with the lateral condyle larger and more distally expressed than the medial
condyle, which is also observed in Sinornithoides (Currie and Dong, 2001). The distal
end of metatarsal I sits on the posteromedial medial shaft of metatarsal II.
Metatarsal II is proximally expanded, but it is slender and reduced in width along
the shaft, to less than half the width of metatarsal IV (figs. 4.13, 4.15). In this case, IGM
100/1126 is similar to most Late Cretaceous troodontid dinosaurs (Osborn, 1924;
Kurzanov and Osmólska, 1991; Zanno et al., 2011; Xu et al., 2011; Tsuihiji et al., 2014),
and is in contrast to Early Cretaceous troodontids such as Sinornithoides, Sinovenator,
Mei, Jinfengopteryx and IGM 100/44 where metatarsal II is only slightly thinner than
metatarsal IV (Barsbold et al., 1987; Currie and Dong, 2001; Xu et al., 2002; Xu and
Norell, 2004; Ji et al., 2005). Metatarsal II of IGM 100/1126 is shorter than metatarsals
III and IV. The proximal end of metatarsal II is transversely expanded, and it medially
spreads so that it contacts the proximal end of metatarsal IV, which is typical of derived
troodontids (Gauthier, 1986). The shaft of metatarsal II is transversely compressed and
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blade like, but not as constricted as metatarsal III (figs. 4.13, 4.15). The distal end of
metatarsal II flares medioventrally like in other troodontids (figs. 4.14, 4.15). Like in
other Late Cretaceous troodontids, the anterior surface of metatarsal II is ridged on the
proximal shaft, and a deep groove forms between the ridged anterior surfaces of
metatarsal II and metatarsal IV. The anterior surface of metatarsal II becomes flat at the
distal one third of the shaft, and it flares medially. The anterior surface of metatarsal II
faces anteromedially at the distal one third of the shaft. Distally, metatarsal II is
asymmetric with a more distally extended lateral condyle as in Sinovenator,
Philovenator, Sinornithoides and Talos (Currie and Dong, 2001; Xu et al., 2002; Zanno
et al., 2011; Xu et al., 2012). The distal end of metatarsal II is not ginglymoid as in Talos,
Saurornithoides, and Sinovenator (Osborn, 1924; Xu et al., 2002; Zanno et al., 2011).
Metatarsal III is strongly constricted between metatarsals II and IV, and it is not
visible anteriorly on the proximal metatarsus (fig. 4.8). Metatarsal III has an anterior
exposure for only the distal 40% of the metatarsus (fig. 4.15). Metatarsal III of IGM
100/1126 lacks a lateral bony tab proximal to the distal condyles that is present in Talos
and IGM 100/44. This bony tab is also absent in Sinovenator, Philovenator and
Saurornithoides (Barsbold et al., 1987; Xu et al., 2002; Norell et al., 2009; Zanno et al.,
2011; Xu et al., 2012). The distal end of metatarsal III is ginglymoid as in Sinovenator
and Talos (Xu et al., 2002; Zanno et al., 2011), but unlike Saurornithoides (Norell et al.,
2009). The distal articular surface of metatarsal III is symmetric on the left pes of IGM
100/1126, but with a slightly further extended lateral condyle on the right pes, which is
different from Talos, where the medial condyle is larger (Zanno et al., 2011). The distal
end of metatarsal III is more distally extended than metatarsal II and metatarsal IV (figs.
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4.13, 4.15), as described in most troodontids, whereas in Tochisaurus and Talos, the
distal end of metatarsal III is almost level with that of metatarsal IV (Kurzanov and
Osmólska, 1991; Zanno et al., 2011). An extensor fossa is developed at the distal end of
metatarsal III on the anterior surface like in Talos and Philovenator (Currie and Peng,
1994; Xu et al., 2011; Zanno et al., 2011).
Metatarsal IV of IGM 100/1126 is longer and more robust than metatarsal II, but
it is slightly shorter than metatarsal III. The shaft of metatarsal IV is bowed in IGM
100/1126, in agreement with that of Talos and Troodon (Wilson and Currie, 1985; Zanno
et al., 2011). The anterior surface of metatarsal IV is ridged along the proximal two thirds
of the shaft (figs. 4.8, 4.15). The anterior ridge is blunt proximally and sharpens distally.
This ridge flares laterally at the distal one fourth of the shaft, and becomes the lateral
edge of the anterior surface on the distal end of metatarsal IV. The mid shaft of
metatarsal IV is dorsoventrally deep resembling most troodontids, but different from the
transversely expanded metatarsal IV of Sinovenator (Xu et al., 2002). Like in most
deinonychosaurians, metatarsal IV of IGM 100/1126 bears a lateroventral ridge along the
shaft (fig. 4.14). The distal end of metatarsal IV flares lateroventrally, in a similar pattern
to metatarsal II, but in the opposite direction. The distal end of metatarsal IV is not
closely appressed to metatarsal III, similar to Sinovenator, but unlike Sinornithoides,
Philovenator and Talos (Currie and Dong, 2001; Xu et al., 2002; Zanno et al., 2011; Xu
et al., 2012). Like in Mei, Talos, Tochisaurus and Saurornithoides, metatarsal IV of IGM
100/1126 has a medioventral flange that reaches metatarsal II in posterior view (fig.
4.16), and completely blocks metatarsal III posteriorly near their distal ends (Kurzanov
and Osmólska, 1991; Xu and Norell, 2004; Norell et al., 2009; Zanno et al., 2011). In
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contrast, the medioventral flange of metatarsal IV does not reach metatarsal II in IGM
100/44 and Sinornithoides, and this medioventral flange of metatarsal IV is absent in
Sinovenator (Barsbold et al., 1987; Currie and Dong, 2001; Xu, 2002). The distal end of
metatarsal IV is not ginglymoid.
In IGM 100/3500, a compressed right metatarsus is preserved, missing both
proximal and distal ends. The metatarsus of IGM 100/3500 appears extremely
mediolaterally compressed compared to that of IGM 100/1126, but this is likely a
preservational artifact considering the severe compression observed in the tibiotarsus of
this specimen. The metatarsus of IGM 100/3500 displays an identical morphology as that
of IGM 100/1126, except for the mediolateral compression. As in IGM 100/1126 and
other derived troodontids, the metatarsus of IGM 100/3500 exhibits the following derived
features: the width of metatarsal II is extremely reduced to less than half of metatarsal IV;
the proximal portion of metatarsal III is constricted between the anterior ridges of
metatarsals II and IV, and is not visible anteriorly near the proximal end; the
medioventral flange metatarsal IV reaches metatarsal II posteriorly/ventrally and
completely covers metatarsal III. Like in other deinonychosaurians, metatarsal IV of IGM
100/3500 bears a prominent lateroventral flange along its shaft. An extremely
compressed metatarsus is also observed in Philovenator (Currie and Peng, 1994; Xu et
al., 2012), but unlike IGM 100/3500, the tibiotarsus of Philovenator is preserved without
compression. Therefore the compression of metatarsus of Philovenator is likely real,
rather than preservational artifact.
PEDAL PHALANGES: Most of the pedal phalanges of the left pes are preserved
except phalanges I-1, I-2, III-4, IV-3, IV-4 and IV-5 in IGM 100/1126 (figs. 4.14, 4.15,
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4.16), whereas pedal phalanges I-2, III-2 and III-3 are missing from the right pes (fig.
4.13). All pedal phalanges from digit II, III and IV are preserved from the right pes of
IGM 100/3500.
Phalanx I-1 of IGM 100/1126 is only visible in dorsal view (fig. 4.13). It is
straight and short. The shaft of phalanx I-1 is less than half the length of metatarsal II,
which is a primitive condition found in most paravians except avialans that are more
derived than Anchiornis and Xiaotingia. The proximal end of phalanx I-1 is transversely
wider in IGM 100/1126. The distal end of phalanx I-1 is ginglymoid.
As is characteristic of dromaeosaurids and troodontids, phalanges of digit II are
modified to bear an enlarged raptorial ungual in IGM 100/1126 and IGM 100/3500 (figs.
4.13, 4.14). Phalanx II-1 is ventrally keeled, as in most troodontid dinosaurs except for
Talos (Zanno et al., 2011). The proximal end of phalanx II-1 is dorsoventrally deep. The
shaft of phalanx II-1 is laterally twisted and the dorsomedial edge becomes a distinct
ridge posterior to the condyles as in other troodontids (e.g., Zanno et al., 2011). Phalanx
II-2 is abbreviated and has a typical deinonychosaurian configuration in both IGM
100/1126 and IGM 100/3500. Phalanx II-2 is about 2/3 the length of phalanx II-1. The
shaft of phalanx II-2 has a smooth constriction between the proximal end and the distal
end, which is in agreement with other troodontids but in contrast to the sharp constriction
seen in derived dromaeosaurids. Phalanx II-2 exhibits a markedly well-developed heel on
the proximoventral end like in other deinonychosaurians. The distal end of phalanx II-2 is
deeply ginglymoid. Phalanx II-3 is grooved laterally. A prominent caudodorsally
projecting lip defines a strongly notched articular surface of phalanx II-3 in both
specimens as in other deinonychosaurians. The distal condyles of phalanx II-2 is well fit
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into this notched surface in IGM 100/1126, and the flexor tubercle of phalanx II-3 rests
on the ventral heel of phalanx II-2, which may reflect a natural position of the raptorial
digit II of troodontids.
Phalanx III-1 is longest pedal phalanx of both specimens, about 142% the length
of phalanx III-2 (figs. 4.13, 4.15). It is straight and bears a weak ventral heel and deep
ligament pits. Phalanx III-1 is transversely wider than phalanx II-1, but similar to that of
phalanx IV-1. Phalanges III-2 and III-3 are similar in size and morphology, and they are
shorter than phalanx III-1. Phalanx III-4 is smaller than phalanx II-3, and not as curved as
phalanx II-3. Phalanx III-4 lacks a prominent dorsal lip.
Phalanges of the fourth pedal digit are smaller than their counter part of the digit
III (figs. 4.13, 4.14). Like in Talos and Sinornithoides, the ventral heel is slightly more
developed in phalanges of digit IV than in phalanges of digit III, (Currie and Dong, 2001;
Zanno et al., 2011). The length of phalanges IV-1, IV-2 and IV-3 diminishes in sequence
in both specimens. Phalanx IV-4 is not completely preserved in IGM 100/1126, and it is
slightly longer than phalanx IV-3 in IGM 100/3500, as in Talos and Sinornithoides
(Currie and Zhao, 2001; Zanno et al., 2011). In both specimens, phalanx IV-5 is smaller
than phalanx III-4 and is less curved.

DISCUSSION
IGM 100/1126 and IGM 100/3500 represent some of the best-preserved
troodontid dinosaurs, and significantly improve our knowledge of the diversity and
evolution of troodontids. Furthermore it is a unique taxon that resembles both basal
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paravians and derived troodontids. This new taxon bears many primitive features that are
present in basal troodontids (e.g., Sinovenator, Sinusonasus, Mei, Jinfengopteryx and
Sinornithoides), basal dromaeosaurids (e.g., Microraptor, Shanag and Buitreraptor) and
basal avialans (e.g., Anchiornis, Xiaotingia and Archaeopteryx), including: external naris
that posteriorly overlaps the anterior margin of the antorbital fossa, deep rostral ramus of
the maxilla, lateral exposure of a promaxillary fenestra, reduced lateral lamina of the
maxilla, lacrimal with subequal anterior and posterior processes, and absence of a subotic
recess. These characters are primitive for all paravians, but are not present in other Late
Cretaceous troodontids. These features also differentiate IGM 100/1126 and IGM
100/3500 from other Djadokhta troodontids found at Ukhaa Tolgod, including
Byronosaurus, Gobivenator, Saurornithoides, IGM 100/1323 and the Ukhaa perinates
(Osborn, 1924; Norell et al., 2000; Bever and Norell, 2009; Tsuihiji et al., 2014; this
dissertation, Chapter 3).
IGM 100/1126 and IGM 100/3500 exhibit derived deinonychosaurian characters
that are absent in avialans, notably the presence of a posterodorsal recess of the maxillary
fenestra. This feature is observed in many dromaeosaurids such as Shanag, Microraptor,
Bambiraptor and Velociraptor (Burnham et al., 2000; Turner et al., 2007b; Turner et al.,
2012), but it is absent in Buitreraptor, basal avialans, and more anatomically derived
troodontids (Wellnhofer, 1974; Makovicky et al., 2005; Norell et al., 2009). Therefore,
the posterodorsal recess of the maxillary fenestra is a character that supports the
monophyly of Deinonychosauria, and this character is secondarily lost in later-diverging
troodontids. Whether this posterodorsal recess of the maxillary fenestra is present in
Early Cretaceous troodontids cannot be determined due to the ambiguous preservation of

284

the region around maxillary fenestra in those taxa (Russell and Dong, 1993; Xu et al.,
2002; Xu and Wang, 2004; Xu and Norell, 2004). In IGM 100/1126 and IGM 100/3500,
the maxillary fenestra and the posterodorsal recess have confluent margins (figs. 4.2, 4.5),
while in dromaeosaurids, the maxillary fenestra not only has margins confluent with the
posterodorsal recess, but itself is also recessed within this posteriorly/posterodorsally
open fossa (recess) (Turner et al., 2007b; Turner et al., 2012; Pei et al., 2014). This
difference may be related to the size reduction of the maxillary fenestra in
dromaeosaurids.
Many derived troodontid features that are absent in Early Cretaceous troodontids
are present in IGM 100/1126 and IGM 100/3500. These features are: reduced maxillary
tooth row that covers less than 70% of the ventral edge of the maxilla, distinctly recessed
squamosal, elongate ischium with an obturator process located near the middle shaft,
fully arctometatarsalian pes, metatarsal II reduced in width, and metatarsal III ventrally
covered by metatarsal II and metatarsal IV. These features define a Late Cretaceous
troodontid clade that is more anatomically derived than Sinovenator, Sinusonasus, Mei,
Jinfengopteryx, Sinornithoides and the unnamed troodontid IGM 100/44.
The basal troodontids Sinovenator, Sinusonasus, Mei and Jinfengopteryx are
united by a transversely wide metatarsal IV and a posteroventrally inclined ventral
process of the lacrimal (Xu et al., 2002; Xu and Wang, 2004; Xu and Norell, 2004; Ji et
al., 2005). They represent an early evolutionary stage of troodontid dinosaurs from the
Early Cretaceous Jehol Biota. Although other Early Cretaceous troodontids, such as
Sinornithoides and the unnamed troodontid IGM 100/44, display some derived troodontid
characters (Barsbold et al., 1987; Russell and Dong, 1993), these two taxa also exhibit
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several features that are primitive for troodontids, such as the subequal width of
metatarsal II and metatarsal IV, and the exposure of metatarsal III along the metatarsus in
posterior/ventral view, which are both absent from all Late Cretaceous troodontids
including IGM 100/1126 and IGM 100/3500.
Although this new taxon appears as an “intermediate stage” between Early and
Late Cretaceous troodontids, it is actually unique in many morphological features. Novel
characters of IGM 100/1126 and IGM 100/3500 include: peg-like teeth that are evenly
packed in the maxilla and the dentary, twisted suborbital process of the jugal,
quadratojugal with a crescentic ascending process that braces the quadrate posteriorly,
basal tubera reduced to low ridges, and presence of a posterior fossa on the proximal
fibula. All of these features are autapomorphic in this new taxon and are absent from
other known troodontid dinosaurs.
The dentition of IGM 100/1126 and IGM 100/3500 is unique in several features
relative to other troodontids. The most striking dental feature of IGM 100/1126 and IGM
100/3500 is the closely spaced and evenly packed peg-like teeth. The teeth of IGM
100/1126 and IGM 100/3500 are peg-like, unlike the typical ziphodont teeth of most
paravians. The tooth crowns in IGM 100/1126 and IGM 100/3500 are elongate and
almost straight, similar to the conical teeth of therizinosaurids (Perle, 1980; Kirkland et
al., 2005; Pu et al., 2013), but in contrast to the distinctly recurved teeth of other
troodontids (e.g., Xu et al, 2002; Makovicky et al., 2003; Norell et al., 2009). The teeth of
this new taxon are proportionally small, and they are closely packed in both the upper and
lower jaws without space between each tooth crown. The density of teeth is constant
along the tooth row in both IGM 100/1126 and IGM 100/3500. This also is different from
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the typical troodontid pattern where the middle and posterior teeth are loosely packed.
Troodontids are known to have numerous teeth (Xu et al., 2002; Makovicky et al., 2003;
Averianov and Sues, 2007), but this new taxon has a much higher number of teeth, even
compared to most other troodontids (except for Byronosaurus). The dental configuration
of IGM 100/1126 and IGM 100/3500 is very different from other troodontids, which may
indicate a shift of food sources in the diet of this new troodontid taxon (although the type
of the food source cannot be determined at present). Herbivory has been argued to
characterize troodontids, based on the dental morphology (Holtz et al., 1998; Lü et al.,
2010), but a comprehensive study suggested the evidence of herbivory in troodontids is
inadequate except for Jinfengopteryx (see Zanno and Makovicky, 2011). A detailed study
of the dental function of IGM 100/1126 and IGM 100/3500 will be included in future
work.

SUMMARY
IGM 100/1126 and IGM 100/3500 represent a new Late Cretaceous troodontid
taxon from the Djadokhta Formation at Ukhaa Tolgod. This new taxon is unique and
distinct from other troodontids in having evenly and closely packed peg-like teeth, a
twisted suborbital process of the jugal, a quadratojugal with an ascending process that
braces the quadrate posteriorly, reduction of basal tubera, and presence of a posterior
fossa on the proximal fibula. It is more derived than Early Cretaceous troodontids in
having a short maxillary tooth row, a pneumatic lateral depression of the braincase, an
elongate ischium, metatarsal II significantly reduced in width, and the medioventral tab
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of metatarsal IV contacting metatarsal II. But it is more primitive than other Late
Cretaceous troodontids in having an external naris with a posterior margin posterior to
the anterior margin of the antorbital fossa, a deep rostral ramus of the maxilla, a reduced
lateral lamina of the maxillary ascending process, a lacrimal with subequal anterior and
posterior processes, and the absence of a subotic recess.
The dental morphology of IGM 100/1126 and IGM 100/3500 is very different
from other troodontids, as it is characterized by evenly and closely packed, peg-like teeth,
which may indicate a shift of food sources for this new troodontid taxon.
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TABLE 1. Selected Measurements (in mm) of IGM 100/1126.

Left

Right

Skull length

78.2

Skull height

38.5

Mandible length

68.1

66.3

Caudal centrum 2

6.1

Caudal centrum 3

6.8

Caudal centrum 4

7.2

Caudal centrum 5

8.2

Caudal centrum 6

8.8

Caudal centrum 7

8.9

Caudal centrum 8

9.5

Caudal centrum 9

9.9

Caudal centrum 10

11.0

Caudal centrum 11

11.5

Caudal centrum 12

12.6

Metacarpal I

11.0

Metacarpal II

~25

Metacarpal III

~24

Manual phalanx I-1

~27

Manual phalanx I-2

12.8

Manual phalanx II-1

16.1
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Manual phalanx II-2

24.3

26.6

Manual phalanx II-3

~13

13.2

Manual phalanx III-1

6.0

Manual phalanx III-2

5.8

Manual phalanx III-3

15.1

17.3

Manual phalanx III-4

8.5

9.1

Pubis

~65

Ischium

~34

Femur

87.5

Tibiotarsus

122.4

Metatarsal II

71.8

Metatarsal III

78.5

Metatarsal IV

76.2

Pedal phalanx I-1

6.4

6.5

Pedal phalanx I-2

5.0

4.9

Pedal phalanx II-1

12.5

~12

Pedal phalanx II-2

6.4

Pedal phalanx II-3

~14

Pedal phalanx III-1

13.0

Pedal phalanx III-2

9.8

Pedal phalanx III-3

8.9

Pedal phalanx III-4

12.5

>8

Pedal phalanx IV-1

8.3

290

8.8

Pedal phalanx IV-2

7.2

7.6

Pedal phalanx IV-3

6.2

Pedal phalanx IV-4

~7

Pedal phalanx IV-5

8.5
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FIGURES

FIGURE 4.1. Mounted specimen of IGM 100/1126.
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FIGURE 4.2. Skull of IGM 100/1126 in right lateral view.
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FIGURE 4.3. Skull of IGM 100/1126 in left lateral view.
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FIGURE 4.4. Rostrum and dentition of IGM 100/1126 in right lateral view.
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FIGURE 4.5. Right maxilla of IGM 100/3500 in right lateral view.
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FIGURE 4.6. Right dentary of IGM 100/3500 in medial (A) and lateral (B) view.

297

FIGURE 4.7. Braincase of IGM 100/3500 in posterior (A), posterolateral (B) and lateral
(C) view.
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FIGURE 4.8. Pelvic region, caudal series and the right hindlimb of IGM 100/1126.
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FIGURE 4.9. Right forelimb of IGM 100/1126 in dorsal view.
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FIGURE 4.10. Right manual digits of IGM 100/1126 in lateral view.
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FIGURE 4.11. Left manual digits of IGM 100/1126 in lateral view.
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FIGURE 4.12. Pelvic region of IGM 100/1126 in left lateral view.
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FIGURE 4.13. Right femur and pes of IGM 100/1126.
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FIGURE 4.14. Left tibia and pes of IGM 100/1126 in lateral view.
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FIGURE 4.15. Left tibia and pes of IGM 100/1126 in dorsal view.
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FIGURE 4.16. Left pes of IGM 100/1126 in ventral view.
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ABBREVIATIONS:
aof

antorbital fenestra

ap

anterior process

atr

anterior tympanic recess

bpp

basipterygoid process

bsf

basisphenoid foramen

bt

basal tubera

btp

basipterygoid process

ca 1-12

caudal vertebra 1-12

catr

triangular recess of caudal vertebrae

cc

cnemial crest

cdr

caudodorsal recess

cf

crescentic fossa

ch

chevron

cp

cultriform process

ctr

caudal tympanic recess

ddp

distal dorsal process

dg

lateral groove of the dentary

ds

dorsal sulcus

dtr

dorsal tympanic recess

e-o

exoccipital-opisthotic

eec

ectepicondyle

eg

extensor groove

emf

external mandibular fenestra

eos

epiotic surface of the supraoccipital

fh

femoral head

fm

foramen magnum

fo

fenestra ovalis

fp

foramen pseudorotunda

h

hyoid

I-1

manual/pedal phalanx I-1
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I-2

manual/pedal phalanx I-1

II-1

manual/pedal phalanx II-1

II-2

manual/pedal phalanx II-2

II-3

manual/pedal phalanx II-3

III-1

manual/pedal phalanx III-1

III-2

manual/pedal phalanx III-2

III-3

manual/pedal phalanx III-3

III-4

manual/pedal phalanx III-4

Ifb

interfenestral bar

ifc

interfenestral canal

isp

ischiadic peduncle

IV-1

pedal phalanx IV-1

IV-2

pedal phalanx IV-2

IV-3

pedal phalanx IV-3

IV-4

pedal phalanx IV-4

IV-5

pedal phalanx IV-5

l.an

left angular

l.ec

left ectopterygoid

l.d

left dentary

l.f

left femur

l.fr

left frontal

l.fi

left fibula

l.i

left ilium

l.is

left ischium

l.j

left jugal

l.l

left lacrimal

l.m

left maxilla

l.n

left nasal

l.r

lefr radius

l.pu

left pubis

l.po

left postorbital
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l.pr

left prearticular

l.q

left quadrate

l.qj

left quadratojugal

l.prm

left premaxilla

l.sa

left surangular

l.sp

left splenial

l.sq

left squamosal

l.t

left tibia

l.u

left ulna

lc

lateral condyle

llap

lateral lamina of the ascending process

ltr

lessor trochanter

mc

medial condyle

mc I-III

metacarpal I-III

mef

metotic foramen

mf

maxillary fenestra

mg

Meckelian groove

mt I-IV

metatarsal I-IV

na

naris

nc

nuchal crest

ns

neural spine

oc

occipital condyle

op

obturator process

otc

otosphenoidal crest

pa

parietal

pc

pneumatic canal

pd

pneumatic duct

pffi

posterior fossa of the fibula

pmf

promaxillary fenestra

pop

paroccipital process

pp

posterior process
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pup

pubic peduncle

r.an

right angular

r.bs

right basisphenoid

r.d

right dentary

r.f

right femur

r.fi

right fibula

r.fr

right frontal

r.i

right ilium

r.is

right ischium

r.l

right lacrimal

r.m

right maxilla

r.n

right nasal

r.ls

right laterosphenoid

r.m

right maxilla

r.p

right pubis

r.pt

right pterygoid

r.prm

right premaxilla

r.q

right quadrate

r.sa

right surangular

r.sp

right splenial

r.t

right tibia

ra

radiale

rap

retroarticular process

rr

rostral ramus

s.v.

sacral vertebrae

sem

semilunate

sl

sclerotic ring

so

supraoccipital

soc

supraorbital crest

tp

transverse process

V

opening for cranial nerve V
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VII

opening for cranial nerve VII

vr

ventral ramus

X

opening for cranial nerve X

XI

opening for cranial nerve XI

XII

opening for cranial nerve XII
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CHAPTER 5:
THE PHYLOGENY OF TROODONTIDAE

INTRODUCTION
The phylogeny of troodontid dinosaurs is included in several analyses as part of a
larger framework of reconstructing coelurosaurian evolution (e.g., Makovicky and Sues,
1998; Norell et al., 2001; Xu et al., 2002; Makovicky et al., 2003; Turner et al., 2007; Hu
et al., 2009; Xu et al., 2011; Turner et al., 2012; Senter et al., 2012; Brusatte et al., 2014;
Foth et al., 2014). Troodontids have been regarded as the sistergroup to dromaeosaurids
by many authors (e.g., Gauthier, 1986; Sereno, 1997, 1999; Makovicky and Sues, 1998;
Xu et al., 2002; Makovicky et al., 2003; Turner et al., 2007; Hu et al., 2009; Xu et al.,
2011; Turner et al., 2012; Senter et al., 2012). However, a few studies have suggested
alternatives, such as troodontids being the sistergroup to ornithomimids, avialans or a
clade of oviraptorosaurs and therizinosaurids (Russell and Dong, 1993; Holtz, 1994;
Holtz, 1998; Foster, 1998; Norell et al., 2000; Norell et al., 2001; Godefroit et al., 2013b;
Foth et al., 2014). The explosion of fossil theropod discoveries in the last two decades has
increased the diversity and disparity of troodontids and markedly enhanced knowledge of
the anatomy of this clade (Norell et al., 2000; Xu et al., 2002; Xu and Norell, 2004; Xu
and Wang, 2004; Ji et al., 2005; Hartman et al., 2005; Xu et al., 2008; Senter et al., 2010;
Lü et al., 2010; Zanno et al., 2011; Xu et al., 2012; Tsuihiji et al., 2014). Our
understanding of troodontid evolution has also been greatly improved due to information
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provided by new discoveries not only of troodontids but also other related lineages
(Turner et al., 2007; Xu et al., 2008; Zhang et al., 2008; Xu et al., 2011; Godefroit et al.,
2013; Foth et al., 2014; Xu et al., 2015).
Hypotheses of ingroup troodontid phylogeny generally have been consistent (fig.
5.1). Early Cretaceous troodontids from the Jehol Biota typically have been recovered as
basal troodontids, while Late Cretaceous troodontids are mostly recovered as more
derived (Xu et al., 2002; Xu, 2002; Makovicky et al., 2003; Hu et al., 2009; Xu et al.,
2011; Xu et al., 2012; Turner et al., 2012). Conflicts among hypotheses of troodontid
relationships mainly regard the affiliation of Jianchang paravians (e.g., Anchiornis,
Xiaotingia), the phylogenetic position of non-Jehol Early Cretaceous troodontids (e.g.,
Sinornithoides, IGM 100/44), and the relationships of recently discovered Late
Cretaceous troodontid taxa (e.g., Linhevenator and Talos).
Most descriptive work of troodontids remains preliminary, and detailed and wellillustrated descriptions are only available for a few taxa (Xu, 2002; Makovicky et al.,
2003; Norell et al., 2009; Bever and Norell, 2009); but see Chapters 2-4 of this
dissertation. Therefore, no study has ever included a comprehensive phylogenetic
analysis of Troodontidae with a thorough study of recently discovered fossils, combined
with an overall survey of morphological variation within the group. This is unlike the
situation in many other coelurosaurian groups, which has allowed significant
improvement in understanding of coelurosaurian phylogeny (e.g., Brusatte et al., 2010;
Turner et al., 2012; Choiniere et al., 2014). Turner et al. (2012) performed a
comprehensive phylogenetic analysis to address the systematics of Dromaeosauridae.
They reviewed the phylogeny of Troodontidae, yet that study still focused primarily on
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the dromaeosaurid lineage. Here I provide a similar analytical treatment to the
Troodontidae.
The phylogeny of troodontids is assessed by incorporating the members of this
clade into a broadly sampled theropod data matrix, based on characters of the latest
matrix of the Theropod Working Group (Brusatte et al., 2014). Seven related paravian
taxa are added into this analysis and 18 new characters that are relevant to resolving
interrelationships among early paravians and troodontids are included in the augmented
datamatrix.

TAXON SAMPLING
Seventeen troodontid taxa are included in this phylogenetic analysis. Ten of them
were examined first hand, including Sinovenator changii, Sinusonasus magnodens, Mei
long, Sinornithoides youngi, Byronosaurus jaffei, Philovenator curriei, Saurornithoides
mongoliensis, Troodon formosus, IGM 100/1126 (same taxon as IGM 100/3500) and
IGM 100/1323. Other troodontid taxa that are included in this analysis are coded based
on the original description and high resolution figures, including Gobivenator
mongoliensis, Talos sampsoni, Xixiasaurus henaensis, the unnamed troodontid IGM
100/44, Zanabazar junior, and Linhevenator tani (Kurzanov and Osmólska, 1987; Norell
et al., 2009; Lü et al., 2010; Xu et al., 2011; Zanno et al., 2011; Tsuihiji et al., 2014). The
anatomy of Jinfengopteryx was not given in detail in the original description (Ji et al.,
2005; Ji and Ji, 2007), thus coding of this taxon is based on the photo and the available
description from the original publication (Ji et al., 2005). Other troodontids, such as
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Tochisaurus nemegtensis, Geminiraptor suarezorum, Borogovia gracilicrus and
Urbacodon itemirensis, are extremely fragmentary and exhibit characters that are
generally common to most troodontid dinosaurs (Osmólska, 1987; Kurzanov and
Osmólska, 1991; Averianov and Sues, 2007; Senter et al., 2010). Therefore, these taxa
are not included in the present phylogenetic analysis.
Two other important paravians, Anchiornis huxleyi and Xiaotingia zhengi (Xu et
al., 2008; Xu et al., 2011), also were examined first hand. These two taxa, as well as a
very similar paravian, Eosinopteryx brevipenna, are included in this analysis (Godefroit
2013a). These three taxa are all recovered from the Late Jurassic Tiaojishan Formation,
from Jianchang, western Liaoning, China (Gao and Shubin, 2012; Liu et al., 2012). The
phylogenetic positions of these taxa are unstable, and they have been regarded as
troodontids, basal deinonychosaurians, or basal avialans in some previous studies (Xu et
al., 2008; Hu et al., 2009; Xu et al., 2011; Turner et al., 2012; Senter et al., 2012;
Godefroit et al., 2013a). However, the present analysis resolves these taxa as basal
avialans.
Other paravian specimens pertinent to this study that were examined first hand
include: the dromaeosaurids Mahakala, Microraptor, Saurornithosaurus, Graciliraptor,
Shanag, Bambiraptor, Tsaagan, Velociraptor, Deinonychus, and Dromaeosaurus, and the
avialans Sapeornis, Jeholornis and Confuciusornis. The remaining paravians in this
analysis are coded from relevant publications. Codings of non-paravian coelurosaurians
are incorporated from the latest version of the TWiG matrix (Brusatte et al., 2014), while
coding of new characters are mostly based on previous studies. Allosaurus fragilis and
Sinraptor dongi were chosen as outgroups to coelurosaurians, following previous TWiG
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analyses (Turner et al., 2007; Turner et al., 2012; Choinere et al., 2014; Brusatte et al.,
2014).
Five taxa are excluded from this phylogenetic analysis, due to the available
material being fragmentary and their highly mobile, wild card behavior found in previous
studies (Turner et al., 2012; Brusatte et al., 2014). Adding these taxa would result in large
polytomies, as recognized by other authors (Turner et al., 2012; Brusatte et al., 2014).
These excluded taxa were Kinnareemimus, Epidendrosaurus, Pyroraptor,
Hesperonychus, and Limenavis (Allain and Taquet, 2000; Clarke and Chiappe, 2001;
Zhang et al. 2002; Buffetaut et al. 2009; Longrich and Currie, 2009). Excluding these
taxa has no influence on the troodontid phylogeny, as the polarity of characters remains
unchanged at the nodes of Deinonychosauria, Troodontidae, Dromaeosauridae, and
Avialae, which are the focus of this paper.

CHARACTER SAMPLING
The character list used in this study is generated using the most recent published
version of the TWiG dataset, presented by Brusatte et al. (2014), consisting of 853
characters compiled from several sources. In addition to the 474 characters employed by
Turner et al. (2012), other sources of characters include recent phylogenetic analyses of
basal coelurosaurian subgroups, such as tyrannosaurids (Brusatte et al., 2010; Brusatte et
al., 2014), ornithomimids (Makovicky et al. 2010), therizinosaurids (Zanno et al. 2009;
Zanno, 2010), oviraptorosaurians (Xu et al., 2011) and alvarezsaurids (Choiniere et al.
2010).
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Eighteen new characters are added, all of which are relevant to resolving the
ingroup relationship of paravians and especially troodontids. The new characters are
described below and the full list of 871 characters is presented in the Appendix.

DESCRIPTION OF NEW CHARACTERS
Character 854. Braincase, shape and development of the anterior tympanic recess
ventral to the anterior tympanic crista:
0) shallow and open laterally, the anterior tympanic recess groove-like.
1) deep and open lateroventrally, the pneumatic depression being mostly occupied
by a deep and widely open anterior tympanic recess.

A pneumatic depression defined by the otosphenoidal crest is found in a derived
troodontid clade (Makovicky et al., 2003; Makovicky and Norell, 2004), although this
feature is convergently evolved in some oviraptorosaurians, therizinosaurids and
alvarezsaurids such as Incisivosaurus, Chirostenotes, Falcarius and Shuvuuia (Gilmore,
1924; Chiappe et al., 1998; Kirkland et al., 2005). State 0 is observed in Byronosaurus
(Makovicky et al., 2003) and the unnamed troodontid IGM 100/1126 and IGM 100/3500
(this dissertation, Chapter 4). In these taxa, the pneumatic depression is shallow and faces
laterally. The pneumatic depression is mostly formed by a groove-like anterior tympanic
recess and large pneumatic canals that connect the pneumatic lateral depressions of both
sides of the braincase. State 1 is observed in IGM 100/1323, Saurornithoides, Zanabazar
and Troodon. In these taxa, a large and deep anterior tympanic recess is developed
directly ventral to the anterior tympanic crista, and makes up most space of the pneumatic
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depression. This character is different from character 447, as all the taxa in concern of
this character have a distinct anterior tympanic recess. Taxa without a distinct anterior
tympanic recess (Character 447: State 1) is scored as “?” for this character.

Character 855. Premaxilla, shape of the anterior surface of the nasal process of the
premaxilla in lateral view:
0) curved, the anterior surface of the nasal process is relatively vertical at the
lower/proximal portion and becomes more horizontal at the upper/distal portion.
1) straight.

State 0 is the primitive state observed in most theropod dinosaurs. In this case, the
anterior surface of the upper portion of the nasal process is not in the same plane as the
anterior surface of the base of the nasal process, and they form a curve or an angle in
lateral view. The upper portion of the nasal process is often confluent with the dorsal
surface of the nasal. This state is observed in most coelurosaurians except for avialans,
some oviraptorosaurs and Scipionyx (Ji et al., 1998; dal Sasso and Maganuco, 2011).
State 1 is found in most avialans, such as Anchiornis, Eosinopteryx, Xiaotingia,
Archaeopteryx, Confuciusornis and Sapeornis (Wellnhofer, 1974; Chiappe et al., 1999;
Zhou and Zhang, 2003; Xu et al., 2011; Godefroit et al., 2013; Pei et al., in preparation)
and other non-avialans such as Scipionyx and Caudipteryx zoui (Ji et al., 1998; dal Sasso
and Signore, 1998). In these taxa, the anterior surface of the nasal process is perfectly
straight.

319

Character 856. Premaxilla, position of the anterior margin of the external naris relative
to the fourth premaxillary tooth:
0) anterior to the fourth premaxillary tooth.
1) above or posterior to the fourth premaxillary tooth.

State 0 is a primitive state found in most theropod dinosaurs. State 1 is observed
in basal, toothed avialans such as Anchiornis, Xiaotingia, Archaeopteryx, Jeholornis and
Yixianornis (Wellnhofer, 1974; Zhou and Zhang, 2001; Zhou and Zhang, 2002; Xu et al.,
2011; Pei et al., in prepration). However, the basal avialan Sapeornis (Zhou and Zhang,
2003) displays an anteriorly placed external naris of state 0, like most non-avialan
dinosaurs. State 1 is also found in the basal alvarezsaurid Haplocheirus (Choiniere et al.,
2010). Taxa with less than four premaxillary teeth are scored as “?” for this character.

Character 857. Rostrum, shape of the external naris:
0) elongate, the short axis is less than half of the length of the long axis.
1) short, the short axis is more than half of the length of the long axis.

State 0 is the primitive state observed in most coelurosaurians, and especially in
troodontids such as Sinovenator, Byronosaurus, IGM 100/1126 and IGM 100/1323, and
basal dromaeosaurids such as Microraptor (Xu et al., 2002; Makovicky et al., 2003; Pei
et al., 2014). State 1 is a derived feature found in relatively anatomically derived
troodontids such as Xixiasaurus, Saurornithoides, Zanabazar and derived
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dromaeosaurids, such as Velociraptor and Tsaagan (Osborn, 1924; Barsbold, 1974;
Norell et al., 2005; Lü et al., 2010).

Character 858. Maxilla, dorsoventral depth of the rostral ramus (anterior ramus):
0) deeper than, or about as deep as the ventral ramus of the maxilla.
1) less than 3/4 of the ventral ramus of the maxilla.

State 0 is observed in the troodontids Jinfengopteryx, Sinovenator, Mei and IGM
100/1126, as well as in other coelurosaurian groups (Xu et al., 2002; Xu and Norell,
2004; Hwang et al., 2004b; Ji et al., 2005). In these taxa, the rostral ramus of the maxilla
is as deep as the ventral ramus, and appears like an anterior extension of the ventral
ramus. The anterior end of the rostral ramus is rounded in these taxa. State 1 is a derived
feature observed in derived troodontids such as IGM 100/1323, Byronosaurus,
Saurornithoides and Zanabazar (Osborn, 1924; Barsbold, 1974; Norell et al., 2000). In
these taxa, the rostral ramus of the maxilla is dorsoventrally shallow and bears an
anteriorly pointed ventral extension.

Character 859. Maxilla, length of the space between the promaxillary fenestra and the
maxillary fenestra:
0) anteroposteriorly long, a broad space is between the promaxillary fenestra and
the maxillary fenestra.
1) anteroposteriorly short, the promaxillary fenestra and the maxillary fenestra are
separated by a narrow interfenestral bar.
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State 0 is primitive and is observed in most basal coelurosaurs and all
dromaeosaurids in which a promaxillary fenestra is developed. The space between the
maxillary and the promaxillary fenestra is at least as anteroposteriorly long as the
maxillary fenestra in these taxa. This region also is usually rugose in dromaeosaurids.
State 1 is a derived state found in avialans, troodontids and some
oviraptorosaurians, such as Archaeopteryx, Anchiornis, Sinovenator, Mei, Sinornithoides,
IGM 100/1126, IGM 100/3500 and Caudipteryx (IVPP 12430). In these taxa, the space
between the maxillary and the promaxillary fenestrae is narrow. This state is associated
with an enlarged maxillary fenestra in these taxa. However, an enlarged maxillary
fenestra is also observed in Microraptor (Pei et al., 2014), but the space between the
maxillary and the promaxillary fenestrae is anteroposteriorly long in Microraptor and is
scored as “0”.

Character 860. Maxilla, form of the lateral surface of the ventral ramus:
0) smooth and flat.
1) laterally grooved.

State 0 is primitive for coelurosaurian dinosaurs, and is also found in many
troodontid dinosaurs such as Sinovenator, Mei, Sinornithoides, IGM 100/1126,
Xixiasaurus and Troodon (Russell and Dong, 1993; Xu et al., 2002; Xu and Norell, 2004:
Lü et al., 2010). In some troodontids from the Djadokhta Formation, such as IGM
100/1323, Byronosaurus and Gobivenator, the lateral surface of the maxillary ventral
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ramus is grooved (Makovicky et al., 2003; Tsuihiji et al., 2014). In the other Djadokhta
troodontid, Saurornithoides, the ventral ramus of the maxilla is grooved on the left side
and is smooth on the right side (Norell et al., 2009), and it is scored polymorphically as
“0/1” for this character.

Character 861. Maxilla, shape of the ventral ramus in lateral view:
0) posteriorly tapering.
1) band-like, with nearly parallel dorsal and ventral edges.

Most coelurosaurians display state 0, where the ventral ramus of the maxilla is
dorsoventrally deep at the anterior end, and tapers posteriorly to a pointed posterior end.
State 1 is observed in Troodontidae and is convergent in Alvarezsauridae and
Juravenator (Chiappe et al., 1998; Xu et al., 2002; Makovicky et al., 2003; Norell et al.,
2009; Chiappe and Göhlich, 2010; Tsuihiji et al., 2014; Choinere et al., 2014). In these
taxa, the ventral ramus of the maxilla is band-like in lateral view, with an equal depth
anteriorly and posteriorly.

Character 862. Maxilla, presence of a depression posterodorsal/posterior to the
maxillary fenestra:
0) absent.
1) present.

State 1 is observed in most dromaeosaurids, such as Microraptor, Velociraptor
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and Shanag (Barsbold and Osmólska, 1999; Turner et al., 2007; Pei et al., 2014), and the
troodontid IGM 100/1126. The anterodorsal and posterior margins of the depression are
confluent with the anterior and posterior margins of the maxillary fenestra in these taxa.
State 0 is observed in all non-deinonychosaurian dinosaurs, some dromaeosaurids and
derived troodontids, in which this depression is absent. It is unknown whether a
posterodorsal/posterior depression is present in basal troodontids such as Sinovenator,
Mei, Jinfengopteryx and basal dromaeosaurids such as Mahakala, Rahonavis, because
this part of the maxilla is either damaged or not preserved in these taxa.

Character 863. Squamosal, presence of a deep recess developed laterally on the
squamosal where the anterior and the ventral processes meet, and makes up most of the
lateral surface of the squamosal:
0) absent.
1) present.

State 0 is a primitive feature of non-troodontid dinosaurs. The lateral surface (the
juncture of the ventral and the anterior processes) of the squamosal is generally flat and
plate-like. State 1 is found in most troodontids where the lateral aspect of the squamosal
is preserved, such as in IGM 100/1126, IGM 100/1323, Gobivenator and Zanabazar, but
is not found in Sinovenator which has State 0 instead (Makovickey and Norell, 2004;
Norell et al., 2009; Xu et al., 2011b; Tsuihiji et al., 2014). The lateral surface of the
squamosal is deeply recessed and forms a large cavity in lateral view. This feature is
observed only in relatively anatomically derived troodontids. This recess is absent in the
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basal troodontid Sinovenator (BMNHC PH829) and other paravians, such as Anchiornis
and Tsaagan (Norell et al., 2006; Pei et al., in preparation).

Character 864. Mandible, lateral exposure of the external mandibular fenestra:
0) well exposed in lateral view.
1) not visible in lateral view.

State 0 is the primitive condition found in most coelurosaurians, in which the
external mandibular fenestra is well exposed in lateral view and is surrounded by the
angular, surangular, and possibly the dentary. State 1 is found in basal avialans, such as
Anchiornis, Xiaotingia, Eosinopteryx, Archaeopteryx, Jeholornis and Sapeornis, in which
the angular, surangular and dentary are closely sutured with each other, and the external
mandibular fenestra is not visible laterally (Elzanowski, 2001; Zhou and Zhang, 2002a;
Zhou and Zhang, 2002b; Hu et al., 2009; Xu et al., 2011a; Godefroit et al., 2013a).

Character 865. Mandible, depth:
0) posteriorly deep, the average depth of the angular and the surangular is more
than twice of the average depth of the dentary.
1) almost as deep anteriorly as posteriorly, the average depth of the angular and
the surangular is less than twice of the average depth of the dentary.

State 0 refers to a mandibular configuration with a relatively slender dentary and
dorsoventrally expanded angular + surangular. State 0 is the primitive condition in
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Tetanurae, as observed in tyrannosaurids and the outgroup Allosaurus and Sinraptor
(Brusatte et al., 2012). But this state is secondarily acquired by all Jianchang paravians
such as Anchiornis, Xiaotingia and Eosinopteryx (Hu et al., 2009; Xu et al., 2011a;
Godefroit et al., 2013a). State 1 is observed in most coelurosaurians, except
tyrannosaurids and Jianchang paravians. The angular + surangular of oviraptorosaurians
are dorsoventrally expanded at the anterior part, but the posterior end of the mandible is
dorsoventrally shallow; thus oviraptorosaurians are scored as “0” for this character.

Character 866. Ischium, length of the ischiadic shaft:
0) long, equal to or more than 30% the length of the pubis.
1) reduced, less than 30% the length of the pubis.

State 0 is the primitive state observed in most theropod dinosaurs. State 1 is a
derived feature found in Anchiornis and Eosinopteryx (Xu et al., 2008; Hu et al., 2009;
Godefroit et al., 2013a). In Archaeopteryx, Xiaotingia and Early Cretaceous troodontids
such as Sinovenator, Mei, and Sinornithoides, the ischium is also reduced compared to
more basal coelurosaurians and derived deinonychosaurians, but not as small as in
Anchiornis or Eosinopteryx (Xu et al., 2002; Xu and Norell, 2004; Wellnhofer, 2009).

Character 867. Ischium, presence of a spike-like process developed anteroventrally on
the obturator process:
0) absent.
1) present.
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State 0 is the primitive feature found in most theropod dinosaurs. State 1 is the
derived feature observed in some Djadokhta troodontids such as IGM 100/1323 and
Gobivenator. The spike-like process is confluent with the anterior edge of the ischiadic
shaft. This process is relatively longer in IGM 100/1323 than in Gobivenator (Tsuihiji et
al., 2014).

Character 868. Ischium, shape and size of the plate-like ischiadic shaft distal to the
obturator process:
1) the distal shaft of the ischium is significantly smaller than the ischiadic shaft
proximal to the obturator process; either the obturator process is located close to the distal
end of the ischium, or the distal expansion of the ischium is extremely slender.
2) the distal shaft of the ischium is broad and directed posteroventrally; the distal
end of the ischium is rounded.
3) the distal shaft of the ischium directs posteroventrally, and is narrow and bladelike.

This character is different from character 163, as all the taxa that display this
character have a plate-like distal portion of the ischium, and is coded as state 2 in
character 163. Taxa with state 0 or 1 of character 163 are scored as “?” for this character.
State 0 is the primitive state, and is observed in therizinosaurids,
oviraptorosaurians, dromaeosaurids, avialans (Wellnhofer, 1974; Xu et al. 1999; Hwang
et al., 2002; Kirkland et al., 2005; Makovicky et al., 2005) and Early Cretaceous
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troodontids such as Jinfengopteryx, Sinovenator, Mei and Sinornithoides (Currie and
Dong, 2001; Xu et al., 2002; Xu and Norell, 2004; Ji et al., 2005). The distal portion of
the ischiadic shaft is significantly smaller than the proximal portion, and it does not have
a prominent posteroventral expansion. In this state, the slender distal shaft of the ischium,
if present, usually directs horizontally.
State 1 is observed in IGM 100/1323 and IGM 100/1126. In these taxa, the distal
portion of the ischiadic shaft is posteroventrally directed. The shaft distal to the obturator
process is wider than the proximal half of the ischium. The distal end of the ischium is
rounded.
State 2 is observed in Talos, Saurornithoides and Gobivenator. The distal portion
of the ischiadic shaft is posteroventrally directed. The width of the ischiadic shaft distal
to the obturator process is almost the same as the width of the proximal half of the
ischium (Norell et al., 2009; Zanno et al., 2011; Tsuihiji et al., 2014).

Character 869. Metatarsal II, mid-shaft width compared to metatarsal IV:
0) the shaft of metatarsal II is almost as wide as metatarsal IV, being more than
3/4 the width of metatarsal IV.
1) the shaft of metatarsal II is narrow transversely, being less than 1/2 the width of
metatarsal IV.

In Early Cretaceous troodontids such as Sinovenator, Mei, Jinfengopteryx, IGM
100/44 and Sinornithoides, metatarsal II is only slightly narrower than metatarsal IV
(state 0). This state is also primitive in other coelurosaurians. In more derived
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troodontids, such as IGM 100/1126, IGM 100/1323, Talos, Philovenator,
Saurornithoides and Linhevenator, metatarsal II is significantly reduced in width
compared to metatarsal IV (state 1), and the metatarsus appears highly asymmetric
(Norell et al., 2009; Zanno et al., 2011; Xu et al., 2011b; Xu et al., 2012).

Character 870. Metatarsal III, exposure in ventral/posterior view (Ordered):
0) fully exposed along the entire shaft.
1) narrowly exposed along the entire shaft; metatarsal II and metatarsal IV
approach each other but do not reach each other in ventral view.
2) only exposed near the distal end and proximal end of the shaft; metatarsal II
and metatarsal IV contact each other in ventral view.

In basal coelurosaurians, metatarsal III is fully exposed in ventral/posterior view.
The basal troodontid Sinovenator displays state 0, with a well exposed metatarsal III in
ventral view (Xu et al., 2002). In the Early Cretaceous troodontids IGM 100/44 and
Sinornithoides (Barsbold et al., 1987; Russell and Dong, 1993), the ventral/posterior
surface of metatarsal III is partially braced by metatarsal II and metatarsal IV, and the
ventral exposure of metatarsal III is narrow along the shaft (State 1). In Mei, IGM
100/1126, Gobivenator and Saurornithoides (Xu and Norell, 2004; Norell et al., 2009;
Tsuihiji et al., 2014), metatarsal IV has a medioventral tab that reaches metatarsal II, and
covers metatarsal III at its middle and distal portion in ventral view (State 2). State 1 and
state 2 are usually associated with a dorsal displacement of the distal end of metatarsal III
in troodontid dinosaurs, causing metatarsal III to fall out of the plane of metatarsal II and
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metatarsal IV.

Character 871. Pedal phalanx I-1 size:
0) short in both length and width, being less than 3/4 the length of pedal phalanx
II-1.
1) elongate, subequal to or longer than pedal phalanx II-1.

State 0 is the primitive state observed in most non-avian theropods and the
Jianchang paravians, such as Anchiornis, Eosinopteryx and Xiaotingia, in which pedal
phalanx I-1 is significantly shorter and narrower than pedal phalanx II-1 (Xu et al., 2008;
Xu et al., 2011a; Godefroit et al., 2013a). State 1 is observed in avialans more derived
than the Jianchang paravians, such as Archaeopteryx, Sapeornis, Confuciusornis,
Jeholornis, in which pedal phalanx I-1 is almost as long as pedal phalanx II-1 (Chiappe et
al., 1999; Zhou and Zhan, 2002a; Zhou and Zhang, 2002b; Foth et al., 2014). This
derived state is also found in Balaur and the Jurassic maniraptoran Epidendrosaurus
(Zhang et al., 2002; Csiki et al., 2010).

PHYLOGENETIC ANALYSIS
The phylogenetic analysis of troodontid dinosaurs within a larger context of
Coelurosauria was performed with equally weighted parsimony in the phylogenetic
program TNT v. 1.1 (Goloboff et al., 2008a, 2008b). Trees were rooted on Allosaurus.
Following previous TWiG protocol (Turner et al., 2012), a heuristic tree search strategy
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was conducted performing 1000 replicates of Wagner trees followed by TBR branch
swapping (holding 10 trees per replicate), using the sectorial search, ratchet, tree drift,
and tree fuse options with default parameters. The generated trees were then analyzed
with TBR branch swapping for a second round, in order to obtain all the most
parsimonious topologies. Zero-length branches were collapsed if they lacked support in
any of the most parsimonious reconstructions, following Rule 1 of Coddington and
Scharff (1994).
The initial search resulted in 1000 most parsimonious trees of 3450 steps
(consistency index=0.325; retention index=0.749). Additional TBR branch swapping on
these 1000 trees found 99,999 (99,999 trees is the memory limit in the utilized version of
TNT) additional most parsimonious topologies.
Bremer support values and jackknife resampling were calculated to assess nodal
support. Bremer support, also known as the decay index, represents node stability by how
many extra steps are required for the clade to collapse in the strict consensus of less
optimal trees. Bremer support was calculated with the default function/script in TNT (fig.
5.3). Jackknife resampling is a method in which the phylogeny is reanalyzed as a fixed
percentage of the total number of characters are randomly deleted. The jackknife
percentage of each clade indicates the percent of trees recovered in jackknife analyses
that resolve the clade in question. The jackknife support analysis was calculated using
TNT, with 1000 replicates, and the probability of independent character removal was set
to 0.20, following previous TWiG protocol (Turner et al., 2012). The topologies obtained
during the jackknife replicates were summarized using GC frequencies (Goloboff et al.,
2008a; Goloboff et al., 2008b) (fig. 5.4).
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RESULTS
A highly resolved strict consensus tree was generated from the 99,999 most
parsimony trees (fig. 5.2). All of the major coelurosaurian lineages that have traditionally
been considered monophyletic are also confirmed to be monophyletic in these results.
These clades include Tyrannosauroidea, Compsognathidae, Ornithomimosauria,
Therizinosauroidea, Alvarezsauroidea, Therizinosauroidea, Oviraptorosauria,
Dromaeosauridae, Troodontidae, and Avialae. The broad relationships of these lineages
are congruent with the topologies of previous TWiG analyses (Norell et al., 2001; Hwang
et al., 2002; Makovicky et al., 2003; Xu and Norell, 2004; Novas and Pol, 2005;
Makovicky et al., 2005; Norell et al., 2006; Turner et al., 2007a, 2007b; Choinere et al.,
2010; Turner et al., 2012; Choinere et al., 2014; Brusatte et al., 2014).
Notably, a monophyletic Deinonychosauria that comprises Dromaeosauridae and
Troodontidae is recovered, and Avialae is placed as the sister taxon to Deinonychosauria.
All of these clades together make up a monophyletic Paraves. Unlike previous TWiG
analyses (Choinere et al., 2010; Turner et al., 2012), but similar to some other studies
(e.g., Godefroit et al., 2012; Foster et al., 2014), the Jianchang paravians Anchiornis,
Xiaotingia and Eosinopteryx, are recovered as a monophyletic basal avialan branch
instead of as basal troodontids. The phylogeny of Dromaeosauridae and Avialae (Avialae
that are more derived than the Jianchang paravians) remains almost unchanged from
previous studies (Turner et al., 2012; Brusatte et al., 2014), although the resolution
decreased slightly with new characters included. Nodal support of Paraves is shown in
figures 5.3 and 5.4.
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The general phylogenetic pattern within Troodontidae remains the same as
traditionally recognized (Xu et al., 2002; Makovicky et al., 2003). However, with the new
characters and new taxa added, the positions of several troodontid taxa changed (figs. 5.2,
5.5). The Jehol troodontids, which include Sinovenator, Sinusonasus, Mei and
Jinfengopteryx, form a clade as the most basal troodontid branch. Other Early Cretaceous
troodontids (Sinornithoides and the unnamed IGM 100/44) are recovered as a clade,
forming the sistergroup to all Late Cretaceous troodontids. All Late Cretaceous
troodontids are recovered as a monophyletic group, and IGM 100/1126 (and IGM
100/3500) is the basalmost member of this group. IGM 100/1323 is recovered as the
sistergroup of a clade consisting of the rest of the Late Cretaceous troodontids excluding
IGM 100/1126 (and IGM 100/3500). Unlike previous TWiG studies (Turner et al., 2012;
Brusatte et al., 2014), a monophyletic Jinfengopteryginae is not recovered in this analysis
(figs. 5.2, 5.5).
Linhevenator is the sister taxon of Troodon, and together they form the sistergroup to a clade of Saurornithoides and Zanabazar. This broad later-diverging troodontid
clade (Linhevenator, Troodon, Saurornithoides and Zanabazar) forms a polytomy with
Byronosaurus, Gobivenator, Xixiasaurus, Talos and Philovenator (fig. 5.5). This node is
not well resolved, probably due to the fragmentary specimens of Xixiasaurus, Talos and
Philovenator (Lü et al., 2010; Zanno et al., 2011; Xu et al., 2012).
Alternative hypotheses of paravian relationships were tested by constraining some
formerly recognized clades while running the phylogenetic analysis (fig. 5.6). The tree is
one step longer if Troodontidae and Avialae are constrained into a monophyletic group,
while retaining the Jianchang paravians as basalmost paravian (fig. 5.6A). Considering
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several derived characters that are common to some basal troodontids and basal avialans,
such as a dorsally flat internarial bar of the premaxilla and a more ventrally extended
pubic peduncle of the ilium, it is not surprising that this constrained topology (fig. 5.6A)
is only one steps longer than the current favored result (fig. 5.6B). By retaining the
Troodontidae + Avialae clade, but constraining Jianchang paravians as the basalmost
troodontid group (fig. 5.6C), the tree length is increased by 9, and this much longer tree
would further support the avialan affiliation of the Jianchang paravians rather than the
traditional placement as troodontids. By constraining the Jianchang paravians as the
basalmost troodontid group, and keeping the monophyletic Deinonychosauria (fig. 5.6D),
as suggested by Hu et al. (2009) and Turner et al. (2012), the tree length again is
increased by 9.

TREE DESCRIPTION
PARAVES Sereno, 1997
Definition: A stem-based monophyletic group containing Passer domesticus
Linnaeus, 1758 and all coelurosaurs closer to it than to Oviraptor philoceratops Osborn,
1924.
Paraves has been recognized in many previous phylogenetic analyses (e.g.,
Sereno, 1997; Makovicky and Sues, 1998; Xu et al., 1999; Hwang et al., 2002;
Makovicky et al., 2003; Xu and Norell, 2004; Makovicky et al., 2005; Novas and Pol,
2005; Norell et al., 2006; Turner et al., 2007; Hu et al., 2009; Choinere et al, 2010;
Turner et al., 2012; Senter et al., 2012; Foth et al., 2014; Brusatte et al., 2014). The
paravian node is well supported, with a Bremer support of 4 and a GC frequency of 60.
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Twenty-three synapomorphies are found to support this node:
1. (char. 14.0) The basipterygoid process is solid and lacks pneumatization.
2. (char. 95.1) Carotid processes are present on posterior cervical vertebrae.
3. (char. 121.1 ) Chevrons are anteriorly bifurcate on the distal part of the tail.
4. (char. 131.1) The acromion margin of the scapula is laterally everted relative to
the scapular blade.
5. (char. 136.1) The articular surface of the glenoid fossa faces laterally.
6. (char. 142.1) The proximal surface of the ulna is divided into two distinct
fossae by a median ridge.
7. (char. 153.1) The anterior margin of the preacetabular process of the ilium is
strongly convex.
8. (char. 157.1) The ilium bears a tuber along the dorsal edge slightly posterior to
the acetabulum.
9. (char. 166.3) The obturator process is located at the distal end of the ischium.
10. (char. 174.1) The pubis is vertical while in articulation.
11. (char. 199.1) The distal end of metatarsal III is ginglymoid.
12. (char. 235.1) Dorsoventral depth of the ventral ramus of the maxilla at the
midpoint of the antorbital fenestra is between 16-22% of skull depth at this measuring
point.
13. (char. 241.1) The lateral lamina of the ascending ramus of the maxilla is
reduced to a small triangular exposure in lateral view.
14. (char. 280.0) The pterygoid is kinked, and the surface for the basisphenoid
articulation is at a high angle to the axis of the palatal process of the pterygoid.
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15. (char. 409.0) The femur has a posterior trochanter developed as a slightly
projected tubercle or flange.
16. (char. 469.0) The furcula is nearly symmetric.
17. (char. 478.1) The anteroposterior length of the skull is greater than 40% of the
trunk.
18. (char. 501.0) A swollen rim separates the antorbital fossa and the
subcutaneous surface in the maxilla.
19. (char. 507.1) The nasal has a constant width across the length of the bone in
dorsal view.
20. (char. 634.2) The surangular shelf is straight anteroposteriorly in lateral view.
21. (char. 670.0) Middle and posterior dorsal vertebrae lack discrete anterior and
posterior centrodiapophyseal laminae.
22. (char. 683.1) The anteroposterior length of the coracoid is twice or more than
twice the length of the scapular acromion at midheight.
23. (char. 687.1) The external tuberosity of the humerus and the deltopectoral
crest are smoothly confluent.

AVIALAE Gauthier, 1986
Definition: A stem-based monophyletic group containing Passer domesticus
(Linnaeus, 1758) and all coelurosaurs closer to it than to Dromaeosaurus albertensis
Matthew and Brown, 1922, or Troodon formosus Leidy, 1856 (see Maryanska et al.,
2002; also see Gauthier, 1986; Gauthier and de Queiroz, 2001).
In the present analysis, Anchiornis, Xiaotingia and Eosinopteryx are recovered as
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basal avialans, which is similar to some previous analyses (Xu et al., 2008; Godefroit et
al., 2013a; Foth et al., 2014), whereas Anchiornis and Xiaotingia are proposed to be basal
deinonychosaurians or basal troodontids in other analyses (Hu et al., 2009; Xu et al.,
2011; Turner et al., 2012; Brusatte et al., 2014). The Avialae node is supported with a
Bremer value of 5 and a GC frequency of 92. This node is supported unambiguously by
eight characters:
1. (char. 82.0) Maxillary and dentary teeth are large, with less than 20 dentary
teeth when the complete series is observable. This feature is present in basal avialans.
Primitively, small and numerous teeth are found in troodontids, basal dromaeosaurids
(e.g., Austroraptor and Buitreraptor) and some derived avialans (e.g., Hesperornis,
Hongshanornis).
2. (char. 114.2) The transition point from the short to long caudal vertebrae is
located at the 7th or proximal to the 7th caudal vertebra. This feature is convergent in
deinonychosaurians Jinfengopteryx, Velociraptor and Deinonychus (Ostrom, 1969;
Norell and Makovicky, 1999; Ji et al., 2005).
3. (char. 177.2) The distal end of the pubic shaft curves posteriorly, and the
anterior surface of the pubic shaft convex. This feature is convergent in Sinovenator and
some dromaeosaurids (Xu, 2002).
4. (char. 178.1) The pubic apron is less than 1/3 of the length of the shaft. This
feature is convergent in Rahonavis and derived troodontids (O’Cornor and Forster, 1998).
5. (char. 349.0) The acromion process of the scapula extends anteriorly to surpass
the articular surface for coracoid. This feature is convergent in Rahonavis, Unenlagia and
Buitreraptor (O’Cornor and Forster, 1998; Novas & Pol, 2005; Makovicky et al., 2005;
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Turner et al., 2012).
6. (char. 855.1) The nasal process of the premaxilla is straight in lateral view.
7. (char. 856.1) The anterior margin of the external naris is above or posterior to
the fourth premaxillary tooth. This feature is convergent in IGM 100/1126 and
Haplocheirus, and it reverses in Sapeornis (Zhou and Zhang, 2002; Choiniere et al.,
2010).
8. (char. 864.1) The external mandibular fenestra is not visible in lateral view.
This feature is observed in Archaeopteryx, Anchiornis, Xiaotingia, Eosinopteryx,
Jeholornis and Sapeornis, but it reverses in Confuciusornis and more derived taxa
(Wellnhofer 1974; Chiappe et al., 1999; Zhou and Zhang, 2002a; Zhou and Zhang,
2002b; Hu et al., 2009; Xu et al., 2011a; Godefroit et al., 2013a).

Unnamed Jianchang Paravian Clade 1 (Xiaotingia + Anchiornis + Eosinopteryx)
This clade of Jianchang paravians is supported with a Bremer value of 4 and a GC
frequency of 97. Five characters support this node unambiguously:
1. (char. 138.2) The deltopectoral crest of the humerus is extremely reduced; it is
proximodistally short, and appears as a short arc.
2. (char. 160.1) The cuppedicus fossa of the ilium is bounded dorsally by a ridge
extending far posteriorly and almost confluent with the acetabular rim.
3. (char. 629.1) The dorsal margin of the dentary is strongly concave in lateral
view. This feature is convergent in Microraptor, IGM 100/1126 and tyrannosaurids.
4. (char. 685.2) The apex of deltopectoral crest is proximally located.
5. (char. 865.0) The average dorsoventral depth of the dentary is less than half of
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the average depth of the angular and the surangular. This feature is also observed in basal
tetanurans.

Unnamed Jianchang Paravian Clade 2 (Anchiornis + Eosinopteryx)
This subclade of Jianchang paravians is supported with a Bremer value of 4 and a
GC frequency of 98. Five characters support this node unambiguously:
1. (char. 151.1) The preacetabular process of the ilium has a subquadratic
anteroventral corner.
2. (char. 173.1) A tubercle is developed on the anterior edge of the ischium.
3. (char. 231.1) The obturator process of the ischium is shorter proximodistally
than wide anteroposteriorly, and resembles an elongate triangle extending anteriorly.
4. (char. 689.1) The ulna is straight along the entire shaft.
5. (char. 866.1) The ischium is extremely short, less than 30% the length of the
pubis.

Unnamed Clade (Avialae excluding Xiaotingia, Anchiornis and Eosinopteryx)
This clade is well supported and represents the traditionally recognized Avialae.
This node is supported with a Bremer value of 6 and a GC frequency of 98. Sixteen
synapomorphies support the monophyly of this node:
1. (char. 1.1) Vaned feathers on the forelimb are asymmetric.
2. (char. 46.0) The parietals remain unfused.
3. (char. 162.1) The ischium has a prominent median posterior process along the
posterior edge.
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4. (char. 233.1) The ulna is as long as or longer than the femur.
5. (char. 240.1) The antorbital fossa of the maxilla has its dorsal margin formed
by the lacrimal and nasal.
6. (char. 262.3) The femur is shorter than the humerus.
7. (char. 312.0) Thoracic vertebral centra have approximately equal length and
midpoint width.
8. (char. 348.0) The scapula is straight in lateral view.
9. (char. 434.0) The anteroposterior length of middle to posterior caudal vertebrae
is less than one and half of dorsal vertebrae, and anteroposterior length of centrum is less
than twice its maximum mediolateral width.
10. (char. 439.1) The total length of metacarpal I and phalanx I-1 is equal to or
less than the length of metacarpal II.
11. (char. 444.1 ) The metotic strut is slender and long on the braincase.
12. (char. 610.1) Basal tubera are dorsoventrally deeper than the occipital
condyle.
13. (char. 632.0) The lateral surface of the surangular lacks a well-developed
surangular shelf.
14. (char. 651.1) The number of maxillary teeth is less than 13.
15. (char. 839.1) A deep fossa is absent on the lateral surface along the region of
the suture between the scapula and the coracoid.
16. (char. 871.1) Pedal phalanx I-1 is elongate, subequal or longer than pedal
phalanx II-1.
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DEINONYCHOSAURIA Colbert and Russell, 1969
Definition: A node-based monophyletic group containing the last common
ancestor of Troodon formosus Leidy, 1856, and Velociraptor mongoliensis Osborn, 1924,
and all of its descendants (see Sereno, 1998).
Deinonychosauria was proposed by Colbert and Russell (1969) and later specified
by Gauthier (1986) as a union of dromaeosaurids and troodontids. The present analysis
recovered Deinonychosauria as a monophyletic clade, as in previous TWiG studies
(Makovicky and Sues, 1998; Hwang et al., 2002; Makovicky et al., 2003; Xu and Norell,
2004; Makovicky et al., 2005; Novas and Pol, 2005; Norell et al., 2006; Turner et al.,
2007; Hu et al., 2009; Choinere et al, 2010; Turner et al., 2012). This node is supported
with a Bremer value of 1 and it is not recovered in jackknife resampling. Ten
synapomorphies support clade:
1. (char. 59.0) The pterygoid with a well developed posterior flange for
articulation with the quadrate and the epipterygoid. This character is observed in all
deinonychosaurians with relevant part preserved, but reverses in Gobivenator (Tsuihiji et
al., 2014).
2. (char. 73.1) The splenial has a triangular exposure laterally between the dentary
and the angular, which is unique for all deinonychosaurians.\
3. (char. 107.1) Scars for interspinous ligaments terminate below the apex of the
neural spines of dorsal vertebrae. This feature is observed in deinonychosaurians, but
whether it is present in basal avialans is unknown.
4. (char. 195.1) The astragalus and the calcaneum fused with each other, but
remain unfused with the tibia in adult specimens. This character is observed in basal
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deinonychosaurian (e.g. Mahakala, Microraptor and Sinovenator) but it reverses in some
derived troodontids and derived dromaeosaurids (e.g. Talos, Gobivenator, Troodon,
Deinonychus, Bambiraptor).
5. (char. 201.1) Pedal digit II is highly modified with extreme hyperextension, in
term of a highly reduced and ginglymoid phalanx II-2 and an enlarged ungual phalange
II-3.
6. (char. 379.1) The ulna has a slightly raised bicipital scar.
7. (char. 436.1) Metatarsal V is elongated and bowed. This character is primitive
for deinonychosaurians, but is secondarily lost in some derived deinonychosaurians (e.g.,
Sinornithoides, Deinonychus).
8. (char. 563.0) The anterior process of the quadratojugal terminates level with or
anterior to the anterior margin of the lower temporal fenestra.
9. (char. 584.1) The nuchal crest of the parietal extends higher than the dorsal
surface of the interorbital region of the parietal. This character is primitive for
deinonychosaurians, but it reverses in Mei and Jinfengopteryx.
10. (char. 636.1) Adductor muscle attachment site dorsal to the surangular faces
almost equally dorsally and laterally. This character is secondarily lost in Troodon.

DROMAEOSAURIDAE Matthew and Brown, 1922
Definition: A stem-based monophyletic group containing Dromaeosaurus
albertensis Matthew and Brown, 1922, and all deinonychosaurians closer to it than to
Troodon formosus Leidy, 1856, or Passer domesticus (Linnaeus, 1758) (see Sereno,
1998).
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The Dromaeosauridae node has a Bremer value of 3 and a GC frequency of 85.
Eight unambiguous characters support this clade:
1. (char. 17.0) The braincase lacks an accessory tympanic recess that is dorsal to
crista interfenestralis, which is observed in other paravians and alvarezsaurids.
2. (char. 54.0) The paroccipital processes is elongate, longer mediolaterally than
dorsoventrally, and the dorsal and ventral edges are nearly parallel.
3. (char. 56.1) The dorsal edge of the paroccipital process twists anterolaterally at
the distal end. The paroccipital process is straight primitively in other coelurosaurians,
and this feature reverses in Tsaagan.
4. (char. 86 1) Root and tooth crown of maxillary and dentary teeth are confluent,
with no constriction between root and crown. This feature is convergent in basal
coelurosaurians and Yixianornis, but is absent in other paravians. This feature reverses in
Microraptor (Xu, 2002; Pei et al., 2014).
5. (char. 101.1) Parapophyses in posterior dorsal vertebrae are distinctly projected
on pedicels.
6. (char. 198.1) The distal end of metatarsal II has developed ginglymus that
extends onto the extensor surface. This feature reverses in Balaur (Csiki et al., 2010;
Brusatte et al., 2013).
7. (char. 447.1) The anterior tympanic recess and the anterior tympanic crista is
anteriorly located, with little or no development of the recess posterior to the
basipterygoid processes.
8. (char. 607.1) The paroccipital process has a ventral flange at its distal end.
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TROODONTIDAE Gilmore, 1924
Definition: A stem-based monophyletic group containing Troodon formosus
Leidy, 1856, and all coelurosaurs closer to it than to Velociraptor mongoliensis Osborn,
1924, or Passer domesticus (Linnaeus, 1758) (see Sereno, 1998).
The Troodontidae node has a Bremer value of 3 and a GC frequency of 90.
Troodontidae is supported by 15 synapomorphies:
1. (char. 9.0) The basisphenoid recess is absent from the ventral surface of the
basioccipital and the basisphenoid. The basisphenoid recess is primitive for coelurosaurs,
but absent in troodontids, some ornithomimids and derived birds. A basisphenoid
foramen is observed in IGM 100/1126 and IGM 100/3500, possibly homologous to the
basisphenoid recess of other coelurosaurians.
2. (char. 21.1) The internarial bar of the premaxilla has a flat dorsal surface. This
feature is convergent in basal avialans.
3. (char. 83.1) Dentary teeth are set in an open groove. This feature is convergent
in Pelecanimimus polydon (Perez-Moreno, 1994).
4. (char. 87.1) Dentary teeth are more closely packed anteriorly than posteriorly.
This feature reverses in IGM 100/1126 (and IGM 100/3500) and Jinfengopteryx, where
the dentary teeth are evenly spaced along the tooth row (Ji et al., 2005).
5. (char. 200.1) The proximal end of metatarsal III is constricted and much
narrower than metatarsals II or IV, but is still exposed along most of the pes. This feature
represents the subarctometatarsalian pes that is primitive for troodontids.
6. (char. 205.1) The pes is asymmetric with slender metatarsal II and robust
metatarsal IV. This feature is characteristic for troodontids as noticed in previous studies
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(Gauthier, 1986; Makovicky et al., 2003)
7. (char. 222.1) The basal tubera are narrower than the occipital condyle, and are
reduced to a set of small processes directly below the condyle and separated by a narrow
notch.
8. (char. 226.1) A prominent and longitudinal flange is developed along the
posterior or lateral surface of metatarsal IV. This feature is convergent in derived
dromaeosaurids.
9. (char. 429.2) Metatarsal IV is mediolaterally wider than either metatarsal II or
metatarsal III. This feature is convergent in Hesperornis.
10. (char. 433.1) Metatarsal II is shorter than metatarsal IV, but reaches distally
further than the base of metatarsal IV trochlea.
11. (char. 450.1) A small tubera is developed medial to the basal tubera and
ventral to occipital condyle. This feature is observed in IGM 100/1126, Sinovenator,
Byronosaurus, but it reverses in Troodon (Currie and Zhao, 1993; Xu, 2002; Makovicky
et al., 2003).
12. (char. 498.1) The anterior ramus of the maxilla is demarcated along its
anterodorsal edge. This feature is primitive for troodontids, but is convergent in
Microraptor and Anchiornis (Hu et al., 2009; Pei et al., 2014).
13. (char. 773.1) The lateral distal condyle of the femur is distally conical,
projecting substantially further distally than the medial condyle. This feature is present in
IGM 100/1126, IGM 100/1323, Mei, and alverezsaurids (Novas, 1997; Xu and Norell,
2004).
14. (char. 781.1) Foramen magnum is approximately equal in size with occipital
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condyle. This feature is present in IGM 100/44, Gobivenator, Troodon and Sinovenator,
but reverses in IGM 100/1126 and Zanabazar.
15. (char. 861.1) The ventral ramus of the maxilla has parallel dorsal and ventral
edges. This feature is characteristic for troodontids, and is also convergent in some
alvarezsaurids and Juravenator (Chiappe and Göhlich, 2010).

Unnamed Jehol Troodontid Clade 1 (Sinovenator + Sinusonasus + Mei +
Jinfengopteryx)
This Jehol troodontid node is supported with a Bremer value of 1 and not being
recovered at all in jackknife resampling. Nevertheless, this clade is supported by 4
characters unambiguously:
1. (char. 97.0) The neural spine of cervical vertebrae is anteroposteriorly long in
dorsal view. This feature is observed in Mei and Sinovenator (Xu et al., 2002; Xu and
Norell, 2004).
2. (char. 162.1) The ischium has a prominent median posterior process along
posterior edge of the bone.
3. (char. 204.1) Metatarsal IV has a mediolaterally widened shaft.
4. (char. 753.1) The ventral process of the lacrimal inclines posteroventrally. This
feature is convergent in Xiaotingia and IGM 100/1323 (Xu et al., 2011a).
One ambiguous synapomorphy also is optimized at this node:`
1. (char. 191.1) The astragalus and the calcaneum are separated by prominent
tendonal groove on the anterior surface. This feature is convergent in Gobivenator,
Philovenator and Buitreraptor, but is lost in Sinornithoides and Troodon (Currie and
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Dong, 2001; Makovicky et al., 2005; Xu et al., 2012; Tsuihiji et al., 2014).

Unnamed Jehol Troodontid Clade 2 (Sinovenator + Sinusonasus)
This node has a Bremer value of 1 and a GC frequency of 52. Two characters
support this clade unambiguously:
1. (char. 20.0) The maxillary (subnarial) process of the premaxilla contacts the
nasal to form the posterior margin of nares.
2. (char. 81.1) Maxillary and dentary teeth bear serrations on the posterior carina.
This feature is observed in many coelurosaurians. Within troodontids, this feature is
convergent with Sinornithoides, IGM 100/44, Linhevenator, Troodon, Zanabazar and
Saurornithoides (Gilmore, 1924; Barsbold et al., 1987; Russell and Dong, 1993; Xu et
al., 2002; Xu and Norell, 2004; Norell et al., 2009; Xu et al., 2011b).

Unnamed Jehol Troodontid Clade 3 (Mei + Jinfengopteryx)
This clade has a Bremer value of 1 and is not recovered in jackknife resampling.
Two characters support this clade unambiguously:
1. (char. 45.0) Parietals are flat dorsally, without a sagittal crest and a lateral ridge
bordering the supratemporal fenestra.
2. (char. 584.0) The nuchal crest of the parietal is as low as or lower than the
dorsal surface of the interorbital region. This feature is convergent in Anchiornis,
Xiaotingia and Archaeopteryx (Mayr et al., 2005; Hu et al., 2009; Xu et al., 2011a).

Unnamed Clade (Troodontidae excluding the Jehol troodontids [Sinovenator,
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Sinusonasus, Mei and Jinfengopteryx])
This node has a Bremer value of 1 and a GC frequency of 19. Nevertheless, six
characters support this clade unambiguously:
1. (char. 85.1) Serrations of maxillary and dentary teeth are hooked and pointing
toward the tip of the crown on the distal and often mesial carinae.
2. (char. 121.2) Chevrons from distal part of the tail are bifurcate on both the
anterior and the posterior end. This feature is present in IGM 100/1126, Gobivenator and
Sinornithoides, and is convergent in Jinfengopteryx and dromaeosaurids. In Mei and
Sinovenator, the chevrons are anteriorly bifurcate (Xu et al., 2002; Xu and Norell, 2004).
3. (char. 131.0) The scapula has an acromion margin that is continuous with the
scapular blade. This feature is present in Sinornithoides and Gobivenator, and is
convergent in Tianyuraptor (Currie and Dong, 2001; Zheng et al., 2010; Tsuihiji et al.,
2014)
4. (char. 132.0) The coracoid is unexpanded at the posterolateral surface ventral to
the glenoid fossa. This feature is present outside paravians, and is convergent in this
troodontid clade, as found in Sinornithoides and Gobivenator (Currie and Dong, 2001;
Tsuihiji et al., 2014).
5. (char. 291.0) The dorsal process of the quadrate articulates with the squamosal
and the prootic. This feature is present in Sinornithoides, IGM 100/1126 and
Gobivenator, but it reverses in Troodon (Currie and Zhao, 1993).
6. (char. 433.2) Metatarsal II is shorter than metatarsal IV, reaching distally only
as far as base of metatarsal IV trochlea.
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Unnamed Clade (Sinornithoides + IGM 100/44)
This node is supported with a Bremer value of 1 and a GC frequency of 16. One
character supports this clade unambiguously:
1. (char. 81.1) Maxillary and dentary teeth bear serrations on the posterior carina.
Within troodontids, this feature is convergent with Sinovenator, Sinusonasus,
Saurornithoides, Linhevenator, Troodon and Zanabazar (Gilmore, 1924; Barsbold et al.,
1987; Russell and Dong, 1993; Xu et al., 2002; Xu and Norell, 2004; Norell et al., 2009;
Xu et al., 2011b).

Unnamed Late Cretaceous Troodontid Clade (IGM 100/1126 + IGM 100/1323 +
Byronosaurus + Gobivenator + Talos + Philovenator + Xixiasaurus + Linhevenator +
Troodon + Saurornithoides + Zanabazar)
This is a clade including all Late Cretaceous troodontids. It is supported with a
Bremer value of 4 and a GC frequency of 85. Nine characters support this node
unambiguously:
1. (char. 6.1) A well developed otosphenoidal crest forms the anterior edge of an
enlarged pneumatic recess. This feature is characteristic for derived troodontids, and is
convergent in Shuvuuia, Falcarius, Nothronychus, Chirostenotes, Crax and Chauna
(Gilmore, 1924; Chiappe et al., 1998; Kirkland & Wolfe, 2001; Kirkland et al., 2005).
2. (char. 166.2) The obturator process of the ischium is located near middle of the
ischiadic shaft.
3. (char. 171.0) The distal ends of opposing ischia form a symphysis. This feature
is primitive in coelurosaurians, and is secondarily acquired in this Late Cretaceous

349

troodontid clade.
4. (char. 178.1) The pubic apron is les than 1/3 the length of the pubic shaft. This
feature reverses in Gobivenator (Tsuihiji et al., 2014).
5. (char. 423.1) The proximal end of metatarsal III is displaced plantarly relative
to metatarsals II and IV.
6. (char. 463.1) Ala parasphenoidalis is well-developed and crest-shaped, forming
the anterior edge of an enlarged pneumatic recess.
7. (char. 868.2) The distal end of the ischium flat and rounded. This feature is
present in IGM 100/1323 and IGM 100/1126.
8. (char. 869.1) Metatarsal II is significantly narrower than metatarsal IV, less
than half the width of metatarsal IV. This feature is present in Talos, IGM 100/1323,
IGM 100/1126, Saurornithoides, Philovenator and Linhevenator (Norell et al., 2009;
Zanno et al., 2011; Xu et al., 2011b; Xu et al., 2012).
9. (char. 870.2 ) Metatarsal IV bears a medioventral tab that reaches metatarsal II
ventrally and braces the distal portion of the ventral surface of metatarsal III. This feature
is convergent in Mei (Xu and Norell, 2004).

Unnamed Clade (IGM 100/1323 + Byronosaurus + Gobivenator + Talos + Philovenator
+ Xixiasaurus + Linhevenator + Troodon + Saurornithoides + Zanabazar)
This node is supported with a Bremer value of 2 and a GC frequency of 35. Six
characters support this node unambiguously:
1. (char. 23.0 ) The posterior margin of the external naris is further anterior to the
antorbital fossa.

350

2. (char. 39.2) The anterior process of the lacrimal is much longer than the
posterior process.
3. (char. 175.1) The pubic boot has a much smaller anterior projection relative to
the posterior projection, while in more basal troodontids, the pubic boot lacks an anterior
expansion (Xu et al., 2002).
4. (char. 241.0) The lateral lamina of the ascending process of the maxilla is
broad. This feature is observed in IGM 100/1323, Byronosaurus, Gobivenator,
Xixiasaurus, Zanabazar and Saurornithoides (Makovicky et al., 2003; Norell et al., 2009,
Lu et al., 2010; Tsuihiji et al., 2014). A broad lateral lamina of the maxilla is also
observed in non-paravians, derived dromaeosaurids and Confuciusornis (Chiappe et al.,
2009).
5. (char. 249.1) The promaxillary fenestra of the maxilla is not visible in lateral
view.
6. (char. 858.1) The rostral ramus of the maxilla is dorsoventrally shallower than
the ventral ramus.

Unnamed Clade (Byronosaurus + Gobivenator + Talos + Philovenator + Xixiasaurus +
Linhevenator + Troodon + Saurornithoides + Zanabazar)
This node has a Bremer value of 1 and is not recovered in the jackknife
resampling.
This node also is poorly resolved. Byronosaurus, Gobivenator, Talos,
Philovenator, Xixiasaurus, and the clade of Linhevenator + Troodon + Saurornithoides
+ Zanabazar form a polytomy. The low resolution of this node is likely a result of
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fragmentary materials of Philovenator and Xixiasaurus (Currie and Peng, 1994; Lü et al.,
2010). Only a partial rostrum and a partial manus are preserved in Xixiasaurus, whereas
in Philovenator, only a partial hindlimb is preserved.
Three characters support this clade unambiguously:
1. (char. 477.0) The skull is long and low, with a length: height ratio greater than
3.2.
2. (char. 488.2) The maxillary fenestra is elongate, between 1/2 to 1/3 of the
length of the orbit.
3. (char. 648.1) Apicobasal height of promaxillary tooth crown is about half of the
largest maxillary tooth crown. This feature is convergent in Sinusonasus (Xu and Wang,
2004).

Unnamed Clade (Linhevenator + Troodon + Saurornithoides + Zanabazar)
This node has a Bremer value of 2 and a GC frequency of 61. Three characters
support this clade unambiguously:
1. (char. 63.2) The symphyseal region of the dentary is recurved slightly medially
relative to remainder of the bone, and conjoined dentaries are U-shaped in ventral view.
2. (char. 81.1) Maxillary and dentary teeth bear serrations on the posterior carina.
Within troodontids, this feature is convergent with Sinovenator, Sinusonasus,
Sinornithoides and IGM 100/44 (Barsbold et al., 1987; Russell and Dong, 1993; Xu et al.,
2002; Xu and Norell, 2004).
3. (char. 784.0) Premaxillary teeth have serrations. This character is convergent in
the Early Cretaceous Sinornithoides (Russell and Dong, 1993).
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Unnamed Clade (Saurornithoides + Zanabazar)
This node has a Bremer value of only 1, it has a GC frequency of 52. One
character supports this clade unambiguously:
1. (char. 28.0) The maxillary fenestra is situated at the anterior border of the
antorbital fossa in the maxilla.

Unnamed Clade (Linhevenator + Troodon)
This node has a Bremer value of only 1 it has a high GC frequency of 70. One
character supports this clade unambiguously:
1. (char. 171.1) Opposing ischia approach one another anteriorly, but do not form
a symphysis. This feature is primitive for paravians, and is also present in Early
Cretaceous troodontids such as Mei, Sinovenator and Sinornithoides (Russell and Dong,
1993; Xu et al., 2002; Xu and Norell, 2004). Linhevenator and Troodon acquired this
feature convergently.

DISCUSSION
1. Is Anchiornis an avialan or a troodontid?
The phylogenetic positions of Anchiornis huxleyi, as well as other Jianchang
paravians, are controversial (Xu et al., 2008; Hu et al., 2009; Xu et al., 2011; Turner et al.,
2012; Senter et al., 2012; Foth et al., 2014). This confusion is mainly caused by the
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conservative morphology of basal paravians. However, careful examination of new
specimens, and rigorous phylogenetic analyses based on them, gives us better clues as to
the affiliation of Anchiornis.
1a. Similarities with avialans
As mentioned in the tree description section, eight synapomorphies unite
Anchiornis huxleyi with other avialans, and this Avialae node is well supported under
Bremer and GC support criteria. Notably, Anchiornis huxleyi shares many features in
common with Archaeopteryx that are not present in dromaeosaurids and troodontids.
Anchiornis resembles Archaeopteryx in having: a straight nasal process of the premaxilla,
an external naris posterior to all premaxillary teeth, less than 20 dentary teeth, the
absence of the coracoid eminence, the absence of lateral exposure of the splenial, and the
absence of an external mandibular fenestra in lateral view. In the postcranial skeleton,
Anchiornis shares the following plesiomorphic features with Archaeopteryx: a slightly
bowed metacarpal III, the pubic peduncle more ventrally expressed than the ischiadic
peduncle, a constricted base of the distally located obturator process, the absence of a slit
on the pubic apron, and the proximal end of metatarsal III unconstricted. All of these
features are found to be primitive for avialans, either as synapomorphies that are unique
for avialans, or synapomorphies of a more inclusive coelurosaurian clade that are
secondarily lost in deinonychosaurians.
Anchiornis also shares the following features with Archaeopteryx: an enlarged
orbit, the presence of a shallow premaxilla, the presence of a promaxillary fenestra, an
enlarged maxillary fenestra, a lacrimal with slender and subequal anterior and posterior
processes, dorsal vertebrae with lateral concavities but not pneumatic foramina, a scapula
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significantly shorter and slimmer than humerus, manual phalanx III-3 significantly longer
than III-1 and III-2 combined, a supraacetabular crest, and an ischium with a distally
located obturator process. However, these features are also present in many basal
troodontids and dromaeosaurids and thus are primitive for Paraves.
1b. Comparisons with troodontids
Previous studies have assigned Anchiornis as a basal troodontid (Hu et al., 2009;
Turner et al., 2012). Hu et al. (2009) suggested that Anchiornis and other troodontids
have the following features in common: a large maxillary fenestra, the labial surface of
the dentary bearing a distinct groove, closely packed premaxillary and dentary teeth in
the symphyseal region, and dorsal vertebrae and anteriormost caudal vertebrae bearing
relatively long and slender transverse processes. Hu et al. (2009) also suggested that
Anchiornis shares with Mei: a large external naris extending posteriorly beyond the
anterior border of antorbital fossa, a longitudinal groove along dorsomedial margin of the
jugal, unserrated teeth, and a maxillary tooth row approaching the preorbital bar
posteriorly. However, a large maxillary fenestra, a large external naris extending
posteriorly beyond the anterior border of antorbital fossa, a longitudinal groove along
dorsomedial margin of the jugal, unserrated teeth, and long transverse processes on dorsal
vertebrae and anteriormost caudal vertebrae all are also present in Archaeopteryx and
basal dromaeosaurids (Wellnhofer, 1974; Mayr et al., 2005; Makovicky et al., 2005; Foth
et al., 2014; Pei et al., 2014). The basal oviraptorosaurian Epidexipteryx also has closely
packed premaxillary and dentary teeth in the symphyseal region (Zhang et al., 2008). The
lateral groove on the dentary and a maxillary tooth row approaching the preorbital bar are
observed in Archaeopteryx and other non-troodontid basal deinonychosaurians such as
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Buitreraptor (Wellnhofer, 1974; Makovicky et al., 2005). Thus these features are all
primitive to a more inclusive coelurosaurian clade.
In the phylogenetic analysis of Turner et al. (2012), three characters were
recovered to support Anchiornis as the basalmost branch of Troodontidae, including a
dorsoventrally flattened internarial bar, an anteroventrally inclined quadrate, and a
subarctometatarsalian pes. In scoring of a new Archaeopteryx specimen (Foth et al.,
2014), the internarial bar of Archaeopteryx is scored as dorsoventrally flat, as in
troodontids like Sinovenator, Byronosaurus and Zanabazar. A dorsoventrally flat
internarial bar also is observed in the dromaeosaurid Microraptor (Pei et al., 2014), thus
this feature is no longer restricted to Troodontidae. This character is scored as “0/1” for
Archaeopteryx in the present analysis, because both dorsoventrally flat (e.g., Eichstätt
specimen, Thermopolis specimen) and rod-like (e.g., Solnhofen specimen) internarial
bars are observed in Archaeopteryx. The anteroventrally inclined quadrate also is
observed in Archaeopteryx and more basal coelurosaurians such as Sinosauropteryx and
Ornithomimus (Ji and Ji, 1996; Wellnhofer et al., 2005), thus this feature is recovered as
a synapomorphy of an exclusive clade in the present analysis. The arctometatarsalian pes
of Anchiornis is dubious, as new specimens revealed that the pes of Anchiornis more
closely resembles the normal pedal configuration of Archaeopteyrx than the
arctometatarsalian pes of Microraptor and Sinovenator (this will be discussed in detail
below). Therefore, these three characters no longer adequately support Anchiornis as a
member of Troodontidae.
As a Jurassic basal paravian, Anchiornis huxleyi differs from troodontids in many
features. These features include: a posteriorly tapering ventral ramus of the maxilla, the
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elongation of the forelimb, the middle and posterior maxillary teeth sparsely spaced, the
dentary tooth count is less than 20, the presence of a basisphenoid recess, a wide and
dorsoventrally low magnum fenestra, the transition of elongate caudal vertebrae
occurring before the 10th caudal vertebra, and a symmetric metatarsus. These features are
primitive of paravians and are found in basal dromaeosaurids and/or basal avialans.
1c. Comparisons with deinonychosaurians
Because Anchiornis displays many primitive paravians features that are present in
both troodontids and the basal avialan Archaeopteryx, it is necessary to look at derived
features of deinonychosaurian in order to distinguish Anchiornis from Troodontidae.
Anchiornis does not have a lateral exposure of the splenial and also lacks a specialized
raptorial digit II, which is strong evidence that Anchiornis differs from
deinonychosaurians.
Some features that are regarded to be derived characters in deinonychosaurians,
such as the subarctometatarsalian pes and an raptorial pedal digit II, were considered to
be present in Anchiornis and were used as evidence of the troodontid affiliation of this
taxon (Hu et al., 2009). However, careful examination of Anchiornis specimens indicates
that Anchiornis resembles Archaeopteryx in these pedal characters rather than
troodontids.
The pes of Anchiornis has been reported as subarctometatarsalian (Xu et al., 2008;
Hu et al., 2009). But closer examination and comparison of new Anchiornis specimens
indicate that the proximal end of metatarsal III is not constricted. Instead, the proximal
end of metatarsal III has a width that is subequal to that of metatarsals II and IV in
anterior view, which resembles Archaeopteryx and most non-troodontid theropods, but
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differs from the subarctometatarsalian condition of basal troodontids (e.g., Sinovenator
and Mei) and the type specimen of Microraptor, in which the proximal end of metatarsal
III is significantly reduced in width in anterior view compared to metatarsal II and
metatarsal IV (Xu et al., 2000; Xu et al., 2002; Xu, 2002; Xu and Norell, 2004).
Anchiornis is also reported to have a deinonychosaurian-like pedal digit II (Xu et al.,
2008; Hu et al., 2009). Careful examination of more specimens of Anchiornis indicates
that pedal digit II of these specimens lacks the specialized raptorial condition of
deinonychosaurians. In Anchiornis, pedal phalanx II-2 is not reduced in length and lacks
a well-developed ventral heel or a constriction at the mid-shaft, which differs from
deinonychosaurians (Gauthier, 1986; Turner et al., 2012). Ungual phalanx II-3 of
Anchiornis is only slightly larger than other pedal ungual phalanges, and is not as
distinctly enlarged as in deinonychosaurians. The pedal digit II of Anchiornis exhibits a
primitive feature of paravians that is also observed in Archaeopteryx (see Turner et al.,
2012). But in deinonychosaurians, even the basal members of each deinonychosaurian
lineage, such as Mahakala and Sinovenator, have a highly modified pedal digit II that is
different from that of Anchiornis and Archaeopteryx (Xu et al., 2002; Turner et al., 2007;
Turner et al., 2011).
Therefore, the similarities between Anchiornis and troodontids are also primitive
for Paraves. Anchiornis shares many derived characters with Archaeopteryx and avialans,
but lacks many distinct synapomorphies of deinonychosaurians, which is congruent with
the phylogenetic analysis of this dissertation, in that Anchiornis is more closely related to
Archaeopteryx and other avialans.
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2. Jinfengopteryginae and Early Cretaceous troodontids
The strict census topology recovered in the present analysis differs from previous
TWiG analyses, especially at the basal part of the troodontid lineage (Turner et al., 2012;
Brusatte et al., 2014). Unlike those prior analyses, a monophyletic Jinfengopteryginae is
not recovered in the present study, and Sinornithoides is recovered as more basal than
IGM 100/1323 and IGM 100/1126.
2a. Is Jinfengopteryginae monophyletic?
Jinfengopteryginae, consisting of IGM 100/1323, IGM 100/1126 and
Jinfengopteryx was proposed in previous study (Turner et al., 2012). However, this clade
is not recovered in the current phylogenetic analysis. This clade was previously
recognized based on the following characters, but those are challenged by the new
observations from IGM 100/1323, IGM 100/1126, IGM 100/3500 and other recently
reported troodontids (Zanno et al., 2011; Tsuihiji et al., 2014):
1) an enlarged maxillary fenestra. New observations of IGM 100/1323 show that
the maxillary fenestra of IGM 100/1323 is not as enlarged as in Jinfengopteryx and IGM
100/1126, and it is more similar to those of relatively anatomically derived troodontids
(Sinornithoides, Gobivenator, Byronosaurus, Saurornithoides and Zanabazar) in which
the maxillary fenestra is anteroposteriorly long and is dorsally restricted by a medial
lamina of the maxilla within the antorbital fossa.
2) a maxillary fenestra situated at the rostral border of the antorbital fossa. On the
right maxilla of IGM 100/1323, it appears that the maxillary fenestra is close to the
rostral border of the antorbital fossa. On the left maxilla of IGM 100/1323, where the
cranial bones are better articulated, a distance separates the maxillary fenestra and the
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rostral border of the antorbital fossa, as in Sinovenator, Sinornithoides, Byronosaurus and
Gobivenator (Currie and Dong, 2001; Xu et al., 2002; Makovicky et al., 2003; Tsuihiji et
al., 2014). A short space also exists between the anterior margin of the antorbital fossa
and the maxillary fenestra in IGM 100/1126 and IGM 100/3500, and a promaxillary
fenestra is located in this region.
3) a lacrimal with equal anterior and posterior processes. This is the case for IGM
100/1126 and Jinfengopteryx, but the anterior process of the lacrimal is longer than the
posterior process in IGM 100/1323 (anterior process about 1.5 times as long as the
posterior process). Although the anterior process of the lacrimal in IGM 100/1323 is not
as long as in later-diverging troodontids such as Byronosaurus, Saurornithoides and
Gobivenator (Makovicky et al., 2003; Norell et al., 2009; Tsuihiji et al., 2014), the
anterior process of IGM 100/1323 covers the entire dorsal margin of the antorbital
fenestra as in these taxa. This character is related to the elongation of the rostrum in
derived troodontids.
4) a relatively long ischium. IGM 100/1126 and IGM 100/1123 have an elongate
ischium that is proportionally longer than in Sinovenator and Mei. The ischium of
Jinfengopteryx is not as long as that of IGM 100/1126 and IGM 100/1123, but rather
resembles that of basal troodontids such as Sinovenator and Mei (Xu et al., 2002; Xu and
Norell, 2004; Ji et al., 2005). Although an elongate ischium is primitive for
coelurosaurians, recently reported taxa such as Talos and Gobivenator also bear elongate
ischium (Zanno et al., 2011; Tsuihiji et al., 2014), which indicates that a secondary
elongation of the ischium occured during evolution of the troodontid lineage. Therefore,
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the relatively long ischium observed in IGM 100/1126 and IGM 100/1323 is a derived
character for troodontids rather than primitive for the group.
5) an anteriorly bifurcate suborbital process of the jugal. Although this state is
observed in all specimens of IGM 100/1126, IGM 100/1323 and Jinfengopteryx, this
feature is recovered as convergent in Jinfengopteryx and other troodontids in the present
analysis.
6) the proximal end of metatarsal III more plantarly displaced than metatarsals II
and IV. This character state is also observed in more derived troodontids such as
Tochisaurus, Gobivenator and Talos (Kurzanov and Osmólska, 1991; Zanno et al., 2011;
Tsuihiji et al., 2014). Although this feature is also observed in IGM 100/1126 and IGM
100/1323, the state of Jinfengopteryx cannot be determined due to the poor preservation
and inaccessibility of the specimen. Thus this feature is likely a synapomorphy of a
troodontid clade that is later-diverging than Mei, Sinovenator and Jinfengopteryx.
7) IGM 100/1126 and Jinfengopteryx were proposed to be united by reduction of
the lateral lamina of the ascending process of the maxilla (Turner et al., 2012). This
feature is in fact widely observed in basal paravians such as Microraptor, Anchiornis and
Archaeopteryx, and notably in the basal troodontid Mei and Sinovenator
(Wellnhofer1974; Xu et al., 2002; Xu and Norell, 2004; Mayr et al., 2005; Hu et al.,
2009). Hence it is a primitive condition of paravians, rather than a derived feature of IGM
100/1126 and Jinfengopteryx.
As discussed above, the recognition of Jinfengopteryginae is a result of an
alternative interpretation of polarities of several characters that are important to resolving
troodontid relationships. Discovery of the derived troodontids Talos and Gobivenator,
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and new observations of IGM 100/1323 and IGM 100/1126, reversed the polarity of these
characters on the Troodontidae node, and placed IGM 100/1126 and IGM 100/1323 as
later-diverging troodontid dinosaurs.
Instead of being a basal branch of Troodontidae, IGM 100/1126 and IGM
100/1323 are recovered as derived troodontid dinosaurs. IGM 100/1126 and IGM
100/1323 is more anatomically derived than Early Cretaceous troodontids, including
Sinovenator, Mei, Sinusonasus, Jinfengopteryx, Sinornithoides and IGM 100/44, in
having derived troodontid features such as a shortened maxillary tooth row, a secondarily
elongate ischium, and a highly asymmetric pes. This clade of Late Cretaceous troodontids
is well supported in the present analysis, as mentioned in the tree description section.
2b. Why are Early Cretaceous troodontids more anatomically primitive than Late
Cretaceous troodontids?
Sinovenator, Mei, Sinusonasus, and Jinfengopteryx are traditionally recognized as
relatively basally diverging troodontids (Xu et al., 2002; Xu, 2002; Makovicky et al.,
2004; Turner et al., 2007), because several character states that are intermediate between
those of basal paravians and derived troodontids are observed in these taxa. The pes of
these taxa are subarctometatarsalian, between the normal condition of basal paravians and
the fully arctometatarsalian pes of Late Cretaceous troodontids. Although an
arctometatarsalian pes is reported in Sinusonasus (Xu and Wang, 2004), this observation
is dubious, because as inferred from the figure in the publication, the pes of Sinusonasus
is laterally exposed and an arctometatarsalian pes can not be directly observed or
confirmed.
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The subnarial process of the premaxilla in these Early Cretaceous Jehol taxa is
short and visible in lateral view, not as elongate as the primitive condition of
dromaeosaurids, where the subnarial process reaches the nasal posteriorly. It also differs
from the derived troodontid condition, in which the subnarial process is further reduced
in size and is not visible in lateral view.
The ischium of these Jehol troodontids is reduced in length (less than 40% of the
pubis), not as elongate as in Late Cretaceous troodontid (greater than 50% of the pubis).
The obturator process is located near the distal end of the ischium in these taxa, as in
other non-troodontid paravians (e.g., Archaeopteryx, Anchiornis, Rahonavis, Buitreraptor,
Bambiraptor), whereas in Late Cretaceous troodontids the obturator process is located
near the mid-shaft of the ischium (Norell et al., 2009; Zanno et al., 2011; Tsuihiji et al.,
2014).
Sinornithoides and the unnamed troodontid IGM 100/44 have been regarded as
more anatomically derived troodontids than the Jehol troodontid clade, and they are
recovered as the basalmost branch of a troodontid clade that is later-diverging than more
basal troodontids such as Sinovenator, Mei, Sinusonasus, and Jinfengopteryx in the
present analysis. Metatarsal III of Sinornithoides and the unnamed troodontid IGM
100/44 appears to be more constricted in width relative to that of the Jehol troodontids.
However, it is unknown whether Sinornithoides and IGM 100/44 have a fully
arctometatarsalian pes as in Late Cretaceous troodontids, because the metatarsus of
Sinornithoides is only exposed in ventral view and the proximal end of the metatarsus is
not preserved in IGM 100/44 (Barsbold et al., 1987; Currie and Dong, 2001). The pes of
Sinornithoides and IGM 100/44 also exhibit primitive paravian features that are lost in
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Late Cretaceous troodontids, such as metatarsus II not reduced in width and metatarsal III
is not covered by metatarsals II and IV ventrally, both of which resemble the primitive
pedal configuration of Sinovenator (Xu et al., 2002; Xu, 2002).
The ischium of Sinornithoides is also similar to that of the basal Jehol troodontids,
with a reduced length and an obturator process located at the distal end of the ischiadic
shaft (personal observation). Although the ischium of Sinornithoides bears a more
prominent distal extension than in Sinovenator and Jinfengopteryx, the distal extension of
the ischiadic shaft of Sinornithoides is very slender and extends posteriorly, as in the
basal dromaeosaurid Buitreraptor (Makovicky et al., 2005). In contrast, the distal
extension of the ischiadic shaft is significantly expanded and is directed posteroventrally
in Late Cretaceous troodontids, and the obturator process is also more proximally
positioned compared to all Early Cretaceous troodontids (including Sinornithoides). All
Late Cretaceous troodontid shares features that are absent in Early Cretaceous
troodontids. A complete list of synapomorphies of Late Cretaceous troodontids can be
found in the tree description section in this chapter.

3. Evolutionary patterns of troodontid dinosaurs
Troodontids exhibit two major areas of modification throughout their evolution—
the rostrum and the pes.
3a. Rostrum
Basal paravians typically have a shortened and deep rostrum, as is found in all
basal members of three paravian lineages. In troodontids, the Jehol clade (Sinovenator,
Sinusonasus, Mei and Jinfengopteryx) all have a short and deep rostrum (Xu et al., 2002;
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Xu and Wang, 2004; Xu and Norell, 2004; Ji et al., 2005). In the relatively basal Late
Cretaceous troodontids, such as IGM 100/1126 and IGM 100/1323, the rostral
configuration of basal paravians is retained. However, elongation of the snout appeared
multiple times, in other more derived Late Cretaceous troodontids, such as Byronosaurus,
Gobivenator, Linhevenator, Saurornithoides, Zanabazar and Troodon, in which the
maxilla and the nasal are significantly elongate (Norell et al., 2000; Norell et al., 2009;
Xu et al., 2011b; Tsuihiji et al., 2014). A body size increase is also observed in derived
Late Cretaceous troodontids, along with the elongation of rostrum, like the pattern
observed in dromaeosaurids (Turner et al., 2007a).
Notably, the Early Cretaceous Sinornithoides also has an increased body size (that
is substantially larger than in the short-snouted troodontids) and an elongate rostrum.
Both features are convergent with derived Late Cretaceous troodontids (Russell and
Dong, 1993). Therefore, at least two independent rostral elongations happened in
troodontid evolution, and the elongation of snout often co-occurred with increase in body
size. A series of structural transformations is also associated with the elongation of the
rostrum, such as the elongation of the maxillary fenestra, antorbital fenestra and nasal,
and the anterior shift of the ventral process of the lacrimal.
The position of the naris relative to the antorbital fossa also transformed during
troodontid evolution. As in basal paravians, the Jehol troodontids and IGM 100/1126
have an external naris that posteriorly overlaps with the anterior margin of the antorbital
fossa. This condition, however, is absent in all Late Cretaceous troodontids, except for
IGM 100/1126. Even though IGM 100/1323 has a primitive paravian configuration of a
shortened rostrum, the external naris is located well anterior to the anterior margin of the
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antorbital fossa, as in other later-diverging troodontids. In the Early Cretaceous taxon
Sinornithoides, the external naris is not completely preserved, but judging from the shape
of the maxilla, the position of the external naris of Sinornithoides very likely follows the
pattern observed in basal troodontids. The posteriorly placed external naris is also
associated with a reduced lateral lamina of the ascending process of the maxilla, which is
primitive for paravians and is observed in all Early Cretaceous troodontids and IGM
100/1126.
The promaxillary fenestra is primitive for coelurosaurians, and is located
anteriorly in the antorbital fossa of the maxilla. The promaxillary fenestra is visible in all
basal members of Avialae, Dromaeosauridae and Troodontidae. In basal paravians, such
as Microraptor, Anchiornis and Xiaotingia, the promaxillary fenestra is located at the
anterior end of the antorbital fenestra, but is slightly ventrally displaced compared to the
maxillary fenestra (Hu et al., 2009; Xu et al., 2011; Pei et al., 2014). In relatively basal
troodontids, including Sinovenator, Sinusonasus, Jinfengopteryx, Sinornithoides and
IGM 100/1126, the promaxillary fenestra is visible at the anterior end of the antorbital
fossa, but the ventral margin of the promaxillary fenestra is level with that of the
maxillary fenestra (Russell and Dong, 1993; Xu et al., 2002; Xu and Wang, 2004; Ji et al.,
2005). In other Late Cretaceous troodontids, the promaxillary fenestra is not visible
laterally, either due to the reduction of the promaxillary fenestra or the promaxillary
fenestra being anteriorly shifted and laterally covered by the ascending process of the
maxilla. In the North American Early Cretaceous troodontid Geminiraptor, only a partial
maxilla is preserved, yet a promaxillary fenestra is visible laterally, matching the
configuration of other Early Cretaceous troodontids and IGM 100/1126 (Senter et al.,
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2010).
3b. Asymmetric pes
Troodontidae is characterized by an asymmetric pes that is subarctometatarsalian
or fully arctometatarsalian in arrangement (Gauthier, 1986; Makovicky et al., 2003;
Makovicky and Norell, 2004). Careful examination of troodontid pedal morphology
reveals an evolutionary pattern of sequential shifts from the relatively symmetric
subarctometatarsalian pes to a highly asymmetric arctometatarsalian pes in laterdiverging clades. Four aspects are especially notable as being associated with this
transformation, including: 1) the subarctometatarsalian/arctometatarsalian condition, 2)
the relative length of metatarsal II and metatarsal IV, 3) the relative width of metatarsal II
and metatarsal IV, and 4) the displacement of metatarsal III.
Normal and subarctometatarsalian pedes are both observed in basal paravians. In
the normal pedal configuration, the proximal end of metatarsal III is exposed anteriorly
and is transversely as wide as metatarsals II and IV, which is observed in many basal
paravians such as Mahakala, Anchiornis and Archaeopteryx (Turner et al., 2007; Xu et al.,
2008; Foth et al., 2014). The basal dromaeosaurid Microraptor is reported to have a
subarctometatarsalian pes, in which the proximal end of metatarsal III is visible anteriorly,
but is strongly constricted between metatarsals II and IV, and with a reduced width (Xu et
al., 2000; but also see Hwang et al., 2002). Anchiornis has a metatarsal III closely
apressed by metatarsals II and IV, but the proximal end of metatarsal III is not reduced in
width, thus it is treated as normal instead of subarctometatarsalian in this dissertation.
The basal troodontids Sinovenator, Mei and Jinfengopteryx all have a
subarctometatarsalian pes, in which the proximal end of metatarsal III is exposed
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anteriorly, but is strongly constricted and significantly reduced in width (Xu et al., 2002;
Xu and Norell, 2004; Ji et al., 2005). The condition of other Early Cretaceous troodontids,
such as Sinusonasus, IGM 100/44 and Sinornithoides cannot be determined because this
part of the anatomy is not well exposed or preserved (Barsbold et al., 1987; Currie and
Dong, 2001; Xu and Wang, 2004). Late Cretaceous troodontids all possess a typical
arctometatarsalian pes, in which the proximal end of metatarsal III is completely invisible
in anterior view (Norell et al., 2009; Zanno et al., 2011; Tsuihiji et al., 2014).
In non-troodontid maniraptorans, the metatarsus is symmetric with almost equally
long and equally wide metatarsals II and IV, while in troodontids, metatarsal II is shorter
and thinner than metatarsal IV. In the basal troodontids Sinovenator and Mei, metatarsal
IV is longer than metatarsal II, with the distal end of metatarsal IV reaching as far as the
ligament pit of metatarsal III (Xu et al., 2002; Xu and Norell, 2004). In Sinornithoides,
IGM 100/44 and IGM 100/1126, metatarsal IV also has a similar condition to
Sinovenator and Mei in terms of the distal extension (Barsbold et al., 1987; Currie and
Dong, 2001). However, metatarsal IV is further distally extended in later-diverging
troodontids such as Gobivenator, Talos, Philovenator, Troodon and Saurornithoides,
where the distal end of metatarsal IV extends almost as far as metatarsal III (Norell et al.,
2009; Zanno et al., 2011; Xu et al., 2012; Tsuihiji et al., 2014).
In term of the width of metatarsals, metatarsal II being as wide as metatarsal IV is
primitive for coelurosaurians. Sinovenator, Mei, Jinfengopteryx, Sinornithoides, and IGM
100/44 all exhibit subequal widths of metatarsal II and metatarsal IV (Barsbold et al.,
1987; Currie and Dong, 2001; Xu et al., 2002; Xu and Norell, 2004; Ji et al., 2005). In
these taxa, the shaft of metatarsal II is only slightly narrower than metatarsal IV. In more
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derived troodontids, including IGM 100/1126, IGM 100/1323, Gobivenator, Talos,
Philovenator, Linhevenator, Troodon and Saurornithoides, metatarsal II is significantly
reduced in width, to half or less than the width of metatarsal IV, and the pes of these taxa
appears to be extremely asymmetric (Norell et al., 2009; Zanno et al., 2011; Xu et al.,
2011b; Xu et al., 2012; Tsuihiji et al., 2014).
Along with other pedal transformation of troodontids, metatarsal III becomes
ventrally/posteriorly displaced compared to metatarsals II and IV at the proximal end,
and dorsally/anteriorly displaced at the distal end. In most non-troodontid paravians
(except for Microraptor), metatarsal III is in the same plane as metatarsals II and IV. On
the proximal aspect, all three functional metatarsals remain in the same plane in the basal
troodontid Sinovenator and Mei (Xu et al., 2002; Xu and Norell, 2004). In contrast, in
later-diverging troodontids such as IGM 100/1126, IGM 100/1323, Gobivenator, Talos
and Philovenator, the proximal end of metatarsal III is ventrally recessed between two
ridges formed by metatarsal II and metatarsal IV in dorsal/anterior view (Zanno et al.,
2011; Xu et al., 2012; Tsuihiji et al., 2014). On the distal aspect, all troodontids have a
dorsally displaced metatarsal III. The dorsal displacement of the distal end of metatarsal
III causes metatarsal II and metatarsal IV to approach each other ventrally near the distal
end. In the type specimen of Sinovenator, metatarsal II and metatarsal IV approach to but
do not reach each other on the ventral surface, and metatarsal III is still well exposed in
ventral view (Xu et al., 2002). In Sinornithoides and IGM 100/44, metatarsal II and
metatarsal IV also do not touch each other, but metatarsal III is narrowly exposed along a
slit between metatarsals II and IV in ventral view (Currie and Dong, 2001; Barsbold et al.,
1987). In Late Cretaceous troodontids, such as IGM 100/1126, Talos, Saurornithoides,
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and Troodon, metatarsal II reaches metatarsal IV ventrally, and covers the ventral surface
of metatarsal III near the distal end in ventral view. Interestingly, this condition is
convergent in the basal troodontid Mei, in which metatarsal III is also covered by
metatarsals II and IV ventrally near the distal end (Xu and Norell, 2004).
Therefore, besides the arctometatarsalian configuration, the metatarsi of
troodontids display a pattern of sequential elongation of metatarsal IV, reduction in width
of metatarsal II, and further dorsal displacement of the distal end and further ventral
displacement of the proximal end of metatarsal III. Unsurprisingly, this pattern is
confirmed in Tochisaurus and Borogovia (Osmólska, 1987; Kurzanov and Osmólska,
1991), two Late Cretaceous troodontids with only a partial hindlimb preserved (and thus
were not included in the present phylogenetic analysis). Both Tochisaurus and Borogovia
resemble other Late Cretaceous troodontids in having a mediolaterally reduced metatarsal
II and metatarsal II reaching metatarsal IV ventrally. However, Tochisaurus resembles
later-diverging troodontid dinosaurs in having a more distally extended metatarsal IV,
while the distal end of metatarsal IV only reaches the ligament pit of metatarsal III in
Borogovia, as in IGM 100/1126 and Early Cretaceous troodontids.

SUMMARY
Phylogenetic analyses with new taxa and new characters generated a similar
general topology of coelurosaurian evolution as in previous analyses. However, the
phylogeny of Paraves is slightly different from those previously proposed.
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The Jianchang paravians, which include Anchiornis, Xiaotingia and Eosinopteryx,
are recovered as basal avialans instead of basal troodontids, and the new Avialae node is
well supported. The Jianchang paravians resemble other avialans in several derived
features, such as a straight nasal process of the premaxilla and the absence of an external
mandibular fenestra in lateral view. This clade also lacks deinonychosaurian
synapomorphies, such as the lateral exposure of splenial and a raptorial pedal digit II.
A monophyletic Troodontidae is recovered as the sister group to
Dromaeosauridae. Within Troodontidae, all Late Cretaceous taxa are recovered as a clade
that is more derived than Early Cretaceous troodontids, with synapomorphies such as a
shortened maxillary tooth row, a secondarily elongate ischium, and a highly asymmetric
pes. IGM 100/1126 (and IGM 100/3500) is recovered as the basalmost taxon of this Late
Cretaceous troodontid clade, and IGM 100/1323 is the basalmost taxon of a Late
Cretaceous troodontid clade excluding IGM 100/1126 (and IGM 100/3500). Evolutionary
patterns of sequential modification of rostral and pedal features are recognized
throughout troodontid evolution.
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FIGURES

FIGURE 5.1. Strict consensus topologies from recent phylogenetic analyses of troodontid
relationships. A, Xu et al. (2002); B, Makovicky et al. (2003); C, Xu et al. (2012); D, Xu
et al. (2011); E, Tsuihiji et al. (2014); F, Turner et al. (2012).
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FIGURE 5.2. Strict consensus topology of 99,999 most parsimonious reconstructions of
coelurosaurian relationships returned in the phylogenetic analysis of 871 characters and
149 taxa. TL = 3450. CI = 0.325, RI = 0.749.
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fig. 5.2. continued.
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FIGURE 5.3. Bremer analysis of Paraves. Reduced consensus cladogram of paravians.
Values indicate Bremer support.
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FIGURE 5.4. Jackknife analysis of Paraves. Reduced strict consensus cladogram of
paravians. Values indicate jackknife support reflected as GC frequencies with a
character-removal probability of 0.20.
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FIGURE 5.5. Time-calibrated strict consensus topology of Paraves.
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FIGURE 5.6. Cladograms illustrating the most parsimonious paravian topology in this
analysis (B), and three alternative topologies (A, C, D) under constrained analyses.
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CHAPTER 6: CONCLUSIONS
The present study fully described four paravian taxa based on excellently
preserved new specimens. This work represents one of the most detailed osteologic
studies of troodontids and closely related paravians ever undertaken. Careful examination
of the anatomy of these taxa reveals many osteological characters that are important to
resolving paravian, and in particular troodontid, phylogenetic relationships.
Chapter 1 presents a detailed redescription of a new specimen (BMNHC PH881)
of Microraptor zhaoianus. It reveals new morphological information of Microraptor
regarding the skull, rib cage, gastralia, and humerus, which has not been reported in other
specimens. This specimen confirms Microraptor as a basal dromaeosaurid dinosaur with
features such as a dorsally displaced maxillary fenestra and a large quadrate foramen. The
morphology of the rib cage of BMNHC PH881 suggests that Microraptor and the early
volant avialans such as Confuciusornis could very likely share a similar musculo-skeletal
mechanism assisting respiration.
Chapter 2 describes four new specimens (PKUVP 1068; BMNHC PH804,
BMNHC PH822 and BMNHC PH823) of Anchiornis huxleyi. Anchiornis huxleyi exhibits
many conservative paravian features, and closely resembles Archaeopteryx and other
paravians from Jianchang County, such as Xiaotingia and Eosinopteryx. The other
Jianchang paravian, Aurornis xui, is considered as a junior synonym of Anchiornis
huxleyi. Anchiornis huxleyi shares derived features with avialans, such as a straight nasal
process of the premaxilla and the absence of an external mandibular fenestra in lateral
view. However, Anchiornis huxleyi lacks several derived deinonychosaurian features
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including a laterally exposed splenial and a specialized raptorial pedal digit II.
Morphological comparisons indicate Anchiornis is more closely related to avialans than
to deinonychosaurians or troodontids.
A new Late Cretaceous troodontid taxon from the Djadokhta Formation at Ukhaa
Tolgod is described in Chapter 3. This new taxon is diagnosed as distinct from other
troodontids by the absence of the lateral groove on the anterior part of the dentary, a
posteriorly curved pterygoid flange, a distinct spike-like process on the ischium, and
elongate chevrons. Although IGM 100/1323 has a small body size and a short snout, as in
basal paravians, it has many derived troodontid features such as an external naris entirely
anterior to the antorbital fossa, a shallow rostral ramus of the maxilla, a broad lateral
lamina of the maxillary ascending process, and a lacrimal with a longer anterior process
than posterior process. The “perinate Byronosaurus” IGM 100/972 and IGM 100/974
may actually be more closely related to the new taxon represented by IGM 100/1323 than
to Byronosaurus, based on the derived similarities in the maxillary, dentary and braincase.
Chapter 4 presents a thorough osteology description of a second new troodontid
taxon from the Late Cretaceous Djadokhta Formation at Ukhaa Tolgod. This taxon is
represented by IGM 100/1126 and IGM 100/3500, and has the best preserved skull of any
reported troodontid. This taxon is unique and distinct from other troodontids in having
closely packed peg-like teeth, a twisted suborbital process of the jugal, a quadratojugal
with a crescentic ascending process that braces the quadrate posteriorly, the reduction of
basal tubera, and the presence of a posterior fossa on the proximal fibula. This new taxon
is morphologically more derived than Early Cretaceous troodontids in having a short
maxillary tooth row, an elongate ischium, metatarsal II significantly reduced in width,
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and the medioventral tab of metatarsal IV contacting metatarsal II. However, it is more
anatomically primitive than other Late Cretaceous troodontids in having an external naris
with a posterior margin posterior to the anterior margin of the antorbital fossa, a deep
rostral ramus of the maxilla, a reduced lateral lamina of the maxillary ascending process,
and a lacrimal with subequal anterior and posterior processes.
Chapter 5 presents a comprehensive phylogenetic analysis of troodontids with
new taxa and new characters added. The relationship of major coelurosaurian lineages is
generally congruent with previous TWiG analyses (Turner et al., 2012; Brusatte et al.,
2014), and a monophyletic Deinonychosauria is recovered. The Jianchang paravians,
which include Anchiornis, Xiaotingia and Eosinopteryx, are recovered as basal avialans
instead of basal troodontids, and the new Avialae node is solidly supported. All late
Cretaceous taxa are recovered as a clade that is more anatomically derived than Early
Cretaceous troodontids, with synapomorphies such as a short maxillary tooth row and a
secondarily elongate ischium and a highly asymmetric pes. The troodontid taxon
represented by IGM 100/1126 and IGM 100/3500 is recovered as the basalmost taxon of
the Late Cretaceous troodontid clade, and IGM 100/1323 is recovered as the basalmost
taxon of a Late Cretaceous troodontid clade excluding IGM 100/1126 and IGM 100/3500.
Evolutionary patterns of sequential modification of rostral and pedal features are
recognized throughout troodontid evolution.
This phylogenetic analysis, based on descriptions of new specimens, have raised
some interesting questions. Intraspecies variation has been observed in many paravians,
especially in Microraptor zhaoianus (Xu et al., 2000; Hwang et al., 2002; Xu et al., 2003;
Gong et al., 2012; Pei et al., 2014) and Anchiornis huxleyi (Xu et al., 2008; Hu et al.,
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2009; Li et al., 2010; Zheng et al., 2014; Pei et al., in preparation) for which a large
number of specimens have been recovered. However, the cause of the variation remains
under-investigated and unclear. With detailed descriptive work of these taxa now
available, a future investigation of intraspecies variation of these western Liaoning
paravians will be meaningful in revealing allometric and ontogenetic patterns at the
transition from non-avian theropods to birds.
Basal members of all three paravian lineages tend to have conservative
morphologies, thus it is essential to clarify character polarity at the base of these major
lineages in order to generate a robust ingroup phylogeny of paravians. Jinfengopteryx, a
basal troodontid that is important to understanding early evolution of paravians has not
yet been described in detail. A careful description of this taxon is necessary to further
improve the accuracy of hypotheses of paravian relationships.
Evolutionary patterns of modification of rostral and pedal features are recognized
throughout troodontid evolution, but the driving mechanisms behind these remain unclear.
With detailed descriptions of paravian anatomy and a more robust troodontid phylogeny,
various macroevolutionary and functional investigations can be put into an evolutionary
framework of Paraves, such as quantification and testing of evolutionary trends,
investigation of evolutionary rates, corroboration of morphology and function (e.g.,
herbivory vs. carnivory, arboreal vs. cursorial). This dissertation should enhance the
anatomical and phylogenetic basis for these types of work.
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APPENDIX 1: LIST OF CHARACTERS IN THE PHYLOGENETIC ANALYSIS
Character 1: Feathers, vaned feathers on forelimb, form:
0: symmetric
1: asymmetric
Character 2: Orbit, shape
0: circular in lateral or dorsolateral view
1: dorsoventrally elongate
Character 3: Postorbital, ventral ramus, projection into orbit: (ORDERED)
0: does not project into orbit, suborbital process absent
1: projects into orbit, suborbital process present and large in adults and small and unpronounced in
sub-adults
2: projects into orbit, suborbital process present and large in sub-adults and adults
Character 4: Postorbital, shape of anterior (frontal) process in lateral view:
0: straight
1: curving anterodorsally, such that dorsal border of temporal bar is dorsally concave
Character 5: Postorbital, ventral ramus, orientation: (UNORDERED)
0: parallels quadrate, lower temporal fenestra rectangular in shape
1: oriented strongly obliquely relative to quadrate, jugal and postorbital approach or contact
quadratojugal to constrict lower temporal fenestra
2: oriented anteroventrally relative to the long axes of the quadrate and lacrimal, angle of
postorbital ventral ramus long axis with the lacrimal long axis (if lacrimal is approximately vertical) greater
than 30 degrees
Character 6: Braincase, otosphenoidal crest, form and position:
0: vertical on basisphenoid and prootic, and does not border an enlarged pneumatic recess
1: well developed, crescent shaped, thin crest forms anterior edge of enlarged pneumatic recess
Character 7: Braincase, crista interfenestralis, location:
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0: confluent with lateral surface of prootic and opisthotic
1: distinctly depressed within middle ear opening
Character 8: Braincase, subotic recess (pneumatic fossa ventral to fenestra ovalis):
0: absent
1: present
Character 9: Basisphenoid recess: (UNORDERED)
0: present between basisphenoid and basioccipital
1: entirely within basisphenoid
2: absent
Character 10: Basisphenoid recess, posterior opening, form:
0: single opening
1: divided into two small, circular foramina by a thin bar of bone
Character 11: Parasphenoid, base of cultriform process (parasphenoid rostrum), pneumatization:
0: not highly pneumatized
1: expanded and pneumatic (parasphenoid bulla present)
Character 12: Braincase, basipterygoid processes, direction of projection: (UNORDERED)
0: ventral or anteroventrally projecting
1: lateroventrally projecting
2: laterally projecting
Character 13: Braincase, basipterygoid processes, form:
0: well developed, extending as a distinct process from the base of the basisphenoid
1: processes abbreviated or absent
Character 14: Braincase, basipterygoid processes, pneumatization:
0: absent or very subtle, process solid
1: processes hollow, invaded by pneumatic recess (anterior tympanic recess and/or basisphenoid
recess)
Character 15: Basisphenoid, basipterygoid recesses on dorsolateral surfaces of basipterygoid
processes:
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0: absent
1: present
Character 16: Prootic, depression for pneumatic recess (Dorsal Tympanic Recess): (ORDERED)
0: absent
1: present as dorsally open fossa on prootic/opisthotic
2: present as deep, posterolaterally directed concavity
Character 17: Braincase, accessory tympanic recess dorsal to crista interfenestralis: (ORDERED)
0: absent
1: small pocket present
2: extensive with indirect pneumatization
Character 18: Braincase, caudal (posterior) tympanic recess: (ORDERED)
0: absent
1: present as opening on anterior surface of paroccipital process
2: extends into opisthotic posterodorsal to fenestra ovalis, confluent with this fenestra
Character 19: Braincase, exits of cranial nerves X-XII, location and form: (ORDERED)
0: flush with surface of exoccipital
1: located together in a shallow bowl-like depression
2: located together in a deep, funnel-like depression
Character 20: Premaxilla, maxillary process, extent and articulation: (UNORDERED)
0: contacts nasal to form posterior border of nares
1: reduced so that maxilla participates broadly in external naris
2: extends posteriorly to separate maxilla from nasal posterior to nares
Character 21: Premaxilla and nasal, internarial bar, morphology of external surface:
0: rounded
1: flat
Character 22: Premaxilla, crenulated margin on buccal edge of bone:
0: absent
1: present

399

Character 23: External naris, position of posterior margin:
0: farther anterior than antorbital fossa
1: nearly reaching or overlapping the anterior border of the antorbital fossa
Character 24: Premaxilla, shape of conjoined left and right bones in ventral view: (ORDERED)
0: acute, V-shaped
1: rounded, U-shaped, first two teeth oriented mediolaterally and third and fourth teeth oriented
parasagitally
2: rounded, U-shaped, entire tooth row oriented mediolaterally
Character 25: Maxilla, anteromedial process (= “secondary palate”): (ORDERED)
0: short
1: long, with extensive palatal shelves on maxilla
2: extremely elongated, extending back at least to the level of alveolus 4
Character 26: Maxilla, palatal shelf, midline ventral “tooth-like” projection:
0: absent, palatal shelf flat
1: present
Character 27: Maxilla, maxillary fenestra: (ORDERED)
0: absent
1: present, fenestra occupies less than half of the depressed area between the anterior margins of
the antorbital fossa and antorbital fenestra
2: present, fenestra large and takes up most of the space between the anterior margins of the
antorbital fenestra and fossa
Character 28: Maxilla, maxillary fenestra, location:
0: situated at anterior border of antorbital fossa
1: situated posterior to anterior border of fossa
Character 29: Maxilla, promaxillary fenestra:
0: absent
1: present
Character 30: Nasal, pneumatization: (UNORDERED)
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0: apneumatic or poorly pneumatized
1: with extensive pneumatic fossae, especially along posterodorsal rim of naris
2: with 2-3 large pneumatic openings, set into a fossa, on the lateral surface above the antorbital
fenestra, leading into an extensive internal pneumatic cavity
Character 31: Jugal and postorbital, contribution to postorbital bar:
0: contribute equally to postorbital bar
1: ascending process of jugal reduced and descending process of postorbital ventrally elongate
Character 32: Jugal, dorsoventral height beneath lower temporal fenestra:
0: tall, twice or more as tall dorsoventrally as it is wide transversely
1: very short, jugal rod-like
Character 33: Jugal, pneumatic recess in posteroventral corner of antorbital fossa:
0: present
1: absent
Character 34: Jugal, medial jugal foramen:
0: present on medial surface ventral to postorbital bar
1: absent
Character 35: Quadratojugal, shape:
0: without horizontal process posterior to ascending process (reversed “L” shape)
1: with horiziontal posterior process (i.e., inverted ‘T’ or ‘Y’ shape)
Character 36: Jugal and quadratojugal, fusion:
0: absent
1: present, the two bones are not distinguishable from one another
Character 37: Lacrimal, supraorbital crests in adult individuals: (UNORDERED)
0: absent
1: dorsal crest above orbit
2: lateral expansion anterior and dorsal to orbit
Character 38: Lacrimal, pneumatic foramina opening laterally at the junction of the anterior and
ventral processes above the antorbital fenestra: (ORDERED)
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0: absent
1: present, extent of pneumaticity limited to partially hollowing the bone in the region where the
anterior and ventral rami meet
2: present and extensive, completely hollowing the bone where the anterior and ventral rami meet
Character 39: Lacrimal, posterodorsal process: (ORDERED)
0: absent, lacrimal is inverted ‘L’ shaped or ‘7’ shaped in lateral view
1: present, lacrimal ‘T’ shaped in lateral view
2: present but reduced, anterodorsal process much longer than posterodorsal process
Character 40: Prefrontal, exposure in dorsal view: (ORDERED)
0: large, dorsal exposure similar to that of lacrimal, forms much of orbital rim and usually
separates or nearly separates frontal and lacrimal
1: greatly reduced in size, not exposed widely along the orbital rim and allows for wide contact
between frontal and lacrimal
2: absent
Character 41: Frontals, shape of conjoined left and right elements in dorsal view:
0: triangular, narrowing anteriorly as a wedge between nasals
1: rectangular, end abruptly anteriorly, suture with nasal transversely oriented
Character 42: Frontal, outline of anterior emargination of supratemporal fossa:
0: straight or slightly curved
1: strongly sinusoidal and reaching onto postorbital process
Character 43: Frontal, form of articulation between postorbital process and frontal orbital margin in
dorsal view:
0: smooth transition from orbital margin
1: sharply demarcated from orbital margin
Character 44: Frontal, form of lateral margin of lacrimal (or prefrontal) suture:
0: smooth
1: with discrete notch
Character 45: Parietals, form of dorsal surface and presence of sagittal crest(s): (ORDERED)
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0: flat, lateral ridge borders supratemporal fenestra, sagittal crest (or crests) absent
1: convex with very low sagittal crest (or crests) along midline
2: convex with well developed sagittal crest (or crests)
Character 46: Parietals, fusion of left and right elements:
0: unfused
1: fused on the midline in sub-adults and adults (when known)
Character 47: Squamosal, quadratojugal (descending) process, orientation of long axis:
0: dorsoventral or slightly oblique, essentially parallels quadrate shaft
1: anteroposterior, nearly perpendicular to quadrate shaft
Character 48: Squamosal, contact of descending (ventral) process with quadratojugal:
0: present
1: absent, squamosal does not contact quadratojugal
Character 49: Squamosal, posterolateral shelf overhanging quadrate head:
0: absent
1: present
Character 50: Quadrate, orientation of shaft when in articulation:
0: vertical
1: strongly inclined anteroventrally so that ventral end lies far forward of dorsal end
Character 51: Quadrate shaft, form of lateral surface:
0: straight, without any prominent processes projecting laterally; quadrate foramen not visible in
lateral view
1: with broad, triangular process along lateral edge of shaft contacting squamosal and
quadratojugal above an enlarged quadrate foramen, which is often partially or largely visible in lateral view
Character 52: Foramen magnum, shape:
0: subcircular, slightly wider than tall
1: oval, taller than wide
Character 53: Occipital condyle, mediolateral width and dorsoventral height of neck linking condyle
to remainder of braincase:
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0: approximately the same width and height as the condyle
1: constricted in width and height relative to the condyle
Character 54: Paroccipital processes, shape:
0: elongate mediolaterally and slender dorsoventrally compared to mediolateral length, with dorsal
and ventral edges nearly parallel
1: process short mediolaterally, deep dorsoventrally compared to mediolateral length, with convex
distal end
Character 55: Paroccipital processes, orientation in posterior view:
0: straight, projects laterally or slightly posterolaterally
1: downturned, distal end curves ventrally and is pendant
Character 56: Paroccipital process, orientation of dorsal edge:
0: straight
1: twisted anterolaterally at distal end
Character 57: Ectopterygoid, form of the opening into the pneumatic fossa on the ventral surface:
0: constricted opening relative to fossa
1: widely opened fossa
Character 58: Ectopterygoid: dorsal recess:
0: absent
1: present
Character 59: Pterygoid, morphology of the posterior flange for articulation with quadrate and
epipterygoid:
0: well developed
1: reduced in size or absent
Character 60: Palatine and ectopterygoid, articulation between the two bones:
0: absent, the two bones separated from each other by the pterygoid
1: present, the two bones contact each other
Character 61: Palatine, jugal process:
0: present, palatine tetraradiate in shape
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1: absent, palatine triradiate in shape
Character 62: Skull, suborbital fenestra, size:
0: large, similar in anteroposterior length to the anteroposterior length of the orbit
1: reduced in size (less than one quarter orbital length) or absent
Character 63: Dentary, form of symphyseal region in dorsal or ventral view: (ORDERED)
0: approximately straight anteroposteriorly, paralleling lateral margin of the remainder of bone;
conjoined dentaries narrow
1: recurved slightly medially relative to remainder of bone, conjoined dentaries U-shaped
2: recurved strongly medially relative to remainder of bone, conjoined dentaries forming broad Ushaped muzzle
Character 64: Dentary, orientation of dorsal margin of symphyseal region in lateral view:
0: in line with the remainder of the dorsal (alveolar) margin of the dentary
1: downturned relative to the remainder of the dorsal margin
Character 65: Lower Jaw, coronoid prominence (usually located on surangular):
0: absent
1: present
Character 66: Dentary, contribution to the dorsal margin of the external mandibular fenestra:
(ORDERED)
0: absent or slight, without discrete posterodorsal process
1: present, with discrete posterodorsal process above anterior end of fenestra
2: present and extensive, with elongate posterodorsal process extending over most of fenestra
Character 67: Dentary, morphology of lateral surface:
0: flat, tooth row approximately in line with the remainder of the lateral surface
1: bearing lateral ridge, tooth row inset from remainder of lateral surface
Character 68: Dentary, shape:
0: subtriangular in lateral view, with dorsoventral depth expanding posteriorly
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1: strap-like in lateral view, with subparallel dorsal and ventral edges and a consistent dorsoventral
depth across its length

Character 69: Dentary, primary neurovascular foramina on lateral surface, arrangement:
0: distinct but superficial foramina
1: distinct foramina lie within a deep and sharp groove across the middle and posterior regions of
the dentary
Character 70: Lower jaw, external mandibular fenestra, shape
0: oval
1: subdivided by a spinous anterior process of the surangular
Character 71: Lower jaw, internal mandibular fenestra (opening between splenial and prearticular
on medial surface of mandible), size and shape:
0: small and slit-like
1: large and rounded
Character 72: Surangular, foramen in lateral surface of surangular anterior to the mandibular
articulation: (ORDERED)
0: absent
1: present but small
2) present and large, approximately 30% of the dorsoventral depth of the posterior surangular
Character 73: Splenial, exposure in lateral view:
0: not widely exposed on lateral surface of mandible
1: exposed as a broad triangle between dentary and angular on lateral surface of mandible
Character 74: Lower jaw, coronoid ossification, presence and shape: (ORDERED)
0: present as a large, triangular bone (fused with the supradentary)
1: present but reduced to a thin splint
2: absent
Character 75: Articular, elongate and slender medial process emanating from retroarticular process
(can project medially, posteromedially, or dorsomedially):

406

0: absent
1: present
Character 76: Articular, retroarticular process, presence and shape: (UNORDERED)
0: present, short and stout, with a distinct region between the glenoid and the portion of the
retroarticular process to which the jaw depressors attached
1: present, elongate and slender
2: present but extremely reduced, with no (or only a very short) margin between the glenoid and
the muscle attachment region
Character 77: Lower jaw, glenoid articular surface for mandible, anteroposterior length:
0: approximately as long as distal quadrate condyles
1: twice or more as long as distal quadrate condyles, allowing anteroposterior movement of
mandible
Character 78: Premaxilla, teeth:
0: present
1: absent
Character 79: Premaxillary dentition, size of second premaxillary tooth:
0: approximately equivalent in size to other premaxillary teeth
1: markedly larger than third and fourth premaxillary teeth
Character 80: Maxilla, teeth:
0: present
1: absent
Character 81: Maxillary and dentary teeth, serrations: (UNORDERED)
0: present on all known teeth
1: some teeth without serrations on mesial (anterior) carina (except at base in S. mongoliensis)
2: all known teeth without serrations on both mesial and distal carinae
Character 82: Maxillary and dentary teeth, size:
0: large
1: small (20-or more teeth in dentary when complete series is observable)
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Character 83: Dentary teeth, implantation:
0: in separate alveoli
1: set in open groove
Character 84: Maxillary and dentary teeth, serrations (denticles):
0: large
1: small
Character 85: Maxillary and dentary teeth, serrations, form:
0: simple, convex, and approximately perpendicular to the long axis of the tooth
1: large, hooked and pointing toward the tip of the crown on the distal and often mesial carinae
Character 86: Maxillary and dentary teeth, constriction between root and crown:
0: present
1: absent, root and crown confluent
Character 87: Dentary teeth, spacing between teeth:
0: evenly spaced across tooth row
1: anterior dentary teeth smaller, more numerous, and more closely appressed than those in middle
of tooth row
Character 88: Dentary, interdental plates, form:
0: distinct internal plates absent (although a homologue to the plates is probably present)
1: distinct, clearly demarcated interdental plates medially between teeth
Character 89: Premaxillary tooth crowns, position of mesial carina: (ORDERED)
0: along mesial margin of tooth, tooth cross section sub-oval to sub-circular
1: rotated distally on premaxillary teeth 1 and 2, such that anterior teeth have an asymmetrical
cross section (D-shaped, with highly convex labial surface and flat lingual surface, with narrow spacing
between mesial and distal carinae)
2: rotated distally on all premaxillary teeth, such that all teeth are D-shaped in cross section.
Character 90: Cervical vertebrae, number:
0: ≤10
1: 12 or more
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Character 91: Axis, epipophyses, form:
0: absent or poorly developed as a small pyramidal mound, not extending past posterior edge of
postzygapophyses
1: large, rugose, and posteriorly directed flange, extending far beyond postzygapophyses
Character 92: Axis, neural spine, form of dorsal portion:
0: flared transversely
1: compressed mediolaterally
Character 93: Cervical vertebrae, epipophyses, position:
0: placed distally on postzygapophyses, above postzygapophyseal facets
1: placed proximally, anterior to postzygapophyseal facets
Character 94: Cervical vertebrae, position of centrum in anterior cervical vertebrae:
0: terminates level with or anterior to the posterior extent of the neural arch
1: extending beyond the posterior limit of the neural arch
Character 95: Cervical vertebrae, carotid process on posterior cervical vertebrae:
0: absent
1: present
Character 96: Cervical vertebrae, shape of anterior articular surface of anterior cervical centra:
0: subcircular or square in anterior view
1: distinctly wider than high, kidney shaped
Character 97: Cervical vertebrae, neural spines, shape in dorsal view:
0: anteroposteriorly long
1: short and centered on neural arch, giving arch an “X” shape in dorsal view
Character 98: Cervical vertebrae, number of pneumatic foramina on lateral surface of centra:
0: one on each side
1: two on each side
Character 99: Cervical and anterior trunk vertebrae, form: (UNORDERED)
0: amphiplatyan or weakly opisthocoelous (anterior surface flat or weakly convex, posterior
surface is flat or weakly concave)
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1: strongly opisthocoelous (anterior surface is convex and posterior surface concave)
2: at least partially heterocoelous
Character 100: Dorsal vertebrae, hypapophyses in anterior trunk vertebrae:
0: absent or very small
1: large and pronounced
Character 101: Dorsal vertebrae, parapophyses in posterior trunk vertebrae, form:
0: flush with neural arch
1: distinctly projected on pedicels
Character 102: Dorsal vertebrae, hyposphene-hypantrum articulations:
0: absent
1: present
Character 103: Dorsal vertebrae, opposing zygapophyses on the same vertebra: (ORDERED)
0: abutting or nearly abutting one another above neural canal, opposite hyposphenes (if present)
meet to form a single structure (lamina or rectangular projection)
1: zygapophyses placed distinctly lateral to neural canal and hyposphenes (if present) separated as
two widely-spaced laminae, which are joined medially by an inset web of bone
2: zygapophyses placed distinctly lateral to neural canal and hyposphenes (if present) separated as
two widely-spaced lamina, which are separated medially by a deep groove (the inset web of bone in state 1
is absent).
Character 104: Cervical vertebrae, pneumaticity:
0: absent
1: present
Character 105: Dorsal vertebrae, transverse processes of anterior dorsals, form:
0: long (in mediolateral direction) and thin (in anteroposterior direction)
1: short (in mediolateral direction), wide (in anteroposterior direction), and only slightly inclined
Character 106: Dorsal vertebrae, neural spines, mediolateral expansion of dorsal end:
0: absent
1: present, expanded to form ‘spine table’
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Character 107: Dorsal vertebrae, scars for interspinous ligaments, position:
0: terminate at apex of neural spines
1: terminate below apex of neural spine
Character 108: Sacral vertebrae, number: (ORDERED)
0: 5 or less
1: 6
2: 7
3: 8
4: 9
5: 10
6: 11 or more
7: 15 or more
Character 109: Sacral vertebrae, fusion of zygapophyses:
0: absent, or zygapophyses partially fused to each other but still retaining the morphology of the
original discrete structures
1: present, completely fused zygapophyses forming a sinuous ridge in dorsal view
Character 110: Sacral centra, ventral surface of posterior sacrals, form: (UNORDERED)
0: gently rounded, convex
1: ventrally flattened, sometimes with shallow sulcus
2: centrum strongly constricted transversely, ventral surface keeled
Character 111: Sacral vertebrae, pneumatic foramina on lateral surfaces of centra: (ORDERED)
0: absent on sacral vertebrae
1: present on anterior sacrals only
2: present on all sacrals
Character 112: Sacral vertebrae, morphology of the posterior articular face of the last sacral
centrum:
0: flat or slightly concave
1: convex
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Character 113: Caudal vertebrae, change in morphology of free caudals along the tail:
0: present, with distinct transition point from shorter centra with long transverse processes
proximally to longer centra with small or no transverse processes distally
1: absent, vertebrae homogeneous in shape, without transition point
Character 114: Caudal vertebrae, location of transition point along the tail: (ORDERED)
0: begins distal to the 10th caudal vertebra
1: between the 7th and 10th caudal vertebra
2: or proximal to the 7th caudal vertebra
Character 115: Caudal vertebrae, morphology of anterior caudal centra: (UNORDERED)
0: tall, oval in cross section
1: with box-like centra in caudals I-V
2: anterior caudal centra laterally compressed with ventral keel
Character 116: Caudal vertebrae, neural spines, form:
0: simple, undivided
1: separated into anterior and posterior alae throughout much of caudal sequence
Character 117: Caudal vertebrae, neural spines on distal caudals (distal to ~caudal 15), form:
(ORDERED)
0: present as a low ridge
1: absent
2: absent and location of spine replaced by midline sulcus in center of neural arch
Character 118: Caudal vertebrae, length of prezygapophyses of distal caudals: (UNORDERED)
0: between 1/3 and whole centrum length
1: extremely long (up to 10 vertebral segments long in some taxa)
2: strongly reduced or absent, terminate at approximately the anterior level of the centrum
3: prezygapophyses present but negligible in size, clasping the posterior surface of neural arch of
preceding vertebrae, postzygapophyses negligible (this is an autapomorphy of Ichthyornis dispar)
Character 119: Caudal vertebrae, number: (ORDERED)
0: more than 40
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1: 35-40
2: 25-35
3: 8-25
4: less than 8 free caudal vertebrae, tail very short
Character 120: Chevrons, form of chevrons from proximal part of tail:
0: long and slender, proximal end short anteroposteriorly and shaft cylindrical
1: short and stout, proximal end elongate anteroposteriorly and shaft flattened and plate-like
Character 121: Chevrons, form of chevrons from distal part of tail: (ORDERED)
0: simple
1: anteriorly bifurcate
2: bifurcate at both ends
Character 122: Cervical ribs, shaft: (UNORDERED)
0: slender and longer than vertebra to which they articulate
1: broad and shorter than vertebra
2: extremely thin and slender, hair-like
Character 123: Ossified uncinate processes: (ORDERED)
0: absent
1: present and unfused to ribs
2: present and fused to ribs
Character 124: Ossified ventral (sternal) rib segments:
0: absent
1: present
Character 125: Gastralia, lateral gastral segment, size:
0: shorter than medial one in each lateral-medial gastralium set
1: longer than the medial one
Character 126: Sternum, ossified sternal plates, fusion:
0: absent, left and right plates separate in adults
1: present, left and right plates fused
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Character 127: Sternum, lateral xiphoid process posterior to costal margin:
0: absent
1: present
Character 128: Sternum, groove on anterior edge for reception of coracoid:
0: present
1: absent
Character 129: Sternum, position of articular facet for coracoid (conditions may be determined by
the position of the the articular facet on coracoid in taxa without ossified sternum):
0: anterolateral or more lateral than anterior
1: almost anterior
Character 130: Furcula, hypocledium: (ORDERED)
0: absent
1: present as tubercle
2: present as an elongate process
Character 131: Scapula, orientation of acromion margin:
0: continuous with blade
1: anterior edge laterally everted relative to blade
Character 132: Coracoid, expansion of posterolateral surface ventral to glenoid fossa:
0: unexpanded
1: posterolateral edge of coracoid expanded to form triangular subglenoid fossa bounded laterally
by enlarged coracoid tuber
Character 133: Scapula and coracoid, fusion:
0: absent, two bones separate
1: present, two bones fused into scapulacoracoid
Character 134: Coracoid, shape in lateral view: (UNORDERED)
0: subcircular, with shallow ventral blade
1: subquadrangular with extensive ventral blade
2: shallow ventral blade with elongate posteroventral process
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3: height more than twice width, coracoid strut-like
Character 135: Scapula and coracoid, form of their articulation:
0: form a continuous arc in posterior and anterior views
1: coracoid inflected medially relative to scapula, scapulocoracoid ‘L’ shaped in lateral view
Character 136: Scapula and coracoid, glenoid fossa, orientation of articular surface:
0: faces posteriorly or posterolaterally
1: faces laterally
Character 137: Scapula, length compared to length of humerus:
0: longer
1: approximately same length or shorter
Character 138: Humerus, deltopectoral crest, extent and morphology: (UNORDERED)
0: large and distinct, proximal end of humerus quadrangular or triangular in anterior view
1: deltopectoral crest less pronounced, forming an arc rather than being quadrangular
2: deltopectoral crest very weakly developed, proximal end of humerus with rounded edges
3: deltopectoral crest extremely long and rectangular
Character 139: Humerus, deltopectoral crest, form of anterior surface:
0: smooth
1: with distinct muscle scar near lateral edge along distal end of crest for insertion of biceps
muscle
Character 140: Ulna, olecranon process, size:
0: weakly developed
1: distinct and large
Character 141: Ulna, morphology of distal articular surface (dorsal condyle and dorsal trochlea in
birds):
0: flat
1: convex, semilunate surface
Character 142: Ulna, morphology of proximal surface:
0: a single continuous articular facet
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1: divided into two distinct fossae (one convex, the other concave) separated by a median ridge
Character 143: Lateral proximal carpal (ulnare?), shape in proximal view:
0: quadrangular
1: triangular
Character 144: Distal carpals in contact with metacarpals, number:
0: two separate carpals, one covering the base of metacarpal I (and perhaps contacting metacarpal
II) the other covering the base of metacarpal II
1: a single distal carpal capping metacarpals I and II
Character 145: Semilunate distal carpal, size: (UNORDERED)
0: well developed, covering all of proximal ends of metacarpals I and II
1: small, covers about half of base of metacarpals I and II
2: covers bases of all metacarpals
3: covers MC II and MC III
Character 146: Metacarpal I, length: (ORDERED)
0: less than half the length of metacarpal II
1: approximately half of the length (~50-70%) of metacarpal II
2: subequal in length to metacarpal II
Character 147: Third manual digit, size:
0: present and large, phalanges present
1: reduced to no more than metacarpal splint
Character 148: Manual unguals, curvature: (ORDERED)
0: strongly curved, flexor margin deeply concave
1: weakly curved, flexor margin shallowly concave (third ungual may be straight)
2: all manual unguals straight
Character 149: Manual unguals, size of ungual on digit I compared to the other manual unguals in
the hand:
0: generally similar in size
1: distinctly larger
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Character 150: Manual unguals, a transverse ridge immediately dorsal to the articulating surface
(“proximodorsal lip”):
0: absent
1: present
Character 151: Ilium, preacetabular process, anteroventral corner, form: (UNORDERED)
0: subtriangular, ventral margin of preacetabular process is shallowly concave
1: subquadrate with recurved anterior margin, ventral margin of preacetabular process is deeply
concave such that the open region between the pubic peduncle and anteroventral region of the preacetabular
process defines much of a circle
2: process strongly hooked
Character 152: Ilium, preacetabular process, length: (ORDERED)
0: roughly as long as postacetabular process
1: markedly longer (more than 2/3 of total ilium length) than postacetabular process
2: postacetabular blade much longer than postacetabular process
Character 153: Ilium, morphology of anterior margin of preacetabular process: (UNORDERED)
0: gently rounded or straight
1: anterior end strongly convex, lobate
2: pointed at anterodorsal corner with concave anteroventral edge
3: distinctly concave dorsally
Character 154: Ilium, supraacetabular crest on ilium, form: (ORDERED)
0: present as a separate process from the antitrochanter, and forming a “hood” over the femoral
head
1: reduced but still separate from the antitrochanter, not forming “hood”
2: absent
Character 155: Ilium, postacetabular process, shape of distal end: (UNORDERED)
0: squared
1: acuminate
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2: squared, with nearly vertical posterior margin that is nearly equivalent in depth to the anterior
margin of the preacetabular process
Character 156: Ilium, opposing postacetabular blades, orientation in dorsal view:
0: subparallel to each other
1: diverge posteriorly from each other
Character 157: Ilium, tuber along dorsal edge of ilium dorsal or slightly posterior to acetabulum:
0: absent
1: present
Character 158: Ilium, brevis fossa, form:
0: shallowly inset into bone, brevis shelf projects strongly medially
1: deeply inset into bone, with both lateral lamina and medial brevis shelf curving ventrally to
demarcate the deeply concave fossa
Character 159: Ilium, antitrochanter, form:
0: absent or poorly developed
1: prominent
Character 160: Ilium, ridge bounding cuppedicus fossa, extension:
0: terminates anterior to acetabulum or curves ventrally onto anterior end of pubic peduncle
1: extends far posteriorly and to become confluent or almost confluent with acetabular rim
Character 161: Ilium, cuppedicus fossa, form: (ORDERED)
0: deeply inset into the anterior and lateral surfaces of the pubic peduncle, with a pronounced
dorsal rim
1: reduced, fossa shallow or flat, with little or no overhanging dorsal rim
2: absent
Character 162: Ischium, prominent median posterior process along posterior edge of bone:
0: absent, posterior edge of bone straight
1: present
Character 163: Ischium, morphology of shaft distal to the acetabular (obturator) region:
(ORDERED)
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0: extremely rod-like, midshaft diameter 30-50% midshaft diameter of pubis
1: rod-like, midshaft diameter 60-100% midshaft diameter of pubis
2: wide, flat, and plate-like, midshaft diameter greater than midshaft diameter of pubis
Character 164: Ischium, orientation of shaft: (UNORDERED)
0: straight
1: curved anteriorly at the ventral end
2: hooked posteriorly at the ventral end
Character 165: Ischium, surface morphology of lateral face of ischiadic blade: (UNORDERED)
0: flat or gently rounded
1: concave
2: with longitudinal ridge subdividing lateral surface into anterior (including obturator process)
and posterior parts
Character 166: Ischium, obturator process of ischium: (ORDERED)
0: absent
1: proximal in position (midpoint of process positioned at less than 30% of the total length of the
ischium)
2: located near middle of ischiadic shaft (midpoint of process positioned at approximately 40-50%
of the total length of the ischium)
3: located at distal end of ischium (midpoint of process positioned distal to the midpoint of the
ischium)
Character 167: Ischium, obturator process, contact with pubis:
0: absent
1: present
Character 168: Ischium, obturator foramen or notch in proximal portion of obturator process:
(ORDERED)
0: enclosed foramen present
1: open notch present (i.e., a foramen that is no longer completely enclosed)
2: notch or foramen absent

419

Character 169: Ischium, ischial tubercle (“semicircular scar”) ventral to iliac peduncle on the
posterior margin of the proximal end of ischium: (ORDERED)
0: absent or potentially homologous structure present as a groove
1: present as a convex bulge on the posterior surface of the ischium
2: present as a rugose, ovoid or triangular flange whose lateral surface is depressed relative to the
remainder of the ischium
Character 170: Ischium, length of bone:
0: greater than two-thirds of pubis length
1: two-thirds or less of pubis length
Character 171: Ischium, morphology of distal ends of opposing ischia: (ORDERED)
0: form symphysis
1: approach one another but do not form symphysis
2: widely separated
Character 172: Ischium, distal end, expansion relative to midshaft:
0: present, resulting in an ischial “boot”
1: absent, ischial “boot” absent
Character 173: Ischium, tubercle on anterior edge of bone:
0: absent
1: present
Character 174: Pubis, orientation of shaft when in articulation: (UNORDERED)
0: projecting anteroventrally (propubic)
1: vertical
2: projecting posteroventrally (opisthopubic)
3: appressed to ischium
Character 175: Pubis, pubic boot, anterior projection of boot relative to posterior projection:
(ORDERED)
0: equal in size or anterior process larger than posterior process
1: anterior process small, approximately 10-40%
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2: anterior process completely absent, posterior process large
3: both anterior and posterior processes absent (i.e., boot present but without distinct anterior and
posterior projections)
Character 176: Pubis, shelf on shaft proximal to symphysis (‘pubic apron’): (UNORDERED)
0: extends medially from middle of shaft
1: shelf extends medially from anterior edge of shaft
2: strongly reduced (restricted to distal end of pubis) or absent
Character 177: Pubis, curvature of shaft: (UNORDERED)
0: absent, shaft straight
1: distal end curves anteriorly, anterior surface of shaft concave
2: distal end curves posteriorly, anterior surface of shaft convex
Character 178: Pubis, length of pubic apron: (ORDERED)
0: about half of pubic shaft length
1: less than 1/3 of shaft length
2: greatly reduced, restricted to far distal end of pubis
3: absent
Character 179: Pubic apron, form of contact between opposing pubes distally: (ORDERED)
0: both pubes meet extensively
1: contact between pubes disrupted by a slit (pubic foramen)
2: no contact between pubes distally, pubic apron absent in this part of pubis but present further
proximally
Character 180: Femur, head, fovea capitalis for attachment of capital ligament:
0: absent or subtle
1: present as a distinct circular fovea located in center of the medial surface of the head
Character 181: Femur, interaction of lesser and greater trochanters: (ORDERED)
0: separated from each other by deep cleft
1: separated from each other by small groove
2: completely fused to each other (absent as distinct structures), forming a trochanteric crest
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Character 182: Femur, lesser trochanter, shape in lateral view:
0: alariform, projects anteriorly as a broad flange that is anteroposteriorly wider than the greater
trochanter
1: reduced to approximately the same anteroposterior width as the greater trochanter, cylindrical in
cross section
Character 183: Femur, ridge on lateral surface distal to lesser and greater trochanters (homologous
to the trochanteric shelf):
0: absent or represented only by faint rugosity or bulge
1: distinctly raised from shaft as a pronounced, mound-like ridge
Character 184: Femur, fourth trochanter:
0: present
1: absent (or reduced to a subtle and barely distinguishable margin)
Character 185: Femur, accessory trochanteric crest distal to lesser trochanter:
0: absent
1: present
Character 186: Femur, mesiodistal crest, form:
0: absent or present as a subtle structure
1: present as a pronounced longitudinal crest extending proximally from medial condyle, which is
seen to strongly overhang the remainder of the medial margin of the femur in posterior view (i.e., is visible
as a broad flange in posterior view
Character 187: Femur, flexor groove, morphology of distal end:
0: open distally, smoothly confluent with distal articular surface
1: closed off distally by contact between distal condyles, separated from distal articular surface
Character 188: Fibula, distal extent:
0: reaches proximal tarsals
1: short, tapering distally, and not in contact with proximal tarsals
Character 189: Fibula, medial margin of proximal end in proximal view:
0: concave
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1: flat
Character 190: Fibula, deep oval fossa, with well defined margins, on medial surface near proximal
end:
0: absent
1: present
Character 191: Astragalus and calcaneum, morphology of distal condyles:
0: condyles separated by shallow, indefinite sulcus
1: condyles separated by prominent tendoneal groove on anterior surface
Character 192: Tibia, number of cnemial crests:
0: single pronounced crest
1: two crests (main crest with accessory anterior crest)
Character 193: Astragalus, ascending process, form: (UNORDERED)
0: tall and broad, covering most of anterior surface of distal end of tibia (70% or more of
mediolateral width of surface) and dorsoventral height greater than twice the height of the main body of the
astragalus
1: process short and slender, covering only lateral half of anterior surface of tibia (includes derived
therizinosauroid condition in which a lateral extension of the ascending process contacts the fibula) and
dorsoventral height less than twice the height of the main body of the astragalus
2: ascending process tall, but with medial notch that restricts it to lateral side of anterior face of
distal tibia
Character 194: Astragalus, ascending process, articulation with condyles distally:
0: confluent with condylar region of astragalus
1: separated from condylar region by transverse groove or fossa across base
Character 195: Astragalus and calcaneum, fusion: (ORDERED)
0: absent, astragalus and calcaneum unfused to each other or to tibia in adults
1: present, astragalus and calcaneum fused to each other, unfused to tibia
2: present, astragalus and calcaneum completely fused to each other and to tibia
Character 196: Distal tarsals, fusion with metatarsals:
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0: absent, distal tarsals and metatarsals separate
1: present, distal tarsals and metatarsals fused into tarsometatarsus
Character 197: Metatarsals, fusion: (ORDERED)
0: absent, metatarsals not co-ossified
1: present, metatarsals co-ossified proximally
2: present, metatarsals co-ossified proximally and distally
3: present, metatarsals co-ossified proximally and distally, with distal fusion extreme and distal
vascular foramen closed
Character 198: Metatarsal II, morphology of distal end:
0: smooth, not ginglymoid
1: with developed ginglymus that extends onto extensor surface, giving the distal end a strongly
concave profile in extensor (anterior) view
Character 199: Metatarsal III, morphology of distal end:
0: smooth, not ginglymoid
1: with developed ginglymus: smooth articular region extends proximally onto extensor surface
and is broadly exposed
Character 200: Metatarsal III, exposure of proximal shaft in extensor view: (ORDERED)
0: prominently exposed between MT II and MT IV along entire metapodium
1: MT III proximal shaft constricted and much narrower than either II or IV, but still exposed
along most of metapodium, subarctometatarsal
2: very pinched, not exposed along proximal section of metapodium, arctometatarsal
3: proximal part of MT III lost entirely
Character 201: Pedal digit II, ungual and penultimate phalanx, morphology:
0: similar to those of III
1: penultimate phalanx highly modified for extreme hyper-extension, ungual more strongly curved
and significantly larger than that of digit III
Character 202: Metatarsal II, site of articular surface for metatarsal I: (UNORDERED)
0: the middle of the medial surface of metatarsal II
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1: the posterior surface of distal quarter
2: the medial surface near the proximal end
3: the medial surface at or near the distal end
Character 203: Metatarsal I, form of proximal end:
0: attenuates proximally, articular surface for metatarsal II is a simple butt joint lying against the
shaft of metatarsal II
1: large and robust, similar to those of metatarsals II-IV
Character 204: Metatarsal IV, shaft thickness:
0: round or thicker dorsoventrally (extensor-flexor direction) than wide mediolaterally in cross
section
1: mediolaterally widened and flat in cross section
Character 205: Foot, symmetry:
0: symmetrical
1: asymmetrical with slender MTII and very robust MT IV, excluding flange
Character 206: Dorsal vertebrae, neural spines on posterior dorsals, shape in lateral view:
0: rectangular or square
1: fan-shaped, anteroposterior length of spine expanding dorsally
Character 207: Manual phalanx I-1, shaft diameter:
0: less than or approximately equal to the shaft diameter of radius.
1: greater than the shaft diameter of radius.
Character 208: Angular, extent in lateral view:
0: widely exposed, suture between surangular and angular reaches or nearly reaches posterior end
of mandible
1: reduced in exposure, suture between surangular and angular does not reach posterior end of the
mandible
Character 209: Surangular, laterally inclined flange along dorsal edge of bone for articulation with
the lateral process of lateral quadrate condyle:
0: absent
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1: present
Character 210: Distal articular ends of metacarpals I + II: (UNORDERED)
0: ginglymoid
1: rounded, smooth
2: II ginglymoid and MC I shelf
Character 211: Radius and ulna, articulation with each other:
0: well separated
1: with distinct adherence or syndesmosis distally
Character 212: Upper and lower jaws, occlusion:
0: occlude for their full length
1: diverge anteriorly due to kink and downward deflection of the dentary (pronounced downward
deflection of dentary buccal margin anteriorly)
Character 213: Quadrate, exposure of head in lateral view:
0: absent, covered by squamosal laterally
1: present, exposed because quadrate cotyle of squamosal opens laterally due to a wide notch
between the ventral and posterior processes
Character 214: Ilium, brevis fossa, orientation and exposure in lateral view:
0: faces primarily ventrally, but it is widely visible in lateral view (especially anteriorly)
1: faces primarily ventrally and medially, and it is obscured in lateral view across its entire length
by a well developed lateral lamina of the postacetabular process of the ilium
Character 215: Lesser trochanter, vertical ridge on lateral surface:
0: present
1: absent
Character 216: Supratemporal fossa, extension onto the squamosal:
0: absent, fenestra bounded laterally and posteriorly by the squamosal, with no distinct fossa
present on the dorsal surface of the squamosal
1: present, distinct fossa extends onto the dorsal surface of the squamosal
Character 217: Dentary, teeth: (ORDERED)
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0: present across much of bone, dentary fully toothed
1: present but only at the far anterior tip
2: absent, dentary edentulous
Character 218: Coracoid, ventral (=anterior) margin of bone anterior (=ventral) to glenoid, form:
0: straight or shallowly indented by a notch
1: deeply indented by a pronounced notch separating the glenoid and postglenoid process, glenoid
lip everted
Character 219: Articular, retroarticular process, orientation:
0: points posteriorly
1: curves gently posterodorsally
Character 220: Scapula, flange on supraglenoid buttress:
0: absent
1: present
Character 221: Laterosphenoid, depression (possibly pneumatic) on ventral surface of postorbital
process of bone:
0: absent
1: present
Character 222: Braincase, basal tubera, mediolateral width of conjoined tubera relative to occipital
condyle: (ORDERED)
0: as wide as or wider than the occipital condyle
1: narrower than occipital condyle, reduced to a set of small processes directly below the condyle
and separated by a narrow notch
2: tubera absent
Character 223: Ilium, postacetabular process, morphology of dorsal edge:
0: convex or straight
1: deeply concave, ventral portion of postacetabular process (housing brevis shelf medially)
extending posterior to dorsal portion of the postacetabular process as a tab-like structure
Character 224: Ilium, posterior end of postacetabular process, morphology in dorsal view:
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0: terminating in rounded or square end, due to a brevis shelf that extends no farther than the
posterior margin of the lateral lamina (lateral surface) of the postacetabular process
1: with lobate brevis shelf projecting beyond posterior end of lateral lamina of postacetabular
process
Character 225: Pedal phalanx II-2, flexor heel, form:
0: small and asymmetrically developed only on medial side of vertical ridge subdividing proximal
articulation
1: heel long and lobate, with extension of midline ridge extending onto its dorsal surface
Character 226: Metatarsal IV, large, longitudinal flange along posterior or lateral surface of bone:
0: absent
1: present
Character 227: Ischium, proximodorsal process, form:
0: small, tab-like or pointed process along posterior edge of ischium
1: large, proximodorsally hooked, and separated from iliac peduncle of the ischium by a notch
Character 228: Pubis, prominent tubercle on lateral surface of shaft, at approximately the midpoint
of the shaft:
0: absent, shaft smooth
1: present
Character 229: Ischium, distally placed dorsal process along posterior edge of shaft:
0: absent
1: present
Character 230: Ischium, obturator process, shape:
0: tab-like, with distal end separated from shaft by a discrete notch
1: triangular, with distal end confluent with shaft
Character 231: Ischium, morphology of triangular obturator process (only in those taxa with a
triangular process as defined in character 233):
0: longer proximodistally than wide anteroposteriorly at the center of the process
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1: shorter proximodistally than wide anteroposteriorly at the center of the process, resembles an
elongate triangle extending anteriorly
Character 232: Metatarsal II, tuber along extensor surface (associated with the insertion of the
tendon of the m. tibialis cranialis in Aves): (ORDERED)
0: absent
1: present, on approximately the center of the proximodorsal surface of metatarsal II
2: present, developed on lateral surface of metatarsal II, at contact with metatarsal III or on lateral
edge of metatarsal III
Character 233: Ulna: femur length ratio:
0: substantially less than one
1: equal to or greater than one
Character 234: Maxilla, position of maxillary fenestra relative to ventral margin of antorbital fossa:
(ORDERED)
0: abuts ventral margin
1: dorsal to ventral margin, at approximately the dorsoventral midpoint of the antorbital fossa
2: far dorsal to the ventral margin, dorsal to the dorsoventral midpoint of the antorbital fossa
Character 235: Maxilla, dorsoventral depth of main body of bone (=jugal process) at the midpoint of
the antorbital fenestra compared to the depth of the entire skull at this measuring point:
(ORDERED)
0: shallow, less than 16% of the depth of the entire skull
1: between 16-22% of skull depth
2: deep, greater than 22% of skull depth
Character 236: Maxilla, maxillary fenestra, recessed within a shallow, posteriorly or posterodorsally
open fossa, which is itself located within the maxillary antorbital fossa:
0: absent
1: present
Character 237: Maxilla, ascending process (=dorsal ramus or nasal process), form:
0: prominent, exposed medially and laterally
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1: absent or reduced to a process with slight medial and no lateral exposure
Character 238: Maxilla, participation of the ventral ramus of the nasal process (=ascending process)
in the anterior margin of the antorbital fenestra (as seen in lateral view): (ORDERED)
0: present extensively
1: small dorsal projection of the maxilla participates in the anterior margin
2: no dorsal projection of maxilla participates in the anterior margin
Character 239: Antorbital fenestra, composition of the dorsal border (as seen in lateral view):
0: lacrimal and maxilla
1: lacrimal and nasal
Character 240: Antorbital fossa, composition of the dorsal border (as seen in lateral view):
(UNORDERED)
0: lacrimal and maxilla
1: lacrimal and nasal
2: maxilla, premaxilla, and lacrimal
Character 241: Maxilla, lateral lamina of the ascending ramus:
0: present and broadly exposed in lateral view
1: present but reduced to small triangular exposure in lateral view
Character 242: Frontal, supratemporal fossa, anteroposterior length compared to overall length of
exposed portion of frontal on skull roof: (ORDERED)
0: less than 30%
1: between 30-60%
2: greater than 60%
Character 243: Jugal, contribution to antorbital fenestra margin (in lateral view):
0: absent
1: present
Character 244: Maxillary and dentary teeth, size of mesial (=anterior) and distal (=posterior)
denticles:
0: not substantially different in size
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1: mesial denticles, when present, substantially smaller than distal denticles
Character 245: Maxillary teeth, orientation relative to the long axis of the lower jaw:
0: almost perpendicular to jaw margin
1: inclined strongly posteroventrally
Character 246: Maxillary teeth, apicobasal height of teeth along tooth row:
0: highly variable with gaps evident for replacement
1: almost isodont with no replacement gaps
Character 247: Splenial, posterior margin (anterior margin of internal mandibular fenestra):
0: smooth
1: with distinct notch
Character 248: Premaxillary teeth, cross sectional size of first tooth crown compared with crowns of
premaxillary teeth 2 and 3: (UNORDERED)
0: slightly smaller or same size
1: much smaller
2: much larger
Character 249: Maxilla, promaxillary fenestra in adults, visibility in lateral view:
0: visible (either as complete fenestra or portion of the fenestra)
1: completely obscured by ascending ramus of maxilla
Character 250: Nasal, shape of dorsal surface: (ORDERED)
0: flat or slightly convex
1: convex (vaulted) anteriorly, above and immediately posterior to the external naris
2: vaulted across most of their length
Character 251: Nasal, fusion between left and right nasals:
0: absent
1: present
Character 252: Quadratojugal and squamosal, constriction of lateral temporal fenestra:
(ORDERED)
0: absent, anterior margins of both bones are approximately vertical
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1: present, convex kink along the suture between the two bones that projects into the fenestra,
constricting it to approximately one half or less of its maximum anteroposterior length
2: present, dorsal region of quadratojugal moderately expanded anteroposteriorly relative to the
remainder of the bone, constricting fenestra to approximately one half of its maximum anteroposterior
length
3: present, dorsal region of quadratojugal expanded anteroposteriorly by at least twice the
minimum anteroposterior dimension of the bone, forming a flange that meets the ventral ramus of the
squamosal to nearly divide the fenestra
Character 253: Supraoccipital, pronounced and strongly demarcated median ridge on posterior
(occipital) surface:
0: absent
1: present
Character 254: Surangular, anteroventral extension divides external mandibular fenestra by
contacting angular anteriorly
0: absent
1: present
Character 255: Ilium, vertical ridge on lateral surface of iliac blade above acetabulum: (ORDERED)
0: absent or poorly developed
1: present as a well-developed, linear structure extending vertically or anterodorsally
2: present as a well-developed, linear structure extending posterodorsally
Character 256: Premaxilla, main body, dorsoventral depth compared to anteroposterior length:
(ORDERED)
0: less than or equal to
1: between 1.0-1.9 times larger
2: greater than 2 times larger
Character 257: Nasal, external texture of mid section of bone:
0: smooth to slightly rugose
1: pronounced rugosities and accessory vascular foramina present
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Character 258: Jugal, shape of anterior process underneath the lacrimal: (UNORDERED)
0: tapering
1: bluntly squared anteriorly
2: expanded
3: bifurcated
Character 259: Axis, neural spine, morphology in lateral view:
0: extensive and anteroposteriorly elongate, sheet-like
1: anteroposteriorly reduced, rod-like
Character 260: Cervical vertebrae, prezygapophyses in anterior postaxial cervicals, orientation:
0: straight across their lengths
1: anteroposteriorly convex, flexed ventrally anteriorly
Character 261: Dorsal vertebrae, extent of pneumaticity (pneumatic foramina on lateral surfaces):
(ORDERED)
0: foramina absent
1: foramina present in anterior dorsals
2: present in all dorsals
Character 262: Femur/humerus length ratio: (ORDERED)
0: more than 3.3
1: between 3.3-2.5
2: between 1.2 and 2.5
3: less than 1
Character 263: Humerus, shape in lateral view:
0: sigmoidal
1: straight
Character 264: Radius, length compared to that of humerus:
0: more than half the length of humerus
1: less than half the length of humerus
Character 265: Premaxilla, fusion of opposing premaxillae at the symphysis: (ORDERED)
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0: unfused in adults
1: fused anteriorly in adults, posterior nasal [frontal] processes not fused to each other
2: fused anteriorly and opposing frontal processes completely fused
Character 266: Dentary, form of articulation between opposing dentaries at the symphysis:
0: joined proximally by ligaments
1: joined by bone
Character 267: Dentary, symphysis region, two strong grooves forming an anteriorly opening ‘v’ in
ventral view:
0: absent
1: present
Character 268: Cranium, facial margin, composition: (ORDERED)
0: primarily formed by the maxilla, with the maxillary process of the premaxilla restricted to the
anterior tip
1: maxillary process of the premaxilla extending along half of facial margin
2: maxillary process of the premaxilla extending more than half of facial margin
Character 269: Premaxilla, nasal (frontal) process, length:
0: short
1: long, closely approaching frontal
Character 270: External naris, size compared to the antorbital fenestra: (ORDERED)
0: considerably smaller
1: long axis approximately same length as long axis of antorbital fenestra
2: larger
Character 271: Ectopterygoid:
0: present
1: absent
Character 272: Vomer and pterygoid, form of articulation between bones: (UNORDERED)
0: present, well developed
1: reduced, narrow process of pterygoid passes dorsally over palatine to contact vomer
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2: absent, pterygoid and vomer do not contact
Character 273: Palatine and pterygoid, form of articulation between bones:
0: long, anteroposteriorly overlapping contact
1: short, primarily dorsoventral contact
Character 274: Palatine, contacts with bones of the facial region:
0: contacts maxillae only
1: contacts premaxillae and maxillae
Character 275: Vomer, contact with premaxilla:
0: present
1: absent
Character 276: Basisphenoid, projecting articulation with pterygoid via discrete basipterygoid
processes:
0: present
1: absent
Character 277: Basisphenoid, location of pterygoid articular surface:
0: located basal on basisphenoid
1: located markedly anterior on basisphenoid (parasphenoid rostrum) such that the articulations are
subadjacent on the narrow rostrum
Character 278: Basisphenoid and pterygoid articulation, orientation of contact: (UNORDERED)
0: anteroventral
1: mediolateral
2: entirely dorsoventral
Character 279: Pterygoid, articular surface for basisphenoid, morphology: (ORDERED)
0: concave ‘socket’ or short groove enclosed by dorsal and ventral flanges
1: flat to convex
2: flat to convex facet, stalked, variably projected
Character 280: Pterygoid, shape of bone:
0: kinked, surface for basisphenoid articulation at high angle to axis of palatal process of pterygoid
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1: straight, basisphenoid articulation in line with axis of palatal process
Character 281: Ossified interorbital septum, sphenethmoid:
0: absent
1: present
Character 282: Ossified interorbital septum, mesethmoid:
0: unossified or small, restricted to the ventral surface of the frontal or marginally extends
anteriorly past the premaxillae/frontal contact but does not surpass posterior edge of external nares
1: large, extends anterior to the posterior extent of the frontal processes of premaxillae and anterior
to the posterior edge of the external nares
Character 283: Eustachian tubes, morphology: (UNORDERED)
0: paired and lateral
1: paired, close to cranial midline
2: paired and adjacent on midline or single anterior opening
Character 284: Eustachian tubes, ossification:
0: absent
1: present
Character 285: Squamosal, ventral (=zygomatic) process, morphology:
0: large and elongate, dorsally encloses otic process of the quadrate and extends anteroventrally
along shaft of quadrate, dorsal head of quadrate not visible in lateral view
1: short, head of quadrate exposed in lateral view
Character 286: Quadrate, orbital process (=pterygoid flange) of quadrate, form of articulation with
pterygoid:
0: pterygoid broadly overlapping medial surface of orbital process (i.e., ‘pterygoid ramus’ present)
1: pterygoid contact restricted to anteromedial edge of orbital process
Character 287: Quadrate, form of pterygoid articulation with orbital process in those taxa where the
contact is restricted to the anteromedial edge of the process: (ORDERED)
0: pterygoid articulates with anterior-most tip
1: pterygoid articulation does not reach tip
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2: pterygoid articulation with no extent up orbital process, restricted to quadrate corpus
Character 288: Quadrate/pterygoid contact, morphology in those taxa where the contact is restricted
to the anteromedial edge of the orbital process:
0: as a facet, variably with slight anteromedial projection cradling base
1: condylar, with a well-projected tubercle on the quadrate
Character 289: Quadrate, well-developed tubercle on anterior surface of dorsal process:
0: absent
1: present
Character 290: Quadrate, form of articulation with quadratojugal:
0: overlapping
1: peg and socket articulation
Character 291: Quadrate, dorsal process, articulation with other bones:
0: with squamosal only
1: with squamosal and prootic
Character 292: Quadrate, dorsal process, development of intercotylar incisure between prootic and
squamosal cotylae: (ORDERED)
0: absent, articular surfaces not differentiated (usually meaning prootic contact was absent)
1: two distinct articular facets, incisure not developed
2: incisure present, ‘double headed’
Character 293: Quadrate, mandibular articulation, form:
0: divided into two condyles
1: divided into three condyles, due to additional posterior condyle or broad surface
Character 294: Quadrate, pneumaticity:
0: absent
1: present
Character 295: Quadrate, cluster of pneumatic foramina on the posterior surface of the tip of the
dorsal process:
0: absent
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1: present
Character 296: Quadrate, form of pneumatization, large single pneumatic foramen on the
posterior or posteromedial surface of the shaft:
0: absent
1: present
Character 297: Articular, pneumaticity:
0: absent
1: present
Character 298: Dentary, morphology of posterior end:
0: approximately straight or with a weakly developed separation into dorsal and ventral forks (i.e.,
small dorsal ramus)
1: strongly forked with the dorsal and ventral rami approximately equal in posterior extent
Character 299: Splenial, anterior extent: (ORDERED)
0: limited, stops well posterior to mandibular symphysis
1: elongate, extends to mandibular symphysis but does not participate in symphysis
2: elongate, extends to anterior tip of mandible to contacting on midline and participate in
symphysis
Character 300: Mandibular symphysis, anteroposteriorly extensive, flat to convex, dorsal-facing
surface:
0: absent, symphysis concave
1: present
Character 301: Mandibular symphysis, symphyseal foramina:
0: absent
1: present
Character 302: Mandibular symphysis, symphyseal foramina, number:
0: single
1: paired
Character 303: Mandibular symphysis, symphyseal foramina, location:
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0: opening on posterior edge of symphysis
1: opening on dorsal surface of symphysis
Character 304: Dentary, Meckelian groove, exposure in medial view:
0: exposed as deep and conspicuous groove, not completely covered by splenial
1: not exposed, covered by splenial
Character 305: Lower jaw, anterior external mandibular fenestra:
0: absent
1: present
Character 306: Jugal, contact with postorbital:
0: present
1: absent
Character 307: Frontal/parietal suture
0: open
1: fused
Character 308: Thoracic vertebrae (with ribs articulating with the sternum, or in the middleposterior dorsal series of theropods without preserved sterna), one or more with prominent
hypapophyses:
0: absent
1: present
Character 309: Thoracic vertebrae, number: (ORDERED)
0: 12 or more
1: 11
2: 10 or fewer
Character 310: Thoracic vertebrae, form of articular surfaces:
0: at least part of series with round or ovoid articular surfaces (e.g. amphicoelous/ opisthocoelous)
that lack the dorsoventral compression seen in heterocoelous vertebrae
1: series completely heterocoelous
Character 311: Thoracic vertebrae, parapophysis, position:
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0: anterior to transverse process
1: directly ventral to transverse process (close to midpoint of vertebra)
Character 312: Thoracic vertebrae, centrum, proportions:
0: approximately equal in anteroposterior length and midpoint mediolateral width
1: length markedly greater than midpoint width
Character 313: Thoracic vertebrae, morphology of lateral surfaces of centra: (UNORDERED)
0: flat to slightly depressed
1: deep, emarginated fossae
2: central ovoid foramina
Character 314: Thoracic vertebrae with ossified connective tissue bridging transverse processes:
0: absent
1: present
Character 315: Notarium:
0: absent
1: present
Character 316: Sacral vertebrae, series of short vertebrae, with dorsally directed parapophyses just
anterior to the acetabulum: (ORDERED)
0: absent
1: present, three such vertebrae
2: present, four such vertebrae
Character 317: Caudal vertebrae, anterior free caudals prior to transition point, length of transverse
processes:
0: subequal to width of centrum
1: substantially shorter than centrum width
Character 318: Caudal vertebrae, fusion of distal caudals:
0: unfused to each other
1: fused to each other
Character 319: Caudal vertebrae, extent of fused distal caudals: (ORDERED)
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0: fused element length equal or greater than 4 free caudal vertebrae
1: length less than 4 caudal vertebrae
2: less than 2 caudal vertebrae in length
Character 320: Gastralia:
0: present
1: absent
Character 321: Sternum, carina or midline ridge, morphology: (ORDERED)
0: absent
1: slightly raised
2: distinctly projected
Character 322: Sternum, position of carina or midline ridge: (UNORDERED)
0: restricted to posterior half of sternum
1: approaches anterior limit of sternum
2: restricted to the anterior half of the sternum
Character 323: Sternum, dorsal surface, pneumatic foramen (or foramina):
0: absent
1: present
Character 324: Sternum, pneumatic foramina in the depressions (loculi costalis) between rib
articulations (processi articularis sternocostalis):
0: absent
1: present
Character 325: Sternum, coracoidal sulci spacing on anterior edge: (UNORDERED)
0: widely separated mediolaterally
1: adjacent
2: crossed on midline
Character 326: Sternum, number of processes for articulation with the sternal ribs: (ORDERED)
0: three
1: four
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2: five
3: six
4: seven or more
Character 327: Sternum, raised, paired intermuscular ridges (linea intermuscularis) parallel to
sternal midline:
0: absent
1: present
Character 328: Sternum, posterior margin, distinct posteriorly projected medial and/or lateral
processes, morphology: (ORDERED)
0: absent
1: with distinct posterior processes
2: midpoint of posterior sternal margin connected to medial posterior processes to enclose paired
fenestrae
Character 329: Clavicles, fusion:
0: left and right bones fused together
1: left and right bones unfused
Character 330: Clavicles, interclavicular angle between left and right clavicles:
0: greater than, or equal, to 90 degrees
1: less than 90 degrees
Character 331: Furcula, lateral excavation:
0: absent
1: present
Character 332: Furcula, dorsal (omal) tip, form:
0: flat or blunt
1: with a pronounced posteriorly pointed tip
Character 333: Furcula, ventral margin of apophysis, form:
0: curved, angling
1: with a truncated or squared base
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Character 334: Scapula and coracoid, form of articulation: (UNORDERED)
0: pit-shaped scapular cotyla developed on the coracoid, and coracoidal tubercle developed on the
scapula (‘ball and socket’ articulation)
1: scapular articular surface of coracoid convex
2: flat
Character 335: Coracoid, procoracoid process:
0: absent
1: present
Character 336: Coracoid, lateral margin, form:
0: straight to slightly concave
1: convex
Character 337: Coracoid, dorsal surface (= posterior surface of taxa less derived than Paraves),
form:
0: strongly concave
1: flat to convex
Character 338: Coracoid, pneumaticity:
0: absent
1: present
Character 339: Coracoid, position of pneumatic foramen:
0: proximal
1: distal
Character 340: Coracoid, lateral process:
0: absent
1: present
Character 341: Coracoid, ventral surface (=anterior surface of taxa less derived than Paraves),
lateral intermuscular line or ridge:
0: absent
1: present
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Character 342: Coracoid, position of glenoid facet:
0: dorsal to, or at approximately same level as, acrocoracoid process/‘biceps tubercle’ (or
estimated position of biceps tubercle is a discrete tubercle is absent)
1: far ventral to acrocoracoid process
Character 343: Coracoid, acrocoracoid process, shape:
0: straight
1: hooked medially
Character 344: Coracoid, n. supracoracoideus passes through coracoid (usually via coracoid
foramen):
0: present
1: absent
Character 345: Coracoid, medial surface, area of the foramen n. supracoracoideus (when developed)
0: strongly depressed
1: flat to convex
Character 346: Coracoid and scapula, angle between bones at glenoid:
0: greater than 90 degrees
1: 90 degrees or less
Character 347: Scapula, ratio of dorsoventral depth of distal end to minimum dorsoventral depth of
blade: (ORDERED)
0: greater than 2.5
1: slightly taller or approximately the same depth as proximal dorsoventral shaft width, ratio
between 1.0 and 2.5
2: tapering distally, ratio less than 1.0
Character 348: Scapula, curvature in lateral view:
0: absent, bone straight
1: present, bone dorsoventrally curved
Character 349: Scapula, position of acromion process:
0: extends anteriorly to surpass the articular surface for coracoid (facies articularis coracoidea)
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1: does not extend further anteriorly than the articular surface for coracoid
Character 350: Scapula, orientation of acromion process:
0: straight
1: laterally hooked tip
Character 351: Humerus and ulna, length comparison: (ORDERED)
0: humerus longer than ulna
1: ulna and humerus approximately the same length (within ~10% of each other)
2: ulna substantially longer than humerus
Character 352: Humerus, head, shape in anterior or posterior view
0: strap-like, articular surface flat or weakly convex, no proximal midline convexity
1: prominent and highly convex (domed) proximally
Character 353: Humerus, proximal end, shape of proximal projection:
0: dorsal edge projected farthest
1: midline projected farthest
Character 354: Humerus, ventral tubercle and capital incisure:
0: absent
1: present
Character 355: Humerus, capital incisure, morphology:
0: an open groove
1: closed by tubercle associated with a muscle insertion just distal to humeral head
Character 356: Humerus, anterior surface, well-developed fossa on midline making proximal
articular surface appear v-shaped in proximal view:
0: absent
1: present
Character 357: Humerus, ‘transverse groove’:
0: absent
1: present, developed as a discrete, depressed scar on the proximal surface of the bicipital crest or
as a slight transverse groove
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Character 358: Humerus, deltopectoral crest, orientation:
0: projected laterally or dorsally, such that it is in line with the long axis of humeral head
1: projected anteriorly, such that it is approximately perpendicular to the long axis of the head
Character 359: Humerus, deltopectoral crest, thickness compared with thickness of shaft:
(ORDERED)
0: less
1: same width
2: dorsoventral thickness greater than shaft thickness
Character 360: Humerus, deltopectoral crest, proximoposterior surface (=proximolateral surface in
most non-avialan theropods), form:
0: flat to convex
1: concave
Character 361: Humerus, deltopectoral crest, large fenestra:
0: absent, crest not perforate
1: present, crest perforate
Character 362: Humerus, bicipital crest, pit-shaped scar/fossa for muscular attachment on
anterodistal, distal, or posterodistal surface of crest:
0: absent
1: present
Character 363: Humerus, bicipital crest, position of pit-shaped fossa for muscular attachment:
(UNORDERED)
0: anterodistal on bicipital crest
1: directly ventrodistal at tip of bicipital crest
2: posterodistal, variably developed as a fossa
Character 364: Humerus, bicipital crest, anterior projection: (ORDERED)
0: absent or subtle
1: present, developed as an anterior projection relative to shaft surface in ventral view
2: present as a hypertrophied, rounded tumescence
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Character 365: Humerus, proximal end, one or more pneumatic foramina:
0: absent
1: present
Character 366: Humerus, distal articular condyles, position:
0: on distal surface of bone
1: on anterior surface of bone
Character 367: Humerus, long axis of dorsal (lateral) distal condyle, orientation:
0: at low angle to humeral axis, proximodistally orientated
1: at high angle to humeral axis, almost transversely orientated
Character 368: Humerus, distal condyles, form:
0: prominent, subround and bulbous
1: weakly defined, ‘strap-like’
Character 369: Humerus, distal margin, orientation:
0: approximately perpendicular to long axis of humeral shaft
1: oblique (angling strongly ventrally) to long axis of humeral shaft, ventrodistal margin projected
significantly distal to dorsodistal margin (sometimes described as a well-projected flexor process)
Character 370: Humerus, distal end, compressed anteroposteriorly and flared dorsoventrally:
0: absent
1: present
Character 371: Humerus, brachial fossa:
0: absent
1: present, developed as a flat scar or as a scar-impressed fossa
Character 372: Humerus, ventral (medial) distal condyle, length of long axis:
0: less than the long axis of the dorsal (lateral) condyle
1: the same or greater than the long axis of the dorsal (lateral) condyle
Character 373: Humerus, demarcation of muscle origins (e.g. m. extensor metacarpi radialis in Aves)
on the dorsal (=lateral in non-avialan theropods) edge of the distal humerus:
0: no indication of origin as a scar, a pit, or a tubercle
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1: indication as a pit-shaped scar or as a variably projected scar-bearing tubercle or facet
Character 374: Humerus, groove for passage of m. scapulotriceps on distal end of posterior surface:
0: absent
1: present
Character 375: Humerus, m. humerotricipitalis groove:
0: absent
1: present as a ventral depression contiguous with the olecranon fossa
Character 376: Ulna, cotylae, orientation of dorsal (lateral) and ventral (medial) cotylae:
0: dorsoventrally adjacent
1: widely separated by a deep groove
Character 377: Ulna, dorsal cotyla, form: convex
0: flat or non-distinct
1: convex
Character 378: Ulna, distal end, dorsal (lateral) condyle, dorsal trochlear surface, extent along
posterior margin:
0: less than transverse measure of dorsal trochlear surface
1: approximately equal in extent
Character 379: Ulna, bicipital scar: (ORDERED)
0: absent
1: present, developed as a slightly raised scar
2: present, developed as a conspicuous tubercle
Character 380: Ulna, brachial scar
0: absent
1: present
Character 381: Radius, posteroventral surface (=posteromedial surface of non-avialans), texture:
(UNORDERED)
0: smooth
1: with muscle impression along most of surface
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2: deep longitudinal groove
Character 382: Ulnare:
0: absent
1: present
Character 383: Ulnare, shape:
0: circular, triangular, or ‘heart-shaped’, with no or minimal differentiation into short dorsal and
ventral rami
1: V-shaped, well- developed dorsal and ventral rami
Character 384: Ulnare, ventral ramus (crus longus), length: (ORDERED)
0: shorter than dorsal ramus (crus brevis)
1: same length as dorsal ramus
2: longer than dorsal ramus
Character 385: Semilunate carpal and metacarpals, fusion: (ORDERED)
0: separate from each other, no fusion
1: incomplete proximal fusion
2: complete proximal fusion
3: complete proximal and distal fusion
Character 386: Metacarpal III, anteroposterior (extensor-flexor) diameter at midshaft compared to
anteroposterior diameter of metacarpal II:
0: approximately equal or greater than 50%
1: less than 50%
Character 387: Metacarpal I, anteroproximally projected muscular process, form: (ORDERED)
0: absent, no distinct process visible
1: present as small knob at anteroproximal tip of metacarpal
2: present, tip of process marginally surpasses the distal articular facet for phalanx 1 in anterior
extent
3: present, tip of process conspicuously surpasses articular facet by approximately half the width
of the facet, producing a pronounced knob
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4: present, tip of process conspicuously surpasses articular facet by approximately the entire width
of the facet, producing a pronounced knob
Character 388: Metacarpal I, anterior (extensor) surface, shape:
0: roughly hourglass-shaped proximally, at least moderately expanded anteroposteriorly, and
constricted just before flare of articulation for phalanx 1
1: anterior surface broadly convex
Character 389: Carpometacarpus, pisiform process:
0: absent
1: present
Character 390: Carpometacarpus, ventral surface, supratrochlear fossa deeply excavating proximal
surface of pisiform process or adjacent region:
0: absent
1: present
Character 391: Carpometacarpus, intermetacarpal space (between metacarpals II and III):
0: reaches proximally as far as the distal end of metacarpal I
1: terminates distal to end of metacarpal I
Character 392: Metacarpals II and III, distal ends, position of articular surfaces for digits:
0: articular surface on metacarpal II located at same distal level as, or surpasses distally, articular
surface on metacarpal III
1: articular surface on metacarpal III extends further distally than articular surface on metacarpal II
Character 393: Metacarpals, intermetacarpal process or tubercle: (ORDERED)
0: absent
1: present as scar
2: present as tubercle or flange
Character 394: Manual digit II, phalanx 1, shape:
0: subcylindrical to subtriangular in cross section
1: strongly dorsoventrally compressed, flat posterior surface
Character 395: Manual digit II, length of phalanx II-1 compared to that of II-2:
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0: less than or equal to
1: longer
Character 396: Manual digit II, phalanx 2, internal index process on posterodistal edge:
0: absent
1: present
Character 397: Pelvis, ilium, ischium, and pubis, proximal contact between bones in adult
individuals: (ORDERED)
0: unfused to each other
1: partially fused to each other (pubis not ankylosed)
2: completely fused to each other
Character 398: Ilium/ischium, distal co-ossification to completely enclose the ilioischiadic fenestra:
0: absent
1: present
Character 399: Ischium, dorsal process
0: does not contact ilium
1: contacts ilium
Character 400: Ilium, antitrochanter, position:
0: directly posterior to acetabulum
1: posterodorsal to acetabulum
Character 401: Ilium, preacetabular pectineal process: (ORDERED)
0: absent
1: present as a small flange
2: present as a well-projected flange
Character 402: Ilium, preacetabular processes, orientation of left and right processes:
0: approach on midline but do not contact (open space between them, possibly a cartilaginous
connection)
1: make contact with each other on midline and fuse, dorsal closure of ‘iliosynsacral canals’
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Character 403: Ilium, preacetabular process, morphology of process as it extends anterior to first
sacral vertebra:
0: no free ribs overlapped
1: one or more ribs overlapped
Character 404: Ilium, postacetabular process, orientation:
0: dorsoventrally orientated, such that broad external surface faces laterally
1: mediolaterally orientated, such that broad external surface faces dorsally
Character 405: Ilium, postacetabular process, ventral surface, renal fossa:
0: absent
1: present
Character 406: Ilium, cuppedicus fossa, form:
0: broad, mediolaterally oriented surface directly anteroventral to acetabulum
1: small and entirely laterally facing fossa anterior to the acetabulum
Character 407: Pubis, cross section:
0: suboval
1: compressed mediolaterally
Character 408: Pubes, contact of distal ends of left and right pubes:
0: present, variably co-ossified into symphysis
1: absent, pubes noncontacting
Character 409: Femur, posterior trochanter: (ORDERED)
0: present, developed as a slightly projected tubercle or flange
1: present, hypertrophied into a ‘shelf-like’ conformation (in combination with development of the
trochanteric shelf)
2: absent
Character 410: Femur, patellar groove
0: absent
1: present
Character 411: Femur, ectocondylar tubercle and lateral condyle, separation:
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0: present, separated by deep notch
1: absent, form single trochlear surface
Character 412: Femur, posterior projection of the lateral border of the distal end, continuous with
lateral condyle:
0: absent
1: present
Character 413: Femur, laterally projected fibular trochlea: (ORDERED)
0: absent
1: present, developed as small notch
2: present, developed as a shelf-like projection
Character 414: Tibia/tarsals, condyles, extent of medial and lateral condyles:
0: medial condyle projecting further anteriorly than lateral
1: equal in anterior projection
Character 415: Tibia/tarsals, condyles, extensor canal: (ORDERED)
0: absent
1: present as an emarginated groove
2: present as a groove bridged by an ossified supratendoneal bridge
Character 416: Tibia/tarsals, condyles, tuberositas retinaculi extensoris indicated by short medial
ridge or tubercle proximal to the condyles close to the midline and a more proximal second ridge on
the medial edge:
0: absent
1: present
Character 417: Tibia/tarsals, condyles, mediolateral widths of lateral and medial condyles:
(ORDERED)
0: medial condyle wider
1: approximately equal
2: lateral condyle wider
Character 418: Tibia/tarsals, condyles, medial constriction of lateral and medial condyles:
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0: present, gradual sloping medial constriction of condyles
1: absent, no medial tapering of either condyle
Character 419: Tibia/tarsals, condyles, intercondylar groove, mediolateral width:
0: broad, approximately 1/3 width of anterior surface
1: narrow, less than 1/3 width of total anterior surface
Character 420: Tibia/tarsals, position of articular surface for distal tarsals/tarsometatarsus:
(ORDERED)
0: on distal surface or restricted to distal-most edge of posterior surface, no broad extension of
trochlear surface onto posterior surface of bone
1: well-developed articular surface extending up the posterior surface of the tibiotarsus (sulcus
cartilaginis tibialis of Aves)
2: well-developed articular surface extending up the posterior surface of the tibiotarsus, with welldeveloped and posteriorly projecting medial and lateral crests
Character 421: Tibia, mediolateral width of distal end:
0: wider than midpoint of shaft, giving distal profile a weakly developed triangular form
1: approximately equal to midshaft width, no distal expansion of whole shaft (although condyles
may be variably splayed mediolaterally)
Character 422: Metatarsal V:
0: present
1: absent
Character 423: Metatarsal III, position of proximal end:
0: proximally in same plane with II and IV
1: proximally displaced plantarly (to the extensor surface), relative to metatarsals II and IV
Character 424: Tarsometatarsus or metatarsals, intercotylar eminence:
0: absent
1: well developed, globose
Character 425: Tarsometatarsus or metatarsals, projected surface or grooves on proximoposterior
surface (associated with the passage of tendons of the pes flexors in Aves; hypotarsus): (ORDERED)
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0: absent
1: developed as posterior projection with flat posterior surface
2: developed as a posterior projection, with distinct crests and grooves
3: developed as a posterior project with distinct crests and grooves, at least one groove enclosed
by bone posteriorly
Character 426: Tarsometatarsus or metatarsals, proximal vascular foramina: (ORDERED)
0: absent
1: single foramen present, between metatarsals III and IV
2: two foramina present
Character 427: Metatarsal I, shape: (ORDERED)
0: straight
1: curved or distally deflected but not twisted, ventral surface convex (‘J shaped’)
2: distally deflected and twisted, such that the ventromedial surface is concave proximal to
trochlear surface for phalanx I
Character 428: Metatarsal II, distal extensor surface, fossa for metatarsal I: (ORDERED)
0: absent
1: present as a shallow notch
2: present as a conspicuous ovoid fossa
Character 429: Metatarsal IV, mediolateral width at midshaft: (UNORDERED)
0: metatarsal IV approximately the same width as metatarsals II and III
1: metatarsal IV narrower than MII and MIII
2: metatarsal IV greater in width than either metatarsal II or III
Character 430: Metatarsals, comparative trochlear width (UNORDERED):
0: II approximately the same size as III and/or IV (this includes taxa in which metatarsal III is
slightly wider than the other metatarsals disally)
1: II markedly wider than III and/or IV
2: II markedly narrower than III and/or IV
3: IV markedly narrowest.
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Character 431: Metatarsus, distal vascular foramen, form:
0: simple, with one exit
1: forked, two exits (plantar and distal) between metatarsals III and IV.
Character 432: Metatarsal III, distal trochlea in extensor view, proximal extent of lateral and medial
edges:
0: equally extended proximally
1: lateral edge extends further proximally
Character 433: Metatarsal II, distal extent of metatarsal II relative to metatarsal IV: (ORDERED)
0: approximately equal in distal extent
1: metatarsal II shorter than metatarsal IV, but reaching distally further than base of metatarsal IV
trochlea
2: metatarsal II shorter than metatarsal IV, reaching distally only as far as base of metatarsal IV
trochlea
Character 434: Caudal vertebrae, middle to posterior caudals, anteroposterior length: (ORDERED)
0: shortened, less than 1.5x length of dorsal vertebrae (where known) and anteroposterior length of
centrum less than twice its maximum mediolateral width
1: 1.5x-2x or less the length of dorsal vertebrae
2: 3x-4x length of dorsal vertebrae
Character 435: Coracoid, coracoid fenestra:
0: absent
1: present
Character 436: Metatarsal V, elongated and bowed
0: absent
1: present
Character 437: Chevrons, degree of posterior extension of posterior chevrons:
0: not substantially elongated
1: very elongated
Character 438: Radius, width at midshaft:
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0: roughly half or greater than width of ulna
1: less than half width of ulna
Character 439: Manus, combined length of metacarpal I and phalanx I-1:
0: greater than length of MC II
1: equal to or less than length of MC II
Character 440: Metacarpal III, shape:
0: straight
1: bowed
Character 441: Metatarsal I, position of distal trochlea:
0: proximally placed relative to trochleae of other metatarsals
1: inline distally with others
Character 442: Metatarsal I:
0: present
1: absent
Character 443: Braincase, preotic pendant, form: (ORDERED)
0: absent
1: present but small
2: present and robust
Character 444: Braincase, metotic strut, shape:
0: short and robust
1: long and narrow
Character 445: Prootic, pneumatic excavation on lateral surface leading into anterior tympanic
recess: (ORDERED)
0: absent
1: present and shallow
2: present and deep
Character 446: Braincase, anterior tympanic recess (ATR), manifestation on external surface of
basisphenoid: (ORDERED)
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0: subtle, external fossa not deeply impressed into the lateral surface of the basisphenoid
1: deeply impressed into the lateral surface of the basisphenoid in juveniles but not adults
2: deeply impressed into the lateral surface of the basisphenoid in adults
Character 447: Braincase, anterior tympanic recess and anterior tympanic crista (crest marking the
posterior and dorsal border of the ATR), location:
0: below the exit foramen of cranial nerve VII exit and just proximal to the otic recess
1: anteriorly, with little or no development of the recess posterior to the basipterygoid processes
Character 448: Braincase, anterior tympanic recess confluent with the subotic recess:
0: absent
1: present, forming the Lateral Depression
Character 449: Braincase, V-shaped opening between basal tubera (or remnants of tubera):
0: absent
1: present
Character 450: Braincase, small tubera medial to basal tubera (or remnants of basal tubera) and
ventral to occipital condyle:
0: absent
1: present
Character 451: Pedal phalanx II-2, size of distal articular surface relative to proximal articular
surface:
0: approximately equal in size or distal surface slightly smaller than proximal surface
1: distal surface less than half the size of proximal surface
Character 452: Sternum, ossification of sternal plates:
0: absent, plates unossified
1: present, plates ossified
Character 453: Ulna, size of proximal cotylae:
0: unequal in size, lateral (=dorsal in avialans) condyle smaller
1: equal in size
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Character 454: Braincase, middle ear resides within the Lateral Depression (formed by merged
anterior tympanic recess and subotic recess):
0: absent
1: present
Character 455: Feathers, filamentous integumentary structures (Stage 1 feathers):
0: absent
1: present
Character 456: Feathers, vaned feathers (Stage 4 feathers):
0: absent
1: present
Character 457: Quadratojugal, size:
0: large
1: greatly reduced
Character 458: Frontal, notch for postorbital contact on postorbital process of frontal:
0: absent, process smooth or facet small
1: large notch present
Character 459: Frontal and parietal, position of fronto-parietal suture relative to postorbital
processes of frontal: (ORDERED)
0: well posterior to the postorbital processes
1: at the level of the postorbital processes
2: anterior to postorbital processes
Character 460: Cervical vertebrae, orientation of articular surfaces between cervical vertebrae:
0: surfaces vertical to subvertical
1: strongly slanted anteroventrally
Character 461: Skull roof, accessory depression in supratemporal fossa:
0: absent
1: present
Character 462: Ilium, relative ventral extension of pubic and ischiadic peduncles: (ORDERED)
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0: equal
1: pubic peduncle extends farther ventrally
2: pubic peduncle hyperelongate, approximately 2.5-3 times the proximodistal length of the ischial
peduncle
Character 463: Parasphenoid, ala parasphenoidalis:
0: absent
1: present, well-developed and crest-shaped forming anterior edge of enlarged pneumatic recess
with the ala continuous with the anterior tympanic crista
Character 464: Furcula, cross-section:
0: nearly circular
1: anteroposteriorly compressed near the symphysis
Character 465: Furcula, shape:
0: V-shaped
1: U-shaped
Character 466: Furcula, epicledial processes, form:
0: unexpanded
1: expanded
Character 467: Furcula, lateral expansion of the rami between the hypocledium and the epicledial
process:
0: absent
1: present
Character 468: Furcula, hypocledium, shape:
0: rounded
1: keeled
Character 469: Furcula, symmetry:
0: asymmetrical
1: nearly symmetrical
Character 470: Furcula, thickness of rami:
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0: thin
1: thick
Character 471: Metatarsal III, extensor (=anterior or dorsal) surface, shape:
0: relatively narrow and flat
1: transversely expanded and slightly concave
Character 472: Metatarsal IV, accessory longitudinal ridge on anterolateral side of the distal end of
the bone:
0: absent
1: present
Character 473: Metacarpal I, width of proximal articular surface compared to proximodistal length
of entire metacarpal:
0: shorter
1: wider
Character 474: Manual unguals:
0: present
1: absent
Character 475: Manual unguals, form of flexor tubercle: (ORDERED)
0: large, robust, rugose, conical structure
1: reduced to a small convexity
2: absent
Character 476: Skull, occipital region, orientation:
0: posteriorly
1: posteroventrally
Character 477: Skull, general shape:
0: long and low, length: height ratio greater than 3.2
1: deep, length: height ratio less than 3.2
Character 478: Skull, anteroposterior length:
0: less than 40% trunk length
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1: greater than 40% trunk length
Character 479: Lateral temporal fenestra, orientation of long axis relative to long axis of orbit:
0: posterodorsal
1: approximately parallel
Character 480: Premaxilla, nasal process of opposing premaxillae, orientation:
0: divergent from each other, with small process of nasals fitting in between them
1: closely appressed to each other
Character 481: Premaxilla, deep foramen or fossa on the lateral surface of the base of the nasal
process, within the anteroventral corner of the narial fossa:
0: absent
1: present
Character 482: Premaxilla, maxillary process orientation: (ORDERED)
0: mostly laterally (and resultantly widely visible in lateral view)
1: dorsolaterally (facing almost equally dorsally and laterally)
2: dorsally (and resultantly mostly hidden in lateral view)
Character 483: Premaxilla, form of narial fossa ventral to external naris:
0: shallowly excavated
1: deeply excavated, anterior margin invaginated as a deep groove
Character 484: Premaxilla, extent of narial fossa:
0: limited to region immediately ventral to external naris
1: extensive, covers most of main body of premaxilla
Character 485: Premaxilla, orientation and shape of anterior margin: (ORDERED)
0: smoothly curved and projecting posterodorsally, angle between ventral margin of premaxilla
and anterior margin is less than 90 degrees;
1: smoothly curved and projecting vertically or slightly anterodorsally, angle between ventral
margin of premaxilla and anterior margin is equal to or greater than 90 degrees
2: projecting vertically or slightly anterodorsally, with a discrete inflection point between a more
vertical ventral portion and a more horizontal dorsal portion
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Character 486: Premaxilla, position of palatal process:
0: immediately above interdental plates
1: separated from interdental plates by deep lingual surface of premaxilla
Character 487: Maxilla, promaxillary fenestra, position:
0: anterior margin of antorbital fossa
1: extreme anteroventral corner of antorbital fossa
Character 488: Maxilla, maxillary fenestra, anteroposterior length compared to the distance between
the anterior margins of the antorbital fossa and fenestra: (ORDERED)
0: less than half
1: greater than half
2: greater than half and also between 1/3 and 1/2 the length of the eyeball-bearing portion of the
orbit
3: greater than half and also greater than half of the length of the eyeball-bearing portion of the
orbit
Character 489: Maxilla, maxillary fenestra, position within maxillary antrum:
0: does not abut dorsal border of the antrum in medial view
1: abuts dorsal border of the antrum in medial view
Character 490: Maxilla, antorbital fossa, extent:
0: reaches nasal suture
1: does not reach nasal suture
Character 491: Maxilla, interfenestral strut, anteroposterior length:
0: greater than 50% of long axis of maxillary fenestra
1: less than 50% of long axis of maxillary fenestra
Character 492: Maxilla, antorbital fossa, trend of dorsoventral depth across main body:
0: uniform
1: diminishes
Character 493: Maxilla, subcutaneous flange bordering the antorbital fossa laterally on the posterior
end of the main body, resulting in the fossa forming a channel between the flange and the main body:
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0: absent
1: present
Character 494: Maxilla, dorsolateral process, coverage by antorbital fossa: (ORDERED)
0: process absent
1: process covered by subcutaneous surface only
2: ventral half of process covered by antorbital fossa
3: antorbital fossa completely excluded
Character 495: Maxilla, narrow region of smooth surface texture between anterior margin of
antorbital fossa and the subcutaneous surface:
0: absent
1: present
Character 496: Maxilla, ventral margin of the anterior region of the bone, profile:
0: straight
1: convex
Character 497: Maxilla, joint surface for palatine, depth:
0: shallow, does not obscure the tooth root bulges from view
1: deep, obscures tooth root bulges from view
Character 498: Maxilla, anterior ramus (demarcated by concave step in anterior margin of maxilla):
0: absent
1: present
Character 499: Maxilla, form of contact with nasal in subadult to adult specimens: (ORDERED)
0: smooth
1: weakly scalloped
2: deeply scalloped with interlocking transverse ridges on both elements
Character 500: Maxilla, form of external subcutaneous surface texturing:
0: random foramina and shallow grooves and ridges
1: deep, prominent, dorsoventrally trending grooves and ridges
Character 501: Maxilla, swollen rim separating antorbital fossa and subcutaneous surface:
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0: present
1: absent
Character 502: Maxilla, size of ascending ramus, anteroposterior chord directly above maxillary
fenestra compared to dorsoventral depth of maxilla below anterior edge of antorbital fenestra:
0: greater than 1.75 times (ascending ramus large)
1: less than 1.60 times (ascending ramus small)
Character 503: Maxilla, posterior region of the main body (portion including the final 3-5 teeth and
anterior to the jugal process), shape:
0: maintains a relatively constant dorsoventral depth
1: tapers in depth posteriorly
Character 504: Maxilla, primary row of neurovascular foramina, form:
0: continues as a row posteriorly
1: transitions posteriorly into a sharp groove, paralleling the antorbital fossa rim
Character 505: Maxilla, antorbital fossa, extent on main body:
0: covers more than half of the depth of the main body beneath the anterior margion of the
antorbital fenestra
1: covers less than half of this depth
Character 506: Nasals, midline crest on dorsal surface:
0: absent
1: present
Character 507: Nasal, shape in dorsal view: (UNORDERED)
0: expands in width posteriorly
1: relatively constaint width across the length of the bone, due to subparallel lateral sides
2: tapers in width posteriorly
Character 508: Nasal, frontal process, mediolateral width:
0: unconstricted
1: constricted, less than ½ width of widest point of nasal
Character 509: Nasal, posterolateral process that overlaps the lateral surface of the lacrimal:
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0: absent
1: present
Character 510: Nasal, extent of narial fossa on premaxillary process:
0: limited to ventral margin of process
1: covers entire process, and thus meets opposite fossa on dorsal midline
Character 511: Nasal, medial processes of frontal articulation, shape: (UNORDERED)
0: processes absent or very subtle
1: lanceolate
2: tapered
Character 512: Nasal, thin, low, and laterally projecting crest at the corner where lateral and dorsal
surfaces meet:
0: absent
1: present
Character 513: Lacrimal, angle between anterior and ventral rami
0: 90 degrees (=inverted L shaped) or greater
1: approximately 70-80 degrees (=7 shaped)
Character 514: Lacrimal, cornual process on dorsal surface, form: (UNORDERED)
0: barely perceptible ridge across entire length of anterior ramus (equivalent to the state “cornual
process absent” in tyrannosauroid-specific datasets)
1: broad, shallow, dorsally convex, laterally overhanging swelling across most of the length of the
anterior ramus
2: discrete conical projection
3: small, conical, smooth projection that rises 2-3 millimeters from skull roof
Character 515: Lacrimal, cornual process, form:
0: smoothly rounded
1: discrete apex present
Character 516: Lacrimal, cornual process, position of apex:
0: dorsal to ventral ramus
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1: anterior to ventral ramus
Character 517: Lacrimal, anterior ramus, pneumaticity:
0: not inflated
1: inflated by pneumatic recess
Character 518: Lacrimal, size of primary external opening for lacrimal recess:
0: small, anterior end located approximately at the same level as the anterior end of the ventral
ramus
1: large, anterior end located far anterior to the ventral ramus
Character 519: Lacrimal, interaction of primary external opening for lacrimal recess and antorbital
fossa:
0: separate
1: blend
Character 520: Lacrimal, accessory external openings for lacrimal recess on the anterior ramus:
(ORDERED)
0: absent
1: present and proximally located (i.e., near to primary recess)
2: present and distally located
Character 521: Lacrimal, pneumatic recess opening internally onto medial surface of bone:
0: absent
1: present
Character 522: Lacrimal, dorsal prong of anterior ramus for articulation with maxilla
(“anterodorsal process”), size:
0: absent or small
1: present and elongate
Character 523: Lacrimal, ventral ramus, extent of medial lamina:
0: greater than half of the dorsoventral depth of the ramus
1: half or less of the dorsoventral depth of the ramus
Character 524: Lacrimal, orbitonasal ridge on medial surface, position:
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0: anterior to posterior margin of ventral ramus
1: adjacent to or contacting posterior margin of ventral ramus
Character 525: Lacrimal, articulation with frontal, form:
0: squamous
1: conical lacrimal process set into deep pit in frontal
Character 526: Lacrimal, posterior process for articulation with frontal, inflated by pneumatic
recess:
0: no
1: yes
Character 527: Lacrimal, extent of antorbital fossa on ventral ramus:
0: covers greater than 60% of anteroposterior length along the contact with the jugal
1: covers less than this measure
Character 528: Lacrimal, maxillary process of anterior ramus, visibility in lateral view:
0: both dorsal and ventral margins visible
1: dorsal margin concealed by subcutaneous surface abouve antorbital fossa and only ventral
margin visible
Character 529: Jugal, maxillary ramus, depth:
0: shallow, not expanded relative to subortibal portion of bone
1: deep, expanded relative to suborbital portion of bone
Character 530: Jugal, antorbital fossa, extent on maxillary ramus:
0: edge of fossa undercut and continues posterodorsal to jugal recess
1: fossa edge does not extend past the jugal recess
Character 531: Jugal, pneumatic recess, location relative to ventral ramus of lacrimal:
0: ventral
1: anterior
Character 532: Jugal, pneumatic recess, orientation of long axis:
0: approximately horizontal
1: inclined at approximately 45 degrees relative to the ventral skull margin
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Character 533: Jugal, secondary fossa for pneumatic recess, position relative to recess:
0: ventral
1: dorsal
Character 534: Jugal, suture with lacrimal, angle of the posterior half of the contact
0: low
1: steep
Character 535: Jugal, fossa on lateral surface of postorbital ramus, depth inset into bone:
0: shallow
1: deep
Character 536: Jugal, articulation with postorbital, form of ventral extremity of suture:
0: tapering scarf joint
1: interlocking notch for postorbital
Character 537: Jugal, articulation with postorbital, extent of scarf joint on lateral surface of
postorbital ramus:
0: limited, occupies less than 50% of anteroposterior length of the process
1: extensive, occupies approximately 50-75% of the anteroposterior length of the process
Character 538: Jugal, articulation with postorbital, braced by a pronounced ridge on the lateral
surface of the postorbital ramus, which borders the postorbital posteriorly:
0: no
1: yes
Character 539: Jugal, postorbital ramus, orientation relative to ventral margin of jugal:
0: approximately perpendicular
1: posterodorsal (obtuse angle between the long axis of the process and the ventral margin)
Character 540: Jugal, cornual process: (ORDERED)
0: absent
1: present
2: present and distinctive (mediolaterally wide and heavily rugose)
Character 541: Jugal, dorsal prong of quadratojugal ramus, slope in lateral view:
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0: horizontal
1: posterodorsal
Character 542: Jugal, ventral prong of quadratojugal ramus, slope of joint surface in lateral view:
0: approximately anteroposteriorly oriented, angled less than 45 degrees from horizontal
1: angled anterodorsally at greater than 45 degrees from horizontal
Character 543: Jugal, shape of orbital margin:
0: weakly concave, approximately level with lacrimal-jugal suture
1: U-shaped, extends ventral to lacrimal-jugal suture
Character 544: Jugal, raised rim on the lateral surface, paralleling the ventral margin of the bone
and anteriorly confluent with the antorbital fossa rim of the maxilla:
0: absent
1: present
Character 545: Postorbital, cornual process: (ORDERED)
0: absent
1: limited to rugose rim at posterodorsal corner of orbit
2: present as a rugose, convex boss
Character 546: Postorbital, cornual process, position:
0: separated from dorsal margin of postorbital by a smooth, convex region
1: approaches or extends past dorsal margin of bone
Character 547: Postorbital, cornual process, position:
0: located at orbital margin
1: located posterodorsal to orbital margin
Character 548: Postorbital, squamosal ramus, form of posterodorsal margin:
0: uninterrupted convex arc
1: emarginated by squamosal (discrete concave notch within the margin)
Character 549: Postorbital, squamosal ramus, extent relative to posterior margin of lateral temporal
fenestra:
0: reaches or extends posterior to
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1: terminates anterior to
Character 550: Postorbital, suborbital process, position:
0: at ventral end of ventral process
1: flange-like, separated from ventral tip of the ventral process by a notch
Character 551: Postorbital, anterior ramus, form:
0: short and stout, long axis is approximately half the length of the ventral ramus and the thickness
at the base is approximately the same as the thickness of the midpoint of the ventral ramus
1: long and slender, long axis is greater than 60% of the length of the ventral ramus and the
thickness at the base is approximately half that of the midpoint of the ventral ramus
Character 552: Postorbital, ventral ramus, anteroposterior width at midpoint: (UNORDERED)
0: approximately the same width as ventral ramus of the lacrimal
1: substantially wider than ventral ramus of lacrimal
2: substantially narrower than ventral ramus of lacrimal
Character 553: Squamosal, lateral ridge delimiting supratemporal fossa, form:
0: ridge unpronounced or undivided
1: divided
Character 554: Squamosal, supratemporal fossa, surface morphology:
0: flat or concave
1: convex
Character 555: Squamosal, quadratojugal process, morphology of anterior tip in those taxa with
horizontal processes:
0: tapered point
1: squared off
Character 556: Squamosal, quadratojugal process, flange that is covered laterally by the
quadratojugal, dorsoventral depth of entire process compared to portion of process that is exposed in
lateral view when in articulation with quadratojugal: (ORDERED)
0: flange absent
1: thinner
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2: substantially thicker
Character 557: Squamosal, pneumaticity: posterior process, inflated by squamosal recess:
(ORDERED)
0: absent
1: present as a deep, concave depression on the ventral surface of the main body
2: present as a deep, concave depression on the ventral surface of the main body, and extending
posteriorly to inflate the squamosal posterior process
Character 558: Squamosal, posterior process, length of the long axis:
0: long, approximately 1/3-1/2 length of quadratojugal process
1: short, approximately 1/6 length of quadratojugal process
Character 559: Squamosal, anterior process, flange that extends dorsal to the postorbital posterior
process:
0: absent
1: present
Character 560: Quadratojugal, dorsal process, ridge along anterior margin of lateral surface:
(ORDERED)
0: absent
1: present, subtle and fades in strength dorsally
2: present, robust and extends to the dorsal margin of the bone
Character 561: Quadratojugal, form of jugal articulation, dorsal prong of posterior process of jugal
approaching the base of the quadratojugal (the corner where the anterior and dorsal processes of the
quadratojugal meet):
0: absent
1: present
Character 562: Quadratojugal, anterior process for articulation with jugal, form of anterior region:
(UNORDERED)
0: tapered
1: rounded

472

2: squared off or double pronged
Character 563: Quadratojugal, anterior process, extent related to anterior margin of lateral
temporal fenestra:
0: terminates posterior to fenestra margin
1: level with or anterior to fenestra margin
Character 564: Quadratojugal, curvature of bone:
0: mediolaterally compressed and flat
1: posterior region flexed so that it curves posteriorly, thus delimiting the lateral edge of a deep
pocket that borders the quadrate foramen laterally in posterior view
Character 565: Quadratojugal, posterior process, length and orientation:
0: short, oriented mostly laterally
1: elongate, wraps onto the posterior surface of the quadrate cotyles
Character 566: Quadrate foramen, size:
0: small, long axis approximately 10% of the dorsoventral depth of the quadrate shaft
1: large, long axis greater than 20% of the dorsoventral depth of the quadrate shaft
Character 567: Quadrate, form of pneumatization, deep recess on the anterior surface where the
psterygoid wing and condyles meet:
0: absent
1: present
Character 568: Quadrate, condyles, position relative to occipital condyle when skull is in
articulation:
0: aligned (i.e., quadrate condyles approximately ventral to occipital condyle, or slightly anterior
to condyle)
1: completely posterior
Character 569: Quadrate, quadratojugal articulation, extent on lateral surface of lateral condyle:
0: limited, occupies only part of the surface
1: extensive, covers entire lateral surface and extends dorsally to partially enclose quadrate
foramen laterally
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Character 570: Quadrate, articular surface for quadratojugal on quadrate lateral condyle,
orientation of medial margin as seen in posterior view where quadratojugal wraps around quadrate:
0: vertical or dorsomedial
1: dorsolateral
Character 571: Prefrontal, contacts nasal:
0: yes
1: no, excluded by frontal-lacrimal contact
Character 572: Prefrontal, ventral process, extent:
0: large, extends 1/2-1/4 of the way down the ventral ramus of the lacrimal to make an extensive
contribution to the preorbital bar
1: reduced or absent, ventral process is a thin flange that is continuous with the crista cranii of the
frontal, and does not extend more than approximately ¼ of the length of the preorbital bar
Character 573: Frontal, shape (in those taxa with frontals that narrow anteriorly as a wedge between
the nasals):
0: triangular
1: posterior end expanded into a rectangular shape, with a small anterior triangle
Character 574: Frontal, size of single frontal, ratio of anteroposterior length of exposed portion on
skull roof to mediolateral width at midpoint:
0: greater than 2.0 (usually greater than 2.5)
1: less than 2.0
Character 575: Frontal, supratemporal fossa, medial extension:
0: fossa restricted to posterolateral corner of frontal
1: meets opposing fossa at the midline
Character 576: Frontal, sagittal crest: (UNORDERED)
0: absent or subtle, only discernable as a slight midline bulge
1: present and pronounced (dorsoventrally tall), single structure
2: present and pronounced (dorsoventrally tall), paired structure
Character 577: Frontal, sagittal crest, anteroposterior length:
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0: short, less than 15% length of the frontal
1: extensive, approximately 25% of the length of the frontal
Character 578: Frontal, postorbital suture: (ORDERED)
0: dorsoventrally shallow and undifferentiated
1: dorsoventrally shallow (approximately 6 times longer than deep) and differentiated into a
vertical region anteriorly and a horizontal region posteriorly
2: dorsoventraly deep (approximately twice as long as deep) and subtly differentiated into vertical
and horizontal regions
Character 579: Frontal, contribution to orbital rim: (ORDERED)
0: extensive
1: present but limited to a small notch
2: excluded by postorbital-lacrimal contact in large specimens
3: exclueed by postorbital-lacrimal articulation and oval “palpebral” ossification
Character 580: Parietal-frontal suture, form:
0: transversely smooth
1: tab-like wedge from parietal extends anteriorly to overlie frontal on mindline
Character 581: Parietal, sagittal crest, form:
0: comprised of two parallel crests
1: comprised of a single midline crest
Character 582: Parietal, skull table between supratemporal fossae, width:
0: broad, more than 10% of the mediolateral width of the fossa
1: extremely reduced, sagittal crest or crests (if present) pinched between opposing fossae
Character 583: Parietal, sagittal crest, dorsoventral depth:
0: consistent across length of crest
1: peaked anteriorly at frontal-parietal suture
Character 584: Parietal, nuchal crest, dorsoventral depth:
0: as low as or lower than dorsal surface of the interorbital region
1: extends higher than the dorsal surface of the interorbital region
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Character 585: Vomer, shape of anterior end:
0: lanceolate (lateral margins parallel-sided)
1: expanded into a diamond
Character 586: Ectopterygoid, extent of internal recess:
0: does not inflate body of the bone and the pterygoid process
1: inflates body of the bone and the pterygoid process
Character 587: Ectopterygoid, jugal process, external pneumatic foramina leading into jugal recess:
0: absent
1: present
Character 588: Ectopterygoid, jugal process, pneumaticity:
0: is not inflated by the internal recess
1: is visibly inflated by the internal recess
Character 589: Ectopterygoid, external opening of pneumatic recess, shape:
0: thin ovoid slot
1: large, round or triangular
Character 590: Ectopterygoid, surface posteriorly adjacent to external opening of pneumatic recess,
form:
0: flat, recess grade smoothly into the floor of the lateral temporal fenestra (=subtemporal fenestra)
1: lip, recess separated from lateral temporal fenestra (=subtemporal fenestra)
Character 591: Palatine, vomeropterygoid process, ratio of anteroposterior length of dorsal margin
to length of greatest constriction of process neck:
0: greater than 2.0
1: less than 2.0
Character 592: Palatine, vomeropterygoid process, orientation of neck:
0: inclined anterodorsally
1: vertical
Character 593: Palatine, pneumaticity:
0: absent
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1: present
Character 594: Palatine, pneumatic recess, number of external pneumatic openings:
0: one
1: two
Character 595: Palatine, primary external opening of palatine recess, location of posterior margin:
0: level with or extends posterior to posterior margin of the vomeropterygoid process neck
1: located far anterior to posterior margin of the vomeropterygoid process neck
Character 596: Palatine, primary opening of palatine recess, location of anterior margin:
0: level with or extends posterior to anterior margin of the vomeropterygoid process neck
1: located far anterior to anterior margin of the vomeropterygoid process neck
Character 597: Palatine, jugal process, location of contact surface for lacrimal:
0: posterior (“distal”), separated from opening of palatine recess by wide margin
1: anterior (“proximal’), closely approaches opening of palatine recess
Character 598: Palatine, maxillary process, form of maxillary articulation:
0: flat
1: deeply excavated as a slot, demarcated dorsally by a pronounced lip of bone
Character 599: Palatine, extension of pneumatic recess into jugal process:
0: no
1: yes, process visibly inflated
Character 600: Palatine, maxillary articulation, form:
0: maxilla abuts lateral surface of maxillary process and anterior region of jugal process
1: contact reinforced by a “brace” at the anteroventral corner of the jugal process, which sits
within internal antorbital fossa
Character 601: Palatine, morphology of maxillary articulation brace:
0: projects ventrally due to a jugal process that extends further ventrally than the maxillary
process, such that there is a discrete corner between the two processes in lateral view
1: projects laterally, with no discrete corner between the smoothly confluent jugal and maxillary
processes in lateral view
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Character 602: Internal choana, shape:
0: anteroposteriorly elongate oval
1: nearly circular
Character 603: Suborbital fenestra, shape:
0: anteroposteriorly elongate oval
1: nearly circular
Character 604: Braincase, orientation of occipital surface:
0: faces posteriorly
1: faces posteroventrally
Character 605: Supraoccipital, contribution to dorsal rim of foramen magnum (ORDERED)
0: forms entire rim
1: makes limited contribution to rim via triangular ventral process
2: completely excluded from rim
Character 606: Supraoccipital, form of dorsal margin
0: smoothly convex and undivided
1: divided into two processes (“forked”)
Character 607: Exoccipital-opisthotic, paroccipital process, ventral flange at distal end:
0: absent
1: present
Character 608: Exoccipital-opisthotic, paroccipital processes, deep fossa on posterior surface
dorsolateral to the foramen magnum:
0: present
1: absent
Character 609: Exoccipital-opisthotic, crista tuberalis (=metotic strut), extent in posterior view:
0: limited, mediolateral width across opposing cristae less than one half the dorsoventral depth of
the braincase from the dorsal tip of the supraoccipital to the ventral tip of the basal tubera
1: extensive, width greater than one half braincase depth
Character 610: Basioccipital, basal tubera, dorsoventral depth:
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0: less than depth of occipital condyle
1: greater than depth of occipital condyle
Character 611: Basioccipital, basal tubera, concave notch ventrally between opposing tubera,
dorsoventral depth:
0: shallow, less than 40% depth of tubera
1: deep, approximately 50% depth of tubera
Character 612: Basioccipital, subcondylar recess, depth of pneumatic fossae on posterior surface of
basal tubera:
0: absent or shallow
1: deep
Character 613: Basisphenoid, basisphenoid recess, orientation of central axis: (ORDERED)
0: vertical, recess obscured in posterior view
1: posteroventral, recess partially visible in posterior view
2: extremely posteroventral, recess compressed anteroposteirorly and widely visible in posterior
view, and basipterygoid processes located beneath the basal tubera
Character 614: Basisphenoid, basisphenoid recess, inflation of the ceiling of the recess:
0: absent
1: present
Character 615: Basisphenoid, basisphenoid recess, shape in ventral view:
0: funnel-like, expands in mediolateral width posteriorly
1: ovoid or circular, no posterior expansion
Character 616: Basisphenoid, shape of basicranium (rectangle defined by positions of both basal
tubera and both basipterygoid processes):
0: anteroposteriorly longer than mediolaterally wide
1: wider than long
Character 617: Parasphenoid, shape of rostrum:
0: anteroposteriorly expanded, ventral margin is a smooth concave arch
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1: dorsoventrally expanded, ventral margin is nearly vertical posteriorly and then abruptly
transitions to horizontal trend anteriorly
Character 618: Laterosphenoid, antotic crest separating lateral wall of braincase from orbital and
temporal spaces:
0: absent or indistinct
1: present, robust and rugose
Character 619: Laterosphenoid, antotic crest, form:
0: single structure
1: bifurcates ventrally
Character 620: Laterosphenoid, fossa on lateral surface that houses head of epipterygoid:
0: absent or shallow
1: present, deep and rugose
Character 621: Mandibular ramus, dorsoventral depth of dentary at level of dentary-surangular
contact on the dorsal margin of the lower jaw:
0: less than 18% of the total anteroposterior length of the lower jaw
1: greater than 18% of the total anteroposterior length of the lower jaw
Character 622: External mandibular fenestra, dorsoventral depth relative to depth of mandible at
midpoint of fenestra: (ORDERED)
0: greater than 25% depth of mandible
1: less than 25% depth of mandible
2: absent
Character 623: Lower jaw, articulation, glenoid position relative to level of alveolar margin of
dentary: (UNORDERED)
0: approximately level with
1: dorsal to
2: strongly ventral to
Character 624: Dentary, position of the transition point between the ventral and anterior margins of
the bone in lateral view:
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0: below alveoli 1-3, anterior margin of bone rounded (or in some cases nearly straight)
1: below alveolus 4 (or more posteriorly), anterior margin nearly straight and projects
posteroventrally
Character 625: Dentary, ventrally projecting rugose process (“chin”) where the anterior and ventral
margins of the dentary meet:
0: absent
1: present, visible as a pointed projection in lateral view and convex in medial view, braces
dentary symphysis
Character 626: Dentary, symphysis, texture:
0: generally smooth
1: strongly rugose and beveled, with interlocking ridges and convexities for articulation with the
opposing symphysis
Character 627: Dentary, articular surface for splenial along ventral region of dentary ramus below
the Meckelian fossa, form:
0: dorsoventrally shallow and smooth
1: dorsoventrally deep (nearly as deep as anterior depth of fossa) and rugose
Character 628: Dentary, anterior alveoli, size in comparison to alveoli in middle of tooth row:
(ORDERED)
0: approximately same size
1: first two alveoli substantially smaller
2: first alveolus substantially smaller
Character 629: Dentary, dorsal margin of bone in lateral view, profile: (UNORDERED)
0: straight
1: strongly concave
2: strongly convex
Character 630: Dentary, Meckelian groove, form:
0: dorsoventrally deep and shallowly inset into medial surface of bone
1: dorsoventrally shallow and deeply inset into bone, groove appears as a thin, sharp structure
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Character 631: Surangular, posterior surangular foramen, size:
0: absent or small foramen
1: large fenestra, approximately 30% depth of posterior surangular
Character 632: Surangular, surangular shelf on lateral surface, form: (ORDERED)
0: low ridge or absent
1: prominent ridge that is offset laterally from the bone but dorsoventrally thin
2: prominent shelf that is dorsoventrally deep
Character 633: Surangular, surangular shelf on lateral surface, position and form: (ORDERED)
0: placed far dorsal to posterior surangular foramen
1: foramen abuts shelf but shelf projects laterally and does not overhang foramen
2: shelf projects ventrolaterally to overhang foramen
Character 634: Surangular, surangular shelf on lateral surface, orientation relative to the long axis
of the lower jaw: (UNORDERED)
0: anterodorsal
1: anteroventral
2: straight anteroposteriorly
Character 635: Surangular, pneumatic fossa posterodorsal to posterior surangular foramen:
(ORDERED)
0: absent
1: present and shallow
2: present and deeply invaginated
Character 636: Surangular, adductor muscle attachment site dorsal to surangular shelf, orientation:
(ORDERED)
0: faces primarily dorsally
1: faces almost equally dorsally and laterally
2: faces primarily laterally
Character 637: Surangular, triangular fossa on the lateral surface of the surangular shelf
immediately anteroventral to glenoid:
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0: absent
1: present
Character 638: Surangular, fossa on the lateral surface of the bone immediately ventral to, and
separated from, the glenoid:
0: absent
1: present
Character 639: Surangular, anteroposterior length of anterior flange (region anterior to anterior
margin of external mandibular fenestra) compared to overall length of surangular:
0: less than 30%
1: greater than 30%
Character 640: Angular, ventral margin, form:
0: smoothly convex
1: anterior region “flexed” relative to posterior region, such that there is a discrete step between
them
Character 641: Articular, mediolateral width of jaw muscle attachment site:
0: less than width of glenoid for articulation with quadrate
1: approximateily equal to width of glenoid
Character 642: Articular, smooth non-articular region between glenoid and attachment site for
depressor mandibular muscles:
0: present
1: absent
Character 643: Splenial, anterior mylohoid foramen, shape and size: (ORDERED)
0: small circular or ovoid opening, or absent
1: large, anteroposteriorly ovoid shape
2: extremely large, approximately as deep dorsoventrally as the anterior process of the splenial
Character 644: Splenial, dorsal region overlapped medially by prearticular:
0: absent
1: present
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Character 645: Prearticular, ventral bar, series of ridges on lateral surface to strengthen articulation
with angular:
0: absent
1: present
Character 646: Supradentary ossification, shape:
0: elongate, shallow strip
1: deep, crescentic shape
Character 647: Supradentary and coronoid ossifications, form of contat at their zone of fusion:
0: ossifications smoothly confluent
1: ossifications offset by a concave notch
Character 648: Premaxillary tooth crown 4, apicobasal height relative to largest maxillary crown:
0: subequal
1: approximately 50%
Character 649: Premaxillary teeth, median vertical ridge on lingual surface: (ORDERED)
0: absent
1: present as a subtle structure in anterior (mesial) premaxillary teeth
2: present as pronounced structure in all premaxillary teeth
Character 650: Premaxillary teeth, curvature of distal (posterior) teeth:
0: recurved
1: straight
Character 651: Maxillary teeth, number:
0: 13 or more
1: less than 13 (in the largest adult specimens when growth series are known)
Character 652: Maxillary and dentary teeth, form: (ORDERED)
0: ziphodont, transverse width of base less than 60% of mesiodistal length
1: incrassate, width greater than 60% of length
2: incrassate, width nearly equal to length
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Character 653: Axis and postaxial cervicals, anteroposterior length of centrum compared to
dorsoventral height of posterior centrum face:
0: greater
1: less than or equal to
Character 654: Axis, pneumatic foramen (pleurocoel), position:
0: near midheight of entrum
1: dorsally located, directly underneath neurocentral suture and directly posterior to diapophysis
Character 655: Axis, pneumatic foramen (pleurocoel), extent of surrounding fossa:
0: limited to margins of foramen
1: extensive, occupies most of lateral surface of centrum
Character 656: Axis, ridge on ventral surface of centrum:
0: absent
1: present
Character 657: Axis, pneumatic foramina and fossae on each side of the anterior ridge on the neural
spine:
0: absent
1: present
Character 658: Axis, neural spine, texture of dorsal region of anterior surface:
0: generally smooth or with subtle texture
1: highly rugose, with series of grooves, ridges, and eminences
Character 659: Axis, dorsal region of neural spine, number of projections on “crown” region:
0: two lateral projections, dorsal surface of spine smoothly concave
1: two lateral projections and one dorsal projection on the midline
Character 660: Axis, supradiapophyseal fossa (fossa posterodorsal to diapophysis), form:
0: absent or shallow
1: deeply excavated and funnel-like
Character 661: Cervical vertebrae, neural spines in middle-posterior cervicals, dorsoventral height:
0: substantially shorter than height of posterior centrum face
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1: approximately same length as or longer than height of posterior centrum face
Character 662: Cervical vertebrae, morphology of posterior centrodiapophyseal laminae in anteriormiddle cervicals:
0: absent or present as a weak ridge
1: present as a thick, laterally offset lamina that demarcates a deep infradiapophyseal fossa
anteriorly
Character 663: Cervical vertebrae, hypapophysis on anterior region of ventral surface:
0: absent
1: present
Character 664: Cervical vertebrae, position of prezygapophysis in middle cervicals:
0: slightly overhangs centrum laterally
1: strongly overhangs centrum laterally, entire prezygapophyseal facet placed lateral to centrum
Character 665: Cervical vertebrae, orientation of posterior centrodiapophyseal lamina in anteriormiddle cervicals:
0: projects posteroventrally, infrapostzygapophyseal fossa located primarily posterior to lamina
1: nearly horizontal, fossa located primarily dorsal to lamina
Character 666: Cervical and dorsal vertebrae, rugose ligament attachment scars in pre- and
postspinal fossae: (ORDERED)
0: absent or weakly developed
1: present as prominent, rectangular flanges that extend outside of the fossae and are visible in
posterior view, but on the dorsal vertebrae only
2: prominent in dorsals and cervicals
Character 667: Dorsal vertebrae, neural spine, level of posterior termination:
0: at approximately the same level as the posterior centrum face
1: far posterior to the posterior centrum face
Character 668: Dorsal vertebrae, anteroposterior length of middle-posterior dorsal centra compared
to dorsoventral height of posterior centrum face:
0: greater
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1: less than or equal
Character 669: Dorsal vertebrae, middle-posterior dorsals, position of postzygapophysis relative to
prezygapophysis:
0: at same level
1: elevated dorsally
Character 670: Dorsal vertebrae, middle-posterior dorsals, form of anterior and posterior
centrodiapophyseal laminae: (ORDERED)
0: discrete laminae absent, or laminae present but do not demarcate a deep infradiapophyseal fossa
between them
1: present and make contact on ventral surface of transverse process, demarcating a triangular
infradiapophyseal fossa
2: present and do not make contact but roughly parallel each other, infraprezygapophyseal and
infradiapophyseal fossa merged into a single fossa
Character 671: Sacral vertebrae, fenestrae between fused neural spines: (ORDERED)
0: neural spines unfused
1: spines fused but fenestrae absent
2: spines fused and fenestrae present
Character 672: Sacral ribs, position of central ribs on sacrum:
0: span two sacrals
1: limited to a single sacral
Character 673: Sacral ribs, position of rib attachment for central ribs on individual sacrals:
0: span centrum and neural arch
1: limited to neural arch only
Character 674: Sacral vertebra five, position of ventral margin of posterior articular face in lateral
view:
0: at same level as ventral margin of anterior articular face
1: positioned ventral to ventral margin of anterior articular face
Character 675: Sacral vertebrae, form of hyposphene in posteriormost sacral:
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0: absent or present as a single midline structure
1: present and comprised of two parallel-sided sheets
Character 676: Caudal vertebrae, anterior caudals, position of base of neural spine:
0: anterior to posterior surface of centrum
1: level with or posterior to posterior surface of centrum
Character 677: Caudal vertebrae, anterior caudals, shape of transverse processes in dorsal view:
0: rectangular, with parallel anterior and posterior sides, or slightly ovoid with a gradual expansion
in width distally
1: distal end expanded into a spatulate bulb
Character 678: Caudal vertebrae, anterior caudals, two laminae linking prezygapophysis and
transverse process, between which is a deep, triangular fossa:
0: absent
1: present
Character 679: Scapula, angle between posterior margin of glenoid and dorsal margin of blade:
0: greater than 90 degrees
1: approximately 90 degrees
Character 680: Scapula, acromion, dorsoventral depth:
0: less than 3.0 times minimum dorsoventral depth of blade
1: greater than 3.0 times minimum dorsoventral depth of blade
Character 681: Scapula, ratio of anteroposterior length of bone to minimum dorsoventral depth of
blade:
0: less than 10.0
1: greater than 10.0
Character 682: Scapula and coracoid, glenoid, position relative to posteroventral margin of blade:
0: offset posteroventrally (by a distance equivalent to the width of the neck of the blade to ½ of the
width of neck of the blade)
1: offset only slightly posteroventrally (less than 50% the width of the neck of the blade)
Character 683: Coracoid, anteroposterior length at midpoint:
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0: approximately 100-150% of the length of the scapular acromion at midheight
1: 200% or greater than the length of the scapular acromion at midheight
Character 684: Coracoid, coracoid foramen:
0: present
1: absent or extremely small
Character 685: Humerus, apex of deltopectoral crest, location from proximal end: (ORDERED)
0: 35-50% of the length of the humerus
1: 25-35% of the length of the humerus
2: less than 25% of the length of the humerus
Character 686: Humerus, additional muscle attachment tubera at the corner of the anterior and
lateral surfaces distal to the deltopectoral crest:
0: absent
1: present
Character 687: Humerus, concave notch between external tuberosity and deltopectoral crest:
0: present, two structures clearly separated
1: absent, two structures smoothly confluent
Character 688: Humerus, form of distal condyles:
0: lateral and medial condyles expanded equally (offset from shaft in anterior or posterior view is
approximately equal)
1: medial condyle expanded further medially than the lateral condyle is laterally
Character 689: Ulna, shaft axis, form:
0: bowed
1: straight
Character 690: Principal distal carpal, shape:
0: semilunate in lateral view with trochlear proximal surface
1: discoid with flat proximal surface
Character 691: Metacarpal I, medial distal condyle, form:
0: well formed and large
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1: rudimentary
Character 692: Metacarpal I, medial margin, shape in proximal view:
0: concave
1: smoothly convex or straight
Character 693: Metacarpals, metacarpal II, mediolateral width at midpoint compared to midpoint
width of metacarpal I:
0: equal to or narrower than
1: more robust than
Character 694: Manual phalanx II-1, length compared to that of metacarpal 1:
0: longer
1: subequal to
Character 695: Ilium, anteroposterior length compared to length of femur: (ORDERED)
0: 70-85%
1: 95-105%
2: 105-115% (or greater, in some birds)
Character 696: Ilium, dorsal margin of blade, position relative to sacral neural spines:
(UNORDERED)
0: separated by a gap
1: lies against neural spines and opposing iliac blaces may make contact above neural spines in
some individuals
2: separated by a wide gap
Character 697: Ilium, supraacetabular crest, maximum lateral projection relative to ischial
peduncle:
0: significantly greater
1: subequal
Character 698: Ilium, supraacetabular crest, extent on pubic peduncle:
0: extensive, extends along most or all of the edge of the peduncle
1: limited, discretely offset from acetabular edge of pubic peduncle
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Character 699: Ilium, pubic and ischial peduncles, anteroposterior lengths at dorsal base:
(ORDERED)
0: pubic peduncle substantially longer than ischial peduncle
1: both peduncles approximately the same length
2: ischial peduncle longer than pubic peduncle
Character 700: Ilium, ventral margin of postacetabular process, shape:
0: straight to slightly convex
1: hightly convex, forming a discrete “lobe”-like flange
Character 701: Ilium, dorsal margin, shape:
0: smoothly convex or straight across entire length
1: convex anteriorly and straightens out posteriorly
Character 702: Ilium, ratio of anteroposterior length to dorsoventral depth above acetabulum:
0: greater than 3.0, ilium is long and low
1: less than 2.8, ilium is subovoid in shape
Character 703: Pubis, pubic tubercle: (ORDERED)
0: absent
1: present as a convexity on the anterior margin of the pubis
2: present as a rugose flange that is discretely offset from the anterior margin of the pubis and is
bordered posteriorly by heavy rugosities on the lateral surface on the obturator region of the pubis
Character 704: Pubis, pubic tubercle, position:
0: distally positioned, located ventral to the level of the obturator notch
1: proximally positioned, located level with or dorsal to the obturator notch
Character 705: Pubis, pubic boot, anteroposterior length relative to total long axis length of pubis:
0: less than 60%
1: greater than 60%
Character 706: Pubis, pubic boot, position of anterior process relative to posterior process:
0: displaced dorsally, resulting in a highly convex ventral margin of the boot
1: placed at the same level, ventral margin of the boot essentially straight
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Character 707: Pubis, anteroposterior expansion of proximal obturator plate region relative to the
anterior edge of the pubis shaft at its midpoint:
0: less than twice the anteroposterior thickness of the shaft at its midpoint
1: greater than twice the anteroposterior thickness of the shaft at its midpoint
Character 708: Pubis, obturator notch, form:
0: discrete structure, demarcated ventrally by extensive obturator flange
1: essentially absent, no ventral flange
Character 709: Ischium, position of medial apron:
0: along posterior margin of shaft
1: along anterior margin of shaft
Character 710: Femur, circular scar on posterior surface of shaft distal to fourth trochanter,
position:
0: absent, low, or positioned approximately centrally on the shaft
1: abuts medial edge of shaft
Character 711: Femur, lesser trochanter, height relative to greater trochanter:
0: shorter, terminates further distally
1: subequal or slightly taller, the two structures extend to approximately the same level proximally
Character 712: Femur, proximal margin in anterior view: (ORDERED)
0: approximately straight and perpendicular to the long axis of the shaft
1: approximately straight and oriented at an obtuse angle to the long axis of the shaft (=dorsally or
proximally inclined head)
2: concave and oriented at an obtuse angle to the long axis of the shaft, due to head that is
proximally inclined and a greater trochanter that is elevated substantially relative to the central portion of
the proximal surface of the femur
Character 713: Femur, trochanteric fossa on the posterior surface of the head, lateral to the ligament
sulcus (for the capital ligament), form: (ORDERED)
0: absent or shallow
1: deep fossa
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2: deep, extensive triangular depression that covers most of the posterior surface of the femur
proximally and is demarcated medially and ventrally by a pronounced, curving, swollen ridge
Character 714: Femur, fourth trochanter, position, measurement from proximal margin of head to
distal termination of trochanter relative to total length of the femur:
0: 40% or less
1: greater than 40%
Character 715: Femur, lateral condyle, shape in distal view:
0: circular or ovoid
1: ovoid, but with an anterior bulge that is slightly separated from the remainder of the condyle
Character 716: Femur, extensor groove on anterior surface of distal end, form: (ORDERED)
0: absent or extremely shallow, anterior surface flat between the condyles in distal view (extensor
groove may be present but does not manifest itself as a groove on the anterior margin in distal view)
1: groove present but shallow, expressed as a broad concave margin in distal view but present as
an extensive depression on the anterior surface of the femur
2: groove present and deep, expressed as a deep, U-shaped cleft in distal view and present as an
extensive depression on the anterior surface of the femur
Character 717: Femur, mesiodistal crest, form:
0: single structure
1: bifurcates distally to enclose fossa on the medial surface of the medial condyle
Character 718: Tibia, length relative to the femur:
0: 1.05 or greater
1: less than 1.00
Character 719: Tibia, lateral condyle of proximal end, anterior process:
0: absent
1: present
Character 720: Tibia, lateral malleolus, lateral extent:
0: limited, mediolateral measure is less than 40% of mediolateral width of adjacent shaft
1: extensive, mediolateral measure greater than 40% of mediolateral width of adjacent shaft
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Character 721: Tibia, lateral malleolus, position relative to medial malleolus:
0: extent to approximately the same level distally
1: lateral malleolus extends substantially further distally than medial malleolus
Character 722: Fibula, iliofibularis tubercle, form:
0: single crest
1: large, rugose, and formed by two crests separated by a depressed fossa (“bipartite” condition)
Character 723: Astragalus, fossa on anterior surface of ascending process, form:
0: shallow concavity that covers most of the ventral region of the ascending process
1: deep, triangular or ovoid fossa immediately above midpoint of condyles, set within a broad
fossa that covers most of the ventral region of the ascending process
Character 724: Pes, metatarsal III, form of medial surface in anterior or posterior view:
0: straight or subtly convex
1: with medial convex expansion forming a bulge along the distal part of the shaft
Character 725: Pes, metatarsal III, ventral nonarticular surface (on the flexor surface) immediately
proximal to the distal condyles, form:
0: concave
1: raised subtriangular platform
Character 726: Pes, metatarsals II-IV, distal separation when in articulation:
0: metatarsals closely appressed and distance between II-III and III-IV is approximately equal
1: distal ends of II and IV diverge from III, and distance between III-IV greater than that between
II-III
Character 727: Pes, metatarsal II, articular scar for metatarsal III on distal portion of lateral surface
of shaft, form:
0: subtle or absent
1: enlarged as a rugose fossa that occupies more than half of the proximodistal length of the shaft
and expands in anteroposterior width distally
Character 728: Pes, metatarsal II, lateral surface in proximal view, shape: (ORDERED)
0: flat or weakly concave
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1: moderately concave
2: strongly concave (deep concave notch is present)
Character 729: Pes, metatarsal IV, distal end, ratio between anteroposterior long axis (measured
from midpoint of condyles posteriorly to anterior surface of bone) and mediolateral width (measured
at midpoint: (ORDERED)
0: greater than 1.40, distal surface is elongate anteroposteriorly
1: between 1.40 and 1.20
2: less than 1.20, distal surface nearly square shaped with nearly flat anterior surface
Character 730: Pes, proximal pedal phalanges of digits II and III, ratio of length to midshaft width:
0: greater than 3.0
1: less than 3.0
Character 731: Pes, pedal unguals, lip overhanging proximal articular surface dorsally (on extensor
surface):
0: present
1: absent or reduced to a subtle tuber
Character 732: Maxilla, series of discrete foramina along ventral edge of lateral surface:
0: present
1: absent
Character 733: Lacrimal, prominence on lateral surface of bone:
0: absent
1: present
Character 734: Dentary, morphology of dorsal border in transverse cross section:
0: rounded and lacks “cutting edge”
1: sharp with a “cutting edge”
Character 735: Surangular, foramen on dorsal edge of bone dorsal to mandibular fenestra (anterior
surangular foramen):
0: present
1: absent
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Character 736: Neck, length compared to that of skull:
0: less than twice skull length
1: greater than twice skull length
Character 737: Coracoid, biceps tubercle, position:
0: positioned close to base of posterior process (closer to coracoid-scapula suture than to anterior
edge of coracoid)
1: positioned more anterior than the base of the posterior process (closer to anterior edge of
coracoid than to coracoid-scapula suture)
Character 738: Coracoid, position of infraglenoid buttress relative to that of posterior process when
bone is seen in dorsal view:
0: two structures extend to same level laterally
1: buttress offset laterally from posterior process
Character 739: Metacarpal II, length compared to metacarpal III:
0: shorter
1: equal to or longer
Character 740: Manual digit I, length of phalanx I-1 compared to metacarpal II:
0: shorter
1: longer
Character 741: Manual unguals, flexor tubercles, position:
0: near proximal end
1: distal to proximal end
Character 742: Pubis, shape of ventral margin of pubic boot:
0: straight or slightly convex
1: strongly convex with ventral expansion
Character 743: Pes, pedal digit I:
0: present
1: absent
Character 744: Pes, phalanx II-2, length:
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0: more than 60% of length of pedal phalanx II-1
1: less than 60% of length of pedal phalanx II-1
Character 745: Pubis, angle between anterior process of pubic boot and shaft:
0: greater than 90 degrees
1: approximately 90 degrees
Character 746: Pubis, position of anterior edge of anterior process of pubic boot:
0: approximately same level as anterior margin of pubic shaft
1: markedly anterior to the anterior margin of pubic shaft
Character 747: Pes, pedal unguals, shape:
0: curved in lateral view
1: straight
Character 748: Premaxillary teeth, size compared to mesial (anterior) maxillary teeth:
0: approximately same size, slightly smaller, or larger
1: considerably smaller
Character 749: Ischium, form of articulation with ilium on proximal surface of iliac peduncle:
0: approximately flat or slightly concave
1: deeply concave as a deep socket to receive a peg-like ischial peduncle of the ilium
Character 750: Scapula, acromion process, shape:
0: much deeper dorsoventrally than long anteroposteriorly, generally tapering or triangular in
shape
1: approximately as long as or longer anteroposteriorly than deep dorsoventrally, with short reach
beyond scapular blade and squared-off profile
Character 751: Basisphenoid, pronounced muscle scars flanking basisphenoid recess:
0: absent
1: present
Character 752: Ilium, form of distal articular surface of pubic peduncle:
0: convex
1: flat or concave (notched)
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Character 753: Lacrimal, orientation of ventral ramus relative to the long axis of the alveolar margin
of the upper jaw when the articulated skull is seen in lateral view
0: approximately vertical or inclined slightly anteroventrally
1: inclined strongly posteroventrally
Character 754: Exoccipital-opisthotic, position of ventral edge of the base of the paroccipital process:
0: level with or dorsal to the dorsal border of the occipital condyle
1: situated at mid-height of occipital condyle or further ventrally
Character 755: Maxillary teeth, shape: (UNORDERED)
0: mediolaterally thin and recurved
1: lanceolate (as in therizinosauroids)
2: conical (as in alvarezsauroids)
Character 756: Dorsal vertebrae, form of opisthocoely in taxa with opisthocoelous dorsals:
0: some dorsal vertebrae opisthocoelous
1: most or all dorsal vertebrae opisthocoelous
Character 757: Dorsal vertebrae, shape of neural spine in posterior dorsals:
0: approximately square-shaped or slightly rectangular, with a dorsoventral height that is equal to
or slightly greater than the anteroposterior length at the base
1: rectangular, much higher dorsoventrally than long anteroposteriorly at the base
Character 758: Dorsal vertebrae, position of parapophysis in posterior dorsals:
0: distinctly ventral to transverse process
1: at approximately same dorsoventral level as transverse process
Character 759: Caudal vertebrae, morphology of anterior caudals:
0: amphiplatyan
1: procoelous
Character 760: Caudal vertebrae, position of transverse process on anterior caudals:
0: approximately centered (in the anteroposterior dimension) on the centrum
1: anteriorly displaced
Character 761: Coracoid, biceps tubercle:
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0: absent or subtle
1: present as a discrete, mound-like structure
Character 762: Coracoid, strong lateral ridge on lateral surface, extending posteriorly from biceps
tubercle along posteroventral process:
0: absent
1: present
Character 763: Scapula, tubercle on posterior surface of bone dorsal to glenoid:
0: absent
1: present
Character 764: Humerus, shape of internal tuberosity in anterior view: (ORDERED)
0: triangular or rounded, not discretely separated from remainder of humerus
1: rectangular, separated from the humeral head by a small but distinct notch
2: rectangular and hypertrophied, separated from the humeral head by a large notch
Character 765: Ulna, shape of olecranon process:
0: transversely broad
1: mediolaterally thin and blade-like
Character 766: Ulna, position of distal articular surface:
0: limited to distal end
1: trochlear articular surface extends onto dorsal surface of ulna, bulbous in shape
Character 767: Metacarpal III, form of proximal articular surface:
0: flat or slightly convex
1: deeply concave and cup-like
Character 768: Metacarpal III, length:
0: considerably longer than length of metacarpal I
1: approximately same length as, or slightly longer than, metacarpal I
Character 769: Manual digits, paired flexor processes on proximal portion of ventral surfaces of
proximal-most phalanges:
0: absent
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1: present
Character 770: Manus, shape of proximal articular surface of ungual of first digit:
0: ovoid, dorsoventrally taller than mediolaterally wide
1: approximately square shaped, as mediolaterally wide as dorsoventrally tall
Character 771: Manus, form of lateral groove on ungual of first digit:
0: unenclosed or partially enclosed proximally by small flange
1: proximal end of grooves passes through foramena on ventral surface of ungual
Character 772: Femur, interaction of head and greater trochanter:
0: confluent
1: separated by a cleft
Character 773: Femur, shape of lateral distal condyle:
0: distally rounded
1: distally conical, projecting substantially further distally than medial condyle
Character 774: Tibia, shape of medial posterior condyle of proximal end in proximal view:
0: posteriorly rounded
1: posteriorly conical, projecting substantially further posteriorly than lateral condyle
Character 775: Fibula, orientation of proximal margin (as seen in lateral view):
0: horizontal or nearly horizontal
1: anterior portion of proximal margin extends substantially further proximally than posterior
portion
Character 776: Fibula, shape of proximal surface in proximal view:
0: anterior and posterior portions of surface with nearly equal mediolateral widths
1: anterior portion markedly wider mediolaterally than posterior portion
Character 777: Astragalus, fossa on anterior surface of lateral portion of base of ascending process,
sometimes bearing accessory fenestrations:
0: absent
1: present
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Character 778: Astragalus, horizontal groove on proximal portion of anterior surface of condyles,
separating condyles from ascending process:
0: present
1: absent
Character 779: Pes, phalanges of pedal digit IV, shape:
0: anteroposteriorly long, proximal and distal articular surfaces well separated
1: anteroposteriorly short, with proximal and distal articular surfaces very close together,
particularly in distal elements
Character 780: Basisphenoid, inflated basisphenoidal bulla:
0: absent
1: present
Character 781: Braincase, foramen magnum, size (area): (ORDERED)
0: smaller than size of occipital condyle
1: approximately equal in size with occipital condyle
2: larger than size of occipital condyle
Character 782: Ectopterygoid, position:
0: posterior to palatine
1: lateral to palatine
Character 783: Dentary, mediolateral width of symphyseal region of conjoined dentaries:
0: narrower than width of post-symphyseal region
1: broader than width of post-symphyseal region
Character 784: Premaxillary teeth, serrations:
0: present
1: absent
Character 785: Dentary teeth, shape of mesial (anterior) teeth:
0: not conical (i.e., ziphodont or lanceolate)
1: conical
Character 786: Dentary, extent of tooth row:
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0: teeth present at anterior (mesial) tip of dentary
1: teeth absent at anterior dentary but present further posteriorly (distally)
Character 787: Cervical vertebrae, length of anterior centra:
0: up to three times longer anteroposteriorly than the minimum transverse centrum width in
ventral view (or the height of the anterior articular surface in lateral view, if the centrum cannot be viewed
ventrally)
1: hyperelongate, approximately five times longer than wide
Character 788: Cervical vertebrae, morphology of ventral surface of centrum:
0: smoothly flat or convex
1: with distinct depression anteriorly (at the level of the parapophyses)
Character 789: Cervical vertebrae, posterolateral margins of ventral surface of centrum, form:
0: unpronounced
1: developed into prominent crests (ventrally projecting “fins”)
Character 790: Dorsal vertebrae, anterior dorsals, dorsoventral depth of neural arch compared to
that of centrum:
0: depth of region between prezygadiapophyseal lamina and base of neural spine less than or equal
to depth of anterior and/or posterior articular surface of centrum
1: depth of region between prezygadiapophyseal lamina and base of neural spine greater than
depth of anterior and/or posterior articular surface of centrum (neural arch hypaxially inflated relative to
centrum)
Character 791: Dorsal vertebrae, size of parapophyses on anterior dorsals:
0: moderate in size, articular facet of parapophysis less than half dorsoventral depth of anterior
articular surface of centrum
1: hypertrophied, articular facet greater than two thirds of the dorsoventral depth of the anterior
articular surface of centrum
Character 792: Caudal vertebrae, pneumatic foramina on the centra of anterior caudals:
0: absent
1: present
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Character 793: Scapula, dorsal flange on dorsal margin of scapular blade:
0: absent
1: present
Character 794: Humerus, crest on posteromedial surface of humeral shaft:
0: absent
1: present
Character 795: Humerus, tuberosity on anterior surface of distal humerus, proximal to
entepicondyle:
0: absent
1: present
Character 796: Humerus, entepicondyle:
0: present and prominent as a spherical, conical, or crest-like structure in cranial view
1: extremely reduced or absent
Character 797: Humerus, mediolateral width of distal end:
0: greater than 2x minimum width of shaft
1: less than 2x minimum width of shaft
Character 798: Humerus, morphology of distal humerus in anterior view:
0: medial aspect of distal humerus unexpanded, entepicondyle situated proximal to ulnar condyle
1: medial aspect of distal humerus expanded and subtriangular in anterior view, entepicondyle
located well medial to ulnar condyle
Character 799: Metacarpal I, rectangular buttress on ventrolateral aspect of proximal surface that
underlies ventromedial surface of metacarpal II:
0: absent
1: present
Character 800: Manus, ratio of the proximodistal length of metacarpal II to that of the combined
proximodistal lengths of phalanges II-1 and II-2:
0: less than or equal to 1.0
1: greater than 1.0 (i.e., metacarpal II longer than combined lengths of phalanges II-1 and II-2)
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Character 801: Manus, ligament pits on manual phalanges:
0: strongly developed
1: weakly developed or absent
Character 802: Manus, manual unguals, proximodistal length:
0: shorter to, equal to, or slightly longer than length of penultimate phalanx
1: elongate, twice or more as long as penultimate phalanx
Character 803: Ilium, orientation of ventral portion of preacetabular process:
0: parasagittal, in line with dorsal portion of process
1: laterally deflected, extends nearly perpendicular from sagittal plane of ilium
Character 804: Ilium, size of preacetabular process:
0: moderately developed, anteroposterior length of process subequal with dorsoventral height of
ilium directly dorsal to the center of the acetabulum
1: hyperelongate, length of process at least twice the height of ilium above acetabulum
Character 805: Ilium, orientation of blade:
0: parallel or gently inclined relative to dorsoventral plane passing through the pubic and ischial
peduncles (the ventral portion of the ilium)
1: angled laterally relative to the ventral portion of the ilium, rising steeply at at least a 30 degree
angle from the dorsoventral plane passing through the peduncles
Character 806: Ilium, morphology of dorsal surface of postacetabular process in dorsal view:
(ORDERED)
0: smooth and non-rugose
1: with rugosity causing transverse expansion of the posterior dorsal margin
2: hyperrugose, with hypertrophied posterior tuberosity
Character 807: Ilium, orientation of pubic peduncle: (ORDERED)
0: straight
1: posteriorly recurved, articular face posteroventrally directed
2: posteriorly recurved, articular face posteriorly directed
Character 808: Ilium, morphology of antitrochanter: (ORDERED)
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0: separated from ischial peduncle
1: merged with ischial peduncle, both structures together form enlarged ventrolaterally flattened
boss
2: merged with ischial peduncle as a boss, which is hypertrophied and spherical
Character 809: Ischium, position of distally placed dorsal process along posterior edge of shaft:
(UNORDERED)
0: entirely proximal to obturator process
1: opposite obturator process
2: extending distal to obturator process
Character 810: Ischium, shape of obturator process in those taxa in which the process contacts the
pubis:
0: approximately square-shaped
1: elongate anteroposteriorly, approximately twice as long as dorsoventrally deep
Character 811: Ischium and pubis, morphology of contact surfaces between the two bones:
0: flat
1: markedly sinuous
Character 812: Pubis, shape of shaft:
0: rod-like
1: mediolaterally flattened
Character 813: Pubis, morphology of distal shaft:
0: distal portion of shaft approximately equal (or less than) in anteroposterior length to proximal
portion of shaft
1: distal portion of shaft greatly enlarged, more than twice the anteroposterior length of the
proximal portion of shaft
Character 814: Femur, anteroposterior width of region bridging femoral head and greater
trochanter in proximal view:
0: smoothly confluent with head and greater trochanter
1: anteroposteriorly constricted relative to head and greater trochanter
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Character 815: Femur, hook-like process at distal edge of femoral head, demarcating a notch
between the head and the shaft
0: present
1: absent, shaft and head smoothly confluent
Character 816: Tibia, morphology of incisura tibialis (lateral fossa on the tibia in proximal view):
0: deeply inset
1: wide and shallow, nearly absent
Character 817: Tibia, shape of tibia in proximal view:
0: anteroposteriorly longer than mediolaterally wide (measurements taken through midpoint of
proximal surface)
1: mediolaterally wider than anteroposteriorly long
Character 818: Tibia, length of fibular crest:
0: short and proximally positioned, extends up to approximately 1/3 of the length of the tibia
1: long and distally extensive, extends to approximately the midshaft of the tibia
Character 819: Tibia, exposure and morphology of the anteromedial region of the distal tibia:
(ORDERED)
0: covered anteriorly by the astragalus
1: not covered anteriorly by the astragalus, exposed
2: exposed and developed into an anterior tuberosity
Character 820: Fibula, iliofibularis tubercle, position:
0: proximal to midshaft of fibula
1: approximately at midshaft of fibula
Character 821: Astragalus, ascending process position:
0: lateral edge terminates approximately at the lateral edge of the tibia, or medial to the lateral
edge of the tibia
1: lateral edge extends lateral to the tibial shaft to contact and overlap the fibula
Character 822: Astragalus, lateral condyle of distal end, morphology:
0: well developed
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1: strongly reduced, lateral tibia exposed on distal and anterior surfaces of tibiotarsal region when
tibia and astragalus are in articulation
Character 823: Metatarsus, overall shape:
0: elongate, unit comprised of metatarsals II-IV much longer proximodistally than wide
mediolaterally
1: short and broad, unit comprised of metatarsals II-IV less than twice as long as wide
Character 824: Metatarsus, proximodistal length: (ORDERED)
0: greater than 45% length of tibia
1: between 44-38% length of tibia
2: less than 36% length of tibia
Character 825: Metatarsus, orientation of individual metatarsals II-IV:
0: not closely appressed, divergent from each other
1: appressed throughout most of metatarsus
Character 826: Pes, pedal unguals of digits III-IV, proximodistal length:
0: approximately the same length as the penultimate phalanx (ungual may be slightly shorter or
longer than the penultimate phalanx)
1: twice as long or more than the penultimate phalanx
Character 827: Premaxilla, anteroposterior length compared to that of maxilla:
0: length of ventral (alveolar) margin greater than 10% total anteroposterior length of maxilla
1: length of ventral (alveolar) margin less than 10% total anteroposterior length of maxilla
Character 828: Supraoccipital, tab-like processes on left and right sides of dorsal margin of bone:
0: absent
1: present
Character 829: Nasal, premaxillary processes (=supranarial processes), extent of their
apposition to each other on the midline in dorsal view:
0: apposed for nearly their entire length (may abruptly separate from each other at their tips)
1: not apposed for most of their length, and therefore do not abruptly separate from each other at
their tips
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Character 830: Dentary, Meckelian groove, position:
0: approximately centered at dorsoventral midheight of dentary
1: positioned ventrally, located closer to the ventral margin than the dorsal margin
Character 831: Dentary, row of foramina on lateral surface paralleling ventral margin:
0: absent or limited to a small series of foramina at the anterior end of the dentary (at the level of
the first 1-4 alveoli)
1: present as a distinct row that extends along most of the lateral surface of the dentary (across the
entire length of the tooth row at the very least)
Character 832: Splenial, notch along dorsal margin of anterior process, where the splenial contacts
the supradentary (if present):
0: absent
1: present
Character 833: Cervical vertebrae, position of prezygapophyses in anterior-middle cervicals:
0: prezygapophyseal facet approximately level with anterior face of centrum
1: prezygapophyseal facet entirely anterior to anterior face of centrum
Character 834: Caudal vertebrae, morphology of dorsal portion of neural spines of anterior caudals:
0: unexpanded
1: expanded anteroposteriorly relative to the remainder of the neural spine (and often
mediolaterally as well)
Character 835: Ulna, morphology of distal end:
0: expanded mediolaterally at least 1.5x relative to midshaft mediolateral width
1: expanded less than 1.5x midshaft mediolateral width
Character 836: Ilium, medial surface of preacetabular process, pronounced horizontal shelf
continuing from anterior margin of pubic peduncle to demarcate the cuppedicus fossa dorsally:
0: absent
1: present
Character 837: Metatarsal III, mediolateral width of distal end compared to mediolateral widths of
distal ends of metatarsals II or IV (whichever of the latter is greater):
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0: less than 1.3 times as wide
1: greater than 1.3 times as wide
Character 838: Lacrimal, extent of antorbital fossa on region where anterior and ventral rami meet:
0: extensive, fossa excavates nearly entire region and nearly extends to the posterodorsal corner of
the lacrimal (the lacrimal angle), leaving only a thin region of bone at the posterodorsal corner of the
lacrimal
1: reduced, fossa stops well short of the posterodorsal corner of the lacrimal
Character 839: Scapula and coracoid, deep fossa on lateral surfaces of both bones in the region of
their suture (covering the posterior half of the coracoid and anterior portion of the acromion plate
region of the scapula):
0: present
1: absent
Character 840: Scapula and coracoid, contribution of each bone to the glenoid: (UNORDERED)
0: both bones contribute approximately equally in the anteroposterior dimension
1: scapula contribution markedly anteroposteriorly longer than coracoid contribution
2: coracoid contribution markedly anteroposteriorly longer than scapula contribution
Character 841: Femur, shape of anterior margin in proximal view:
0: strongly convex, due to a midline tubercle
1: essentially straight or slightly concave
Character 842: Femur, horizontal ridge on the anterior surface of the head and neck, demarcating a
deep fossa ventrally:
0: absent
1: present
Character 843: Femur, extent of crista tibiofibularis in distal view: (ORDERED)
0: projects further posteriorly than medial condyle
1: extends to the same approximate posterior level as medial condyle
2: terminates well short of the posterior level of the medial condyle (medial condyle projects
substantially further posteriorly)
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Character 844: Tibia, position of medial ridge on posterior surface of distal end: (ORDERED)
0: displaced laterally, positioned lateral to the medial edge of the distal tibia by approximately 2533% of the mediolateral width of the distal tibia
1: positioned lateral to the medial edge of the distal tibia approximately 10-20% of the
mediolateral width of the distal tibia
2: positioned medially, positioned at approximately the posteromedial corner of the distal tibia in
distal view
Character 845: Scapula, fossa on lateral surface of bone immediately above glenoid, which is
demarcated dorsally by a convex bulge or ridge spanning the scapula-coracoid suture:
0: absent
1: present
Character 846: Humerus, deltopectoral crest, orientation relative to mediolateral long axis of
proximal end of humerus in proximal view:
0: straight, approximately perpendicular to long axis of proximal end of humerus
1: curves strongly medially as it continues anteriorly, such that anterior end of crest is oblique to
long axis of proximal end of humerus
Character 847: Femur, position of fourth trochanter: (UNORDERED)
0: along posteromedial corner of shaft along its entire length
1: positioned near center of posterior surface of shaft distally and extending proximomedially to
become confluent with posteromedial corner of shaft proximally
2: positioned near center of posterior surface of shaft distally and extending proximolaterally to
bcome confluent with the greater trochanter
Character 848: Fibula, anteroposterior width of the minimum point of the midshaft compared to the
maximum anteroposterior width of the proximal end:
0: 20% or greater
1: less than 18%, fibula shaft exceptionally gracile
Character 849: Maxillary teeth, posterior (distal) extent of tooth row:
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0: extensive, extends posterior to the level of the maxillary ascending ramus and underneath the
antorbital fenestra (if present)
1: limited, terminates posteriorly at the level of the maxillary ascending ramus
Character 850: Dentary, shape of ventral margin in lateral view:
0: approximately straight or slightly convex
1: broadly concave
Character 851: Maxilla, posterior extent of the ascending ramus relative to that of the main body
(jugal ramus):
0: the two rami extend to approximately the same level posteriorly, distance between posterior tip
of ascending ramus and posterior tip of main body no more than 1/3 of the anteroposterior length of the
entire maxilla
1: main body extends considerably further posteriorly relative to the ascending ramus, distance
between the posterior tips of the two rami is greater than 1/3 of the length of the maxilla
Character 852: Tibia, proximal surface, proximal extent of cnemial crest relative to the proximal
extent of the posterior condyles:
0: cnemial crest extends further proximally than condyles
1: cnemial crest and condyles extend to same approximate level proximally
Character 853: Prootic, prominent fossa on the lateral surface of the bone, anterior to the otic recess
and posterior to the preotic pendant, that houses the external foramina of the trigeminal and facial
nerves and pneumatic openings:
0: absent
1: present
Character 854. Braincase, shape and development of the anterior tympanic recess ventral to the anterior
tympanic crista:
0) shallow and open laterally, the anterior tympanic recess groove-like.
1) deep and open lateroventrally, the pneumatic depression being mostly occupied by a deep and
widely open anterior tympanic recess.
Character 855. Premaxilla, shape of the anterior surface of the nasal process of the premaxilla in lateral

511

view:
0) curved, the anterior surface of the nasal process is relatively vertical at the lower/proximal
portion and becomes more horizontal at the upper/distal portion.
1) straight.
Character 856. Premaxilla, position of the anterior margin of the external naris relative to the fourth
premaxillary tooth:
0) anterior to the fourth premaxillary tooth.
1) above or posterior to the fourth premaxillary tooth.
Character 857. Rostrum, shape of the external naris:
0) elongate, the short axis is less than half of the length of the long axis.
1) short, the short axis is more than half of the length of the long axis.
Character 858. Maxilla, dorsoventral depth of the rostral ramus (anterior ramus):
0) deeper than, or about as deep as the ventral ramus of the maxilla.
1) less than 3/4 of the ventral ramus of the maxilla.
Character 859. Maxilla, length of the space between the promaxillary fenestra and the maxillary fenestra:
0) anteroposteriorly long, a broad space is between the promaxillary fenestra and the maxillary
fenestra.
1) anteroposteriorly short, the promaxillary fenestra and the maxillary fenestra are separated by a
narrow interfenestral bar.
Character 860. Maxilla, form of the lateral surface of the ventral ramus:
0) smooth and flat.
1) laterally grooved.
Character 861. Maxilla, shape of the ventral ramus in lateral view:
0) posteriorly tapering.
1) band-like, with nearly parallel dorsal and ventral edges.
Character 862. Maxilla, presence of a depression posterodorsal/posterior to the maxillary fenestra:
0) absent.
1) present.
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Character 863. Squamosal, presence of a deep recess developed laterally on the squamosal where the
anterior and the ventral processes meet, and makes up most of the lateral surface of the squamosal:
0) absent.
1) present.
Character 864. Mandible, lateral exposure of the external mandibular fenestra:
0) well exposed in lateral view.
1) not visible in lateral view.
Character 865. Mandible, depth:
0) posteriorly deep, the average depth of the angular and the surangular is more than twice of the
average depth of the dentary.
1) almost as deep anteriorly as posteriorly, the average depth of the angular and the surangular is
less than twice of the average depth of the dentary.
Character 866. Ischium, length of the ischiadic shaft.
0) long, equal to or more than 30% the length of the pubis.
1) reduced, less than 30% the length of the pubis.
Character 867. Ischium, presence of a spike-like process developed anteroventrally on the obturator
process:
0) absent.
1) present.
Character 868. Ischium, shape and size of the plate-like ischiadic shaft distal to the obturator process:
1) the distal shaft of the ischium is significantly smaller than the ischiadic shaft proximal to the
obturator process; either the obturator process is located close to the distal end of the ischium, or the distal
expansion of the ischium is extremely slender.
2) the distal shaft of the ischium is broad and directed posteroventrally; the distal end of the
ischium is rounded.
3) the distal shaft of the ischium directs posteroventrally, and is narrow and blade-like.
Character 869. Metatarsal II, mid-shaft width compared to metatarsal IV:
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0) the shaft of metatarsal II is almost as wide as metatarsal IV, being more than 3/4 the width of
metatarsal IV.
1) the shaft of metatarsal II is narrow transversely, being less than 1/2 the width of metatarsal IV.
Character 870. Metatarsal III, exposure in ventral/posterior view (Ordered):
0) fully exposed along the entire shaft.
1) narrowly exposed along the entire shaft; metatarsal II and metatarsal IV approach each other
but do not reach each other in ventral view.
2) only exposed near the distal end and proximal end of the shaft; metatarsal II and metatarsal IV
contact each other in ventral view.
Character 871. Pedal phalanx I-1 size:
0) short in both length and width, being less than 3/4 the length of pedal phalanx II-1.
1) elongate, subequal to or longer than pedal phalanx II-1.
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APPENDIX 2: CHARACTER SCORES FOR PHYLOGENETIC ANALYSIS
Allosaurus fragilis
?10000?00000001000110010001002001110110010??000000000000100000000001000100000000000101
010010000000100101000000000001000000000????000000000000000?100000000000100001001010000
0010001000001100000010000000000000000000100000000000?0?000?001100001000000100001110002
10110000000002000000000?0000??0000000?00000??0000000010000{01}0?0????????0000020?00?0000
000101000?0?0010000?00000000000001000010?01000??0000000?000?000002000000000000?00000?00
?0010000000020000?000100??001100000{01}0?0000000010000000011000000000010001100000002112
1001000000100?1????000000000100??10?0000?00000000000011000?100?000?0?1000000000????000?0
00100100001010000000000000000102000000000000000000010000000000020101{01}00001000000000
000000000100000010?0001000001020110000000001100000000100000000000000100100010000000000
0000000000000000000000000000000000000??000000000000000000000?0000010000000000000000000
?000?000002000
Sinraptor dongi
?10000?000?00010001000000010?2000010110010?00?000000000010000?00000100?10?0000000001010
10010000000100101000000000001??????0??1?10?0?0??00??0??????000000000?010??01001010000001?
0?1000001100000010000000000000?000?000?00?000000?0?000?001100001001000100000100002101??
?00000000000000000?0000??0000000?00000??0000000010000???00?00??00?????2????????????1010???
????????????????????????????????1??????0??000??000000002000000000000000000?00?00??0???00020
000?0001?0??0011000??????????000100000000000000000010000011000000021021000000010?00?1000
0000000000100??01?0000?00000000000?11000?100?010?0?100?00?001000?0010000100100001010?0?
000000000000112000000?00????00000010000?00000020101??0??1000000????????????000010010?0000
?000010201101010?00011000000??1?00000000000001001000??0???000000000100?00000000000000??
?????00000000??000000000000000000000000?0010?00000?0000000?0?0???????0??????
Graciliraptor lujiatunensis
???????????????????????????????????????????????????????????????????????????????020???1??????????
????????????????0???11?12????????????????01011?1100001?????????????????????????????????????0??0
?010?{01}11?1??0??0??00?????????????0???????????????????00???????????????200??????????????????
????????????????????????????????????????????????????????????????????0??????10?0???000??0????????
???10?0000??00?000??????????????????????????????????????????10????????????????????????????????0
00???????????????????????????????????????????????????????????????????????????????????????????????
?????????????????????????????????????????????????????????????????????????????????0???????????????
?????????????????1????00?00????????????????????????????0000????00??????100??0??0???????0???????
??00?0?00?????01??????????????????0???00????????????????0?000?10????????0?0????????????????????
??????????????
Neuquenraptor + Unenlagia
?????????????????????????????????????????????????????????????????????????????????????????????????
???11211111111???1????1????????????0??1001???????????01111?1011112022020111?121202011?1000
0??0?010??111100000????0??11????0??110110?110??????????????????????0?????220?????????????????
???????????????????????????0?00000?0?????????????????1????????????1100?0?0?0011000?00000??????
??????0???????????????00000?0000000000000000000?00000000?00?????????????????????????????????
?????????????????????????????????????????????????????????????????????????????????????????????????
?????????????????????????????????????????????????????????????????????????????????????????????????
??????11011?0?????0011???01???????00100000110?01?010000000?00?0100???00??????????000?00?00?
1????10????01???????00???010?????????????00???0????000000??000010??0?000010?????????0??11100
1000????????????????????????
Austroraptor
?0000???????????????????2?1?0????????12?0001????????????????????0?011???????????210??10?????00
11?001????11???????????????????????????????00????????0???????????????????????????????????1??????
0?0?0?0??{12}1??????????0????0????????????????11?00??01??00?????????????1{12}20??0?0??????????
????????????????????????????0??00?00?????????????????????????????????????0?0?001100???00??0000
000??????????????????????????????????????????????????????????????????????????????????????????????
????00?0??????????0?10100?0000010??1???????1???????????????????????????????0??01?01???????????
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?????????0?10?00????????????00100?000?00?????????????????0??0010000????????????????????000????
???0001001101??????????????101???????????????????????????????000????????00?00????????????0????
?0?0???????????????????????????0?0001000?????0???????0000???????00??????0?????01?1????1?????1?
0??0001?????000??0????????
Atrociraptor marshalli
???????????????????{02}00?0??1010????????????????????????????????00??010????????0?0000101001??
?????????????????????????????????????????????????????????????????????????????????????????????????
???????????????????????0????0????????????????21?00??0??111?????????1???????????0???????????????
???????????????0????0????????????????????????????????????????????????????????????????????????????
?????????????????????????????????????????????????????????????????????????????????????????????????
???00001?1????1???0?0?000?01???????????????????????????????????????????????????????????????????
????????????????????????????????????????????????0?????0?00?????????????????????0????????????????
???????????????????????????????????????????????????????????????0?0?????????????0??????0?????????
???????????????????000????????????????????????????????????????0??1??????????????????00??????????
???????????
Utahraptor
???????????????????{02}00?0??????????0?001??????????????????????????????????????0????0101??1???
?0?1100?1??1????????0??011?????????????101?1???????????0?????????0?01????????????11?????0111?0
0??0?001000100???10????????11??0???????0?????0???????????1???0???????0???10???0???0???????????
?????????????????????????????00000???????????????????20000?000000??????????????????????????????
?????????????????????00???????0??0000000000000?0000?????0?10??????????????????????????????????
????00?????000001??????????????????????????1???0??00010?0??????????????????????????????????????
?????????????????????????????????????????????????????????????????????????????????????????????????
??????????????????????????????????????????????????????????01?????????0?0?????????????0?????0????
????????????00????????????0???????????????????????????????0?0???????????????????1???????????????
??????????????????
Adasaurus mongoliensis
?0010?????0????2??????????????0?????0?1??11?1?0?101??001??0?????0????0?1???0?????????????0110
0?11?0111?10?111{01}100??011?1?1??????1?111111??????????????1022111010102?2202?1?11221001?
111000000?000?11010010010??00??00110?0?0?0001??00100?????????11????????00?0????1??????????0
?????????00??00???000?0???????????000?0010000{01}0???????????????200?0???00??01110???????????
???????????????????????????????????00?000000000000000000000000000?002??11?00???00???21?000?
?0??0001?1?????????0???0??0?????????????????????????????????0?????????1??00??????0000010??000?
?0??00?0?0?00????????0??????????0????????????????????????0??????????????????0???????111201?????
???????????????????????????????????????????????????????100000??0?01???????????????0?0???00?0???
?????000?00????10?????????????????????????00??????0??00???????????000000??000010000??00010???
???????01?????????????????????????????????
Achillobator giganticus
?????????????????????????01?1??????????????????????????????????????????????????0000101??????0?0
1100?11210???????0??011?11??????????101????????????00??10220??11010102102?011011?001?21110?
0????00?000?101????0???????1???0????001??00100021100??0??100????????0????????????????????????
??????????????????????????????0000????????????????????20000?0?0?0?0??10????????????????????????
??????????????????????00???0?00000??000???????0?0000????????0???????????????0??????????0???????
????00???????????00?001???0?0?000??1???????????????????????????????????????????????????????????
??????????????????????????????????????????????????????????????????????????????????????10?????????
?????0100??????????????????????????100000??0101?0100000?1000??????????0?????????0??01?????1??
0??0??????????????01??0?????????0??00?????????0000000???0000100???????1???????????????1?1?????
0?00????????0????00?00?
Saurornitholestes langstoni
?????????????????????????????????????????111????????????11????0?????????????????100101?00?11000
110011121011011100?1011?1?1????????????111?????????000111221?1?1?1?2?0?????????????????11??
0????00??001101??00???00?0?1??00?0000010?001000?????????110011??????0????1220???????0???????
?????????????0000???????????0????????????????????????????????0???00??1??????????????????????????
??????????????????????0?????????????????????????????????????0???00??????????0??????00111????????
00?00???????????00?01??0?0?0?000?00????????????????????????????????????????????????????????????
????????000??00?1???0?000??????????????????????????????0??0000000?????????????????????0????????
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???????1?0???????????????????????????????????????????????????????????????0??????0???????????????
?0???????????????1??01????????????0?????????00???????????????????????????11??????????????????0??
???????????01??????
Dromaeosaurus albertensis
?0??001000000000010??0???0?01??01110????1111????101?1001100??00000010011111000?0000101001
?????????????????????????????????????????????????????????????????1???????????????????????????????
???????????11?1?0????00??????00?0?00??1?????????1?00??011000100?0???????????????0???0000?0000
0??0000??0000000?00000??00?????????????????????????????????????????????????????????????????????
????????????00??????????????????????????????????????0????0?????????010121?000??0???00?0????????
?0????0??0??0???0??????0?0100?00?00????????????????????????0????00000100000???????0???????000
1001?0?0????00??00?????0?0?10???????????000?1000000010????000000000001120100000000?0?00010
??????????????????????????????????????????????????????????????????????????0??000?0?????????????0
??0?010????????????????????????0200000????????????????????????????????????0?1?0??110???????????
?????000?0?0010?001001??????
Deinonychus antirrhopus
?0010????1???????1??0000?0111000111000111111100?1??00001110100000?0100111?1000?010010100
0?110001100?1121011????00210111121??????1?1101110010011100000100221110101020220?0111121
1201?1111000000000100011010010000000001100000?00010?0010002110000011110110000??0000012
2000000000?0????000????0???????????00000??000000000000?{01}0?0?????????????20000?000?00011
1000?0?0010000?0000000000000101?0???00000??0100000?000?000000000000000000000000000?0010
0000000????????0?1????00111?????????0000?????00001?10?0010001?000001010??00?0???????00??0?0
??0?????00001000000??01?00?0?00000001??????????????????????0?0?1001000?000?00???????????????
??000000000001120100?0000?0?????00000000?00001000100?????00000?1101010000100??1?0000?????
????????????00000?000000000?00?100?00??0001?1??0?000010?100000000010?010??00?000000000000
000000000000??0????000000000100??1101?000110???200?10001???????0???????????
Shanag ashile
???????????????????1??1010110?????????????????????????????????00??011??????????01001011???????
?????????????????????????????????????????????????????????????????????????????????????????????????
????????????????????0????0????????????????21100001???00???????????????????00??0????????????????
?????????????????????????????????????????????????????????????????????????????????????????????????
?????????????????????????????????????????????????????????????????????????????????????????????????
???????1?10???00?0?000000??????????????????????????????????????????????????????????????????????
?????????????????????????????????????????????0??00??00?????????????????????10???????????????????
????????????????????????????????????????????????????????????0?0????????????????????0?????????????
????????????????00????????????????????????????????????????????1?????????????????00?????????001??
???????
Rahonavis ostromi
??????????????????????????????????????????????????????????????????????????????????0??????????????
?011121???1?01?011112?12???????????0??11??011??????0?01111?10111120?3?2012101?121??2111000
1000?011101101?0100????0??1?????0??10001011111???????????????????????????????????????????????
?????????????????????????????0011000{01}0???????????????2????????????1100??????????????????????
???010100???????????????000000?000000000100000000?00000000?001??01???0????????0?1?11?????1?
???????00????????????????????????????????????????????????????????????????????????????????????????
?????????????????????????????????????????????????????????????????????????????????????????????????
?????????100?1??0?0??0011??????0?????0?100000????01??10???0?0????00?0???00???????????00??0?00
?1????0000??0?0???????0???010???????????000?????????0000000?000?10??00?0001????????00?0?11?0
??0??????????????????????????
Mahakala omnogovae
???????????????101??????????????????????1?00???????0?0011??????????????????????02????1???00??0?
11?011?211??1?100011012210????????????????00??1110000?100?211101?2??????????????????0111100
????0?011001101?00000??00??11?0?????0000?????00????????0????????????0????1{01}2?0??????0????
?????????????0??1?00???????????0000010000{01}0????????????????????????????10??{01}0???0?0000?
??0?????????????100????0??0???000000??0??001??0???000000000?00000000?001??00?000????1???0??
????011?0????????000000???????????????????0???0????????????????????????????????????????????????
???????????????????0?????000?00????????0???????????????00010?????????????????????0?????????????
????????0000?????0?01?000???????000??????????00????00100000???????0100000?0?000?100?0?000?0?
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???0?0?0???0????1?10???00???????????0????010?20????0?0??0???????000000000??0??0100000000010?
0????1?000???10????01????0????????????0??00?
Buitreraptor gonzalozorum
?0010???????????????00001011?00??????????100?10??01?0?????????00??001??????????0210??100?001
0111100111?110???100011012{012}121???????01101111010?1?1??0??????11?101??12{02}23??01?1?1
?120???11?0??0??1?011?0?1110000?????0??1????????1101000110011000???0??????0000??0?00?10200?
00?0???????????0???????0?000101???0?????00000000000{01}0??????????01000100?0?0?00??0?10000?
0?001100??00000100000001?100???????????????000????00???0?00??????????0?00?000?0010?00??????
????????1????0010??1100?0000???00?0????????1?11?00?0???010?0101?0??0????00000??1100????????0
000???0?0??0??0??????????????100?????000??00?0?????????????????????0????????????????0?000???0?
?1?2????????????????000???????0001001000??0??00000111010100???0?001??000???????01000???00??
0?????????0?0?000??????????00????0?1000100?0???????01000?????0?00010000000000????000000??0?
?01000?0??001???????10????11100?000100010??????0??0?100000?
Balaur bondoc
?????????????????????????????????????????????????????????????????????????????????????????????????
???1?2??1????0???10?????????0????111{01}11101001?1?00001???2???0111?202?02?0?1?22122???????
?????????2110001001000??00??1???????????0?00??0??????????????????????1?????2?00???????????????
????????????????????????????00000000?{01}???0????????????20??????0???0111000?0?001000???010?0
0?????010?00???21??0?00000020?100??0000??????00???0?000000000?00??0?00000????????010???????
?1????????00000?????????????????????????????????????????????????????????????????????????????????
?????????????????????????????????????????????????????????????????????????????????????????????????
?????????????0100?0?0??0?00?1101010000?00?01000?0110?01?????????????000?00??00?????00100000
?00??1??????0000100100?0000?????0?0???????????000000000000000000??000????000000210????????0
00?10???200?1???????????????????????
Tianyuraptor ostromi
??01?????????????????0????111?????????????0??1???????????????????????????????0?0?0?1010??0???0?
????????0?0?0?1??01?0112???????1??00?011110?001?1100001112?1??0?1102223?21111022?0???1?110
??????????00?11????000??0???1??00?0??01???1011?0???0??????1?0??????????0????2?000?0??????????
????????????????????????????0??????????0?00?00????00000?0?00?000?0?0???????????????????????????
???????????????????????00?1?0????10??????????????0?0????????20?101????????????1???????????0000?
10??000??1???????????????????????????0??????????????????????????????????????????????????????????
????????????????????????????????????????????????????????0??????????????????????????????0?????????
??????????????????01?1?1???00??0?0????000???????????????0?????0?0???00????0????0?0???0???????0
???0?????0??0??????????????????0?????0???0?????????????????????????0010????????0?0???????????0?
0???0?0?00???01000000
Velociraptor mongoliensis
?001001001000012011200001011100011100012111?10?010100001110100000001001111100010100101
00001100011001112101111100021011112111101011111111001001110000010022111011102022020111
12212011111?000000000111011010010000000001100000000011?0010102110000011100110000000000
0112000000000000?000000?0000??0000000??0000??0000?00000000{01}0?00??000?00000020000?000?
000111000?0?001000???00000000000010100???00000??0100000?0000000000000000000000000000000
?0110000000010{12}21?0001101100011100000?100000000?0100001?10?0010001?0?00010101000000?
??0??0?01??00?0????000001000000??01?0000?00000001001?0?0???000??00110100?0???01000?000?00
0001001000?00000000000??00?0112010000???????00000??????????????01001000?000001110101?0?0?
00?0100000110?01?0100000000000000000000000?000100000?000?101010?0000100100000000010?010
02000000000000000000000000000??0000100000000010000?1?10?00110100200010001000?1?00010010
00000
Bambiraptor feinbergi
?0010??001000012010{02}00?010111000?1100012111?1000101?00011?0?0?000?0100?1111000?01001
0100??1110?1100?1??100?0?1100{01}1011??2????0101011011110?001?100000111?211?0101?202202?
111022100???11100000000010001101?000000000001100000000011?0010?021100??11?110??0000?000
000122000?00000?0??00000??0000??0000000?1?000??000000000100??0??0?0?0?0?0000020000?00000
?011?000?0?0?1000??000000000?00010??????00000??0000000?000?000000000000000000000000?00?0
11?100000000121?000110??00011101100?10000000010100001?10?0110001?0000010001000000???0??
0??1??00?0????000001000000??01?0000?00000001??1?0?????000??001101???????????????????0??????
??????????0?000??00?01120100?????????????0000000?000010001011000?000001110101000010?00100
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000110?01?010000000?00000?000000000?0001?000??00001?10?0?100010?100????????????????0?000?
????00??00????000000??00001000000000100?0???10000110100200?10001??0?1??0010?1000000
Tsaagan mangas
?00100100100001201120000101010001?1000121111100010110000100??000000100?111100010100101
00001100??1??????0?????????????????1????????11?111?????????????????????????????????????????????
??????????????????????????00??00??00?0000???????????2110000011?00?0000000?00001????0000000??
??000000?0000??0000000?00000???000??????????????????????????20000???0?0?0??10???????????????
?????????????????????????????????????????????????????????????????????0????????0121?00???0??0001
1?0????????????00?0100001?10?0010001?0?00010001000?00???0??0?01??00?0????000001000000??0??
0000?00000001001?000???000??001101?0?0???????????????0001001000000000000000??00?011201000
0000????000000???00?00001??????????????00?1101??????????????????????????????????????????????00
01000?????????0?10?010?????10?????????????????02?0000000?????????????????????????????????????0
00?1?1????110????0???000?00001?0001001??????
Microraptor zhaoianus
0??????????????????1100?????1?0???1020121????100?01???????????00000100011?1??01010000000001
1001?1??01?2100?01???0210?1212111?01?101111111010??111000011012111??0112023?2?1110221201
?11111??00?0001110111110?000??000?11?000????1010111100?010???1?110???0?00??0?00???20??0?0
00???????????????0??00??0????0?0???????00001000?{01}0?00?0000?001000200???0?000?01???10?0??
?10110?0000?1?0?000010?00???00000?000?0000?00000000000000000000?1000000000??1211111??00?
021???011011???1?1?1100?10000000010100000??0?00?0000?1001?1000??????0??????0?????00?0????0
00?0100000???????????????000100??000???000??0?????????????????????????????????????????00000?0
?1??11201???0???????100000??????????1??000010???00??01???1?10000?000??00000??0?01??100????0
?00000?0???0000010??100?00??00???10???0000???10??0?00???0?010???????0???0?000?000??0?000000
?000?10?000000010??????????0?1??0?????1???1??00000001001000000
Archaeopteryx lithographica
100?0000??000??11201{01}010??1110?011000012100?10?101001100111?0?000001000002?00000200??
00100?1?1???00?0??1?0?0???0021012311000????1011111110000?110000000112111010?120030201210
221212?111100000?0001000000030?0000000001100000??00?000110011100001101?01000000???0030?
030000?0000000?00110??00?0??000?00??000???00?000000000{01}000?0????????0000020000?0000000
10000000?0011000?000??000?0000100000??00000?000000000000?0?00000000?00?0?{01}1000000?00?
??00000100001020?00001011101?0101100?10000000110100000?01?0110000?{01}00101?{01}0100?00
0???0000?01??00?0????00???10??000??????????000000?0?0????????000??00110000?0??0??????????000
000011??????00000?0000000000??00???0???0???000100???????000?0000????????0?0011101?10000?00
0?100000??0?01?01??????0????00?0???00?00?00?100000?000?1?1000?0?0010010??000000?0?010020?1
000?000000??0?000000?0000?000?????0?0000100001001???0111????00?100010011001000011000?01
Anchiornis huxleyi
000100??010000????011010??11?0001?0?001210001101?1101100??????0000011??102000000200??001
0?0101??100?0??010?011??021012201{01}01?????011{01}111120001?100000110121110{01}11020030
201?11221210?11110000101001000010010000001000011?0??0?000??001110011000001?1?0100000010
00030?020000?0000????????00???????10??000?0000???00000000{01}0000{01}0?0????????0000020000
?0?00??0110000?0?0010000?0000101??00?010?000??00000??0000000??0000?00000000?0000?0{01}00
0000000?00100000{01}0000??????0010111011?1?1100010000000110110000?01?0110000?1001010?01
000000???0????????00?0????000?01000000??0???{02}???00?????{01}???000???0000??0011?0?0?0????
???????????000000001??0?0???0?000?0?1?0112000000???0???000000???????0001??0000?0???0000011
1?2?1?100?0000100000??0?01??1?0??0?0?0?000?0???00000?0??100?00?000?1?1{01}00?000010010??0
0???0?0?0?0020?100010000000?0?00000000000??00?{01}??0?00000100001{01}?1?0?0101????00?1000
1??11001000010100000
Xiaotingia zhengi
?00?????????????????1?1???111000????0?2??????????11????????????00?001??1???00??020???00??0??0
???1?0?????10?01?????1??????10??????01?011112100??1000001011?1110?1102123?????102?12{01}???
???????10????????1?010000010000?1??0?10??00???0?10?011000??1???00??0?????000???22000??000??
???????????????????0000?????????0??000?10000???0????????010002????????????11?000?0?00???0???0
?0?0????0???????????0100????00000???0?0000???????????????????0??0?0?????10000????????00??1???
???1?1100?10??000?110??0??0?01??1????0?????0?0?0??0??0????????????????0?????????1???00???????
???????????????????????????0????0????????????????????????????????????0??00???1?01???????0???????
????00?????????0???????????????0011??2???0???000010?000???????????????0???????0???00000?0??10
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0?00??00?1??1?0???????0????0??????????0?????000?????0???0??000?000?????0??????????0?100???0??
???0101????0???000???11??1000?100000?0
Eosinopteryx brevipenna
?001????????????????10???????00?1??000?21?0???0??10???????????0000011???0??0?10020???00??????
1????0?????????????0210?23???0???????1?011112??0???00000110121?10???02103020??11??????????1?
0?0???0????0??001000000??00?1??0??0??0???0011100?1?0???1?1?01?0?00????00????2000??00???????
????0????????????0??00??????0?0000??000??0?0????????0??0?200?0?0?????011??00?0?001???????????
1???????????????0???????00?0??????0????????????????????????0????1??000{01}00????????00??????1?
?1???????00?000?110110000????????0?????????0???????0??????????????0?0????0????1???0???????????
????????????????????????0?????????????????????????????????????????????????1??????????????????0??
0?????????0?0???0?????????????????2?1?1?????0?????????0??1?????????0?????????????????????????0?
?0????????????????????0??????????0?????????????????????????????????????????????1????????????????
?????????????1?0???0??10100000
Sapeornis chaoyangensis
?001???????????????0?010??11000????00??21?0?00????0??????0????0000010??10?00000020??????00??
??1???000????0?211??0210004??100?????21101111010011100000101121??00?212000?201{01}0022121
0????1??01??1001210?10030000000000????2000??0??0100??0111?000???1???00??0???0000??23000000
000??????????????????????????0?00???0000000010000100????????0000020000?00000?010001000?0?01
010?0010000?0???010?1{01}10?11100??0{01}00?0000?0000?00?000??00?00??000001?00??0?00001000
????????001?1?1011?1?110001000000??1?000000??????????0?0???????010??00?????????01??00?0?????
????00??0??????????0?????000??0????????000??00????????????????????????????????????????00000???0
??????0???0???????0?0100???????000??000?0??????0?00111?1?1?000?000???0000??0?01?0???????0???
??0?0???00?0??0??100000?000?1?10?0?0?0??0?1???000000?0???0????1??0???0?0??????0?000?000??00
0?????000000100?0?0?1???00?1?????????1?1??100??0???11000001
Jeholornis prima
10????0????????1???0???0?????001??????????????????0???????????0000?1???00?00?1?1?????????0????
????0????1?0?11???02111031??01?0???011031110001??1000001011?1??0??01?0???2???1?221?10??????
?01????0101101003000000000??0??1000??00?010????1???000?1?????0???0??0??0??12300?10010??????
????????????0????00?00000??00?000000100000?0??001???0000?00000?0?1000120001000?0010000?00
0?0000?00001000010110000?000000000000?00000?010000000001000001000?00000001100????????01
1?1110???1?1100?10?0000?110?00000??????????0?0???????0??????????????????????0??????????0??00?
????????????????????????????000??00????????????????????????????????????????0??00???0????????????
???????????????????0?0??0000???????0?0011101?1?0???000???0000??0?01?????????0????00?0???00?0?
?0??100000?00??1?10???0?00???????00???????010???????0?????0???0??0?000?00???000?????0?000010
0???0?????0??????????1?1?1???10???0??1100000?
Confuciusornis sanctus
10010??????????????1?000?00??0001???0??2??0??0??00??01???????000010000?10?0001?1?????????0??
????????1021?0?2???0?2????4??111?11010??13111000?11110000001121?1?1??12000?2?111023?2??12?
?10??11??120211010030?0000000001102000??00?0101??11?100011001??????0?????000?123001{01}00
120?????????10??00??011200??01{12}0111110000001100001001000120000?00?0000?0??0??01000000
0?000211??0010000000010102101011{01}?10?0000001010000000001010100100011000011000?000000
0{01}000???2000001101110?00??1100?10?0000?110?00000??1?00?0000?0?01?0?10100?00??????????1
??00?0????0000000??000??01?02???00100000?0????????000??00???0????????????????????????????????
????00010???0?00??00??10????????????0???????0001?000???0????0?00111?0?1?000?100??????0??0??1
?????????0????00?0???00?00?0??100000??0??1??0?????0?????0??00???????010???????0?????0?0000?0?
0??????0??0??????0?0000100?0?0?????01???????????1????1?0??000?01000001
Mei long
?0????????0????????11010?????0011?002012100001?1010??100??????00010010??1?0000?021???01?00
11011100011?2110?01???0110222111?1?????111?111{01}0?0?1?1000001?012111?1??1200302?111022
1?{01}?0111100?0101001000??110011?0?0000???00000??000100?1??011?0000?0?001?0?0000?000001
020000?000?????????00?0??0??00??0?01????????0?0000010000{01}0?0????????0100020?00?00000?01
11000?0?0000000?0000000?000?01?1?0???00000????00000?00000010000??00000000000?000021?0110
1000??0???20???1010??101101?1100?10?0000?110??0??0??????????0?1?0?????01????00???0??????????
?0?????????1???00??????????????????1???0??????0????0????0????????????????????????????????????0?0
00???0??????????0???????0?0000?????????0????????????????01???1?1?0????????????????????????????0
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??????00???00?00?0??????00???0????1?0?000?1001??00?0001?0?010???01??0?0000000000?000????00?
??0???00?000000100?????????01??????????0?0???0?00?01??010??020
Linhevenator tani
?0????????????????1?????1????000???02?2??0002101???0100??1???????????????????0?011?010??0????
?????01???1?0??????????????????????????0??0001???????????????????????20020???11??????????????0?
????????0??211011??????????00??????????????0???0?000?0???????00?????0??????????0???????????????
??????????????????????00?????????????????????????????????????????????????????????????????????????
????????????????????????????000???????????1??0??2???2??????0??????????????????????????????0?????
?????????????????????????????????????????????????????????????????????????????????????????????????
?????????????????????????????????????????????????????????????????????????????????????????????????
???????????????????????????????????????????????0???????0???0????????????0???0???????????????????
????????????0?????????????????????????????0?????????????0?10????????????????????????????????????
?0????12?
Talos sampsoni
?????????????????????????????????????????????????????????????????????????????????????????????????
???0011???????????????????????????????????0?????????????????????02002??01?00??1?1??????????10??
010?0012110010??????????????????01?0?1?0???????????????????????????????????????????????????????
?????????????????????????????????????????????????????????????????????????????????????????????????
??????????????????????000????00?00??0?1?00002??02??????000????????1?1?????????????????00??????
?????????????????????????????????????????????????????????????????????????????????????????????????
?????????????????????????????????????????????????????????????????????????????????????????????????
??????????????????????????????????01???????????00000?0????0???????????00??0?????????????????0??
???????0?0?0?????????????????????????????0??00?????00000?10????????0?0??????????1??????????????
????02110
Troodon formosus
???1?1112?1101000001???0?011?0??????20220000210?0??01100????0?10??001??????????0111010100?
??1111100101211111?1000?1020??11?????????????1?010?????000010??????????0?0?2?20?11001?0??01
111000???00010000021??01????000??1?0??010???1??0??0?1?00000?0?0???????00????????????????????
??001??0?000?????0??1?1?????????00?????????????????????????????????????????????????????????????
??????????????????????????????????????????????????????????????????0?????00000201001??0???1110?1
?????????0000???????????????????????????????????????????????????????????????????????????????????
???????0?????0000??00110????????????????????0000001000??000000??0000000?????????????????????0
0???????0?0??00?????????????????????0?????????????????????????????????00000?000??0????????00??0
???0??0????00??01??0000?0?1??01?01?00?0????????????0?0?????????????????0?000?10?0?10?0?0?0???
?????????0??01???0?01???????12?
Jinfengopteryx elegans
?0?????????????????1?01???2110??????2?1??00?0????1???100??????00?00?10??1??0?000?1???00??1???
???????????????????02????2?200???????1101110??????100000?????1??????????????1???2??0??????????
0???????????1?????0?0??00????00???????1??????01?000001???0??000??????0????200?0?000??????????
?????????????????0??????0?000???0?0??0?0??????????????00?0???0?0?01???0????????????????????????
??????????????????????????????????????????????????????????10?0000???????????0??11?01????????????
?000?110?????0?01??1????0?????????0?????00?????????????????????????????0???????????????????????
???????0????0????0????????????????????????????????????0??00?????????????????????????0?0?????????
????0????????0????1??0????00????0??????????????????????0???????????????0?0??00??????00????1?0??
?0????????0????????????????000??????????????0?0???????00?????????001?0?????????????????????100?
??000?101???1??0000
Sinovenator changii
?0???0002?000011110010101?1110?011?02??2??0011???1?10100????0?000?001??????0000011110?1???
??11?10100012110?001000110222?1?????????110111???????100?0???0?211?010112{02}0302?1110221
201?11110000??10011000111??110?000000???0000110001000110011000??1??011??0000?0000{0
3}??0??00000000000?000000?00?0??00000?0100{12}00??00000?0010000?????????????????20000??00?
0101?10??????????????????????????????????????????????00?1000000100000000000000?0?00?020?0110
?00000000020?010?10??1011010???????0000001????0000?01?011??00?1?0100010?????0????0????????
???0????0????1???0???????????????????????0????????0?00????1???????????????????0????????0???0000
0??00???0??????????????????0??00?????????????00????0??????00111?????????????0000?0??0?01??????
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?1??0?0??0?0?0???0?0?0???????0?0?0?1?11?0?????100????????0????0?001?01?0?0000?00??????0?00??
0???0000?0000000001?1???0?????0??1??1?????000?0?0000101?0010000{02}?
Sinusonasus magnodens
???????????????????0??1?????10??11?02?22????????????????????0?000?001???????????1??1???????????
??????????????????????????????????????????????????????????????????????3??????????????????????????
?????????????????????????????????????????11000??1??00???????????????????????????????????????????
?????????????????????????????????????????????????????????????????????????????????????????????????
?????????????????????????????????????????????????????????????????????????????????????????????????
???????????????1?????????????????????????????????????????????????????????????????????????????????
????????????????????????????????????????????????????????????????????1????????????????????????????
?????????????????????????????????????????????????????????????????????????????????????????????????
??????????1????????????????????????????????????????????????????????????????0?????0000101????000
0??
Sinornithoides youngi
?0??0??????????????1?0?0??1?10????00???2???????1??????????????00??0010???????0001111101??????
11??001???????????0011?102121011???1?00?1?101?0???100000????21??01??02??30???11?0??001??111
0?????0???1?00??10001?0??0?0?1??00?0???0???0010?0??00000????0??00?0???00???0?2000000?0?????
???????????????10?????1?00??000??????????{01}0?0????????0??0?20??0?00000?0??1000???0?1000???0
0?0?????????0??010?0000???000000??00??0??000????00000000000000020?02100000000????????101??
????1???0100??1??000???????????02?011?????1??????1???????0?????????????????????????????????????
???????????????????????000??0???????????????????????????????????????????????????????????????????
?0?0?00?????????0???????????????00?110101?000?000???????????????1??????0?????000???00?0???0??
?0?00??0??1??0?0?????100????0?0????????0???000?000???00??10?000?????0??00???00000000010????0
?1?0?0101????0????0???????0101???1000011
EK troodontid IGM 100/44'
?????0012???????????????????????????????????????????0???????????????1??11???????{01}??1??????0?
???????????????????????????????????????????????????1?00000??????????????????????????????????????
?????????01?1?001???00??????0?0??1?????????0???????????????????????????????????????????????????
??????????1?1????????????????????????????????????????????????????????????????????????????????????
??????????????????????????????????????????????????????????????????????????????????0?????????000?
??????????????????????????????????????????????????????????????????????????????????????????0??????
?????????????????????????????????????????????????????????????????????????????????????????????????
?????????????????????????????????????????????????????????????????????????????????????????????????
??0??????????1????0????????????0000????????????????????0?1??????????????????????????????????????
?????01?
IGM 100/1126 + IGM 100/3500
?0???100001000?01{12}01?010??1110?011?020120000110?01000100??0??000000010?11?000000211??
00?0??????????????????01???01102???2???????????????????0??1000001???211?01010200202010101310
12?1111000????0??2?001210001?00000011000?0?020001?00100?1?00000101?01100000000003??????0
000000????001000?00?0?00010010100000???0?0?????????00????????????????????????????????????????
???????????????????0?00???0000???0100000?00??0??{01}00000000?0??00?1?000?20?02???0000000102
??111??0??101?001???????0000001?0100000?11?0110000?1001?00101000000???0??0?????00?0????00?
??10??00??????0????00?????1???0000??0000??0011?1?0?0???????????????000001000???00???000???0?
1?0112010000???0???00?0?????????????????????1??001???????????00?0?001000?0??0?01??1?0?00?0?0
0000?0???000001???1?0?00??0????1012????0???????0?00?11000?00200110????????????0000??00000?0
00?1000?000001010??1???0?01??0??????11001000?001011101001120
IGM 100/1323
?00??1?12?1???10??01?000??11?00?1??020220?00?1??0?0??????00?0?000?0????1??00000021???0100??
?????????????????????0110??????????????????????????????????10??1??0??1020020200?10211011??????
?00???0??1?0??2???01??00??0????0?0???00?1?00100?1?000000?1?00?0100?00?003??????0000000????0
0?000?00?0??0??00?0?0?000??0?00????????????????????????????????????????????????????????????????
?????????????????????????00?????00?0000100???0???0?1000??2??????????0????0????????0??101??????
??????0???01?0100000??1?011?000?1001?00101000000???0??0?????00?0????00???100000????????????
??????1???00?????000??0??????0?????????????????0???????0??????????????????01??010000???????000
00???????????????????0???0??????????????????0????0?0??0?01??????00?0?00??????????00????????????
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???????1?0?????????????????1??????0??0100??????????????????00??0??00??000?0??0?1?1??????????1?
?????????100101000111101010111??
Byronosaurus jaffei
?????101???101?1100110001011?0??????20220??????????1?100??????0000001??11????000211??01?0?0
???????010121????????0??02????????????????????????????????????????????????????????????????1????0
?0??0???????21??????????0????0????1???????????11000000?1?00??1?0??0?000??0???000000??????????
??0??????????????0?0????0????0010???????????????????????????????????????????????????????????????
??????????????????????????????????000?????????1?????????2?????????000200011??0????????1????????
????00??100000??2?001?0?0?1?0000010100?000???0??0?????0??0?????????????00????????????????????
????????0???????????0??????????????????00?000000????????0??00??01?0????????0???????100000?????
?????1???????????????????????????????????????????????????????????????????000?????????????0????00
0????????????????????????0??0100?????????????????????????????00?????????1?0?0?1????1??????????1
00?000001?110?????????
Gobivenator mongoliensis
?01101?12?110100?00??00010111000110020220000210100011100101001??00001011110000?02????01
0??00{01}1111001011011111100011022002{01}0???????0001111000?0?1?????????1110111102002000
101011000??1111000?001001000012?10010?10???011000001100?1?001?0?1100000001?00??1000000?0
0?1020???000000000001000?00?0??00100?0?00?0????000000010000?0?0?????????????20000?0?0???01
11000????0?000???0?00?0??????????????????????????00?????00?000000?0????????1??0??2???2??100?0
??00??0?????1???101?011???????00???001?1?000???2?011?00??1?0???0?0100???0???0????????00?0???
?000?010??000??0??00??????????1????0????0?00??0111??10?0??0????????????000000000????????000?
??????01?2????00???????1??00???????????????????????????011101?100?????0??000?0??0?01??1??????
0?????0?0???00?0?????????????0?????000????????1???0????????0?0010????????????????????????0?0??
0???????0??0010???????????1???????????00????????11010101212?
Xixiasaurus henanensis
???????????????????11000101110??????2?22????????????????????0?00??001????????000211??01?0????
?????????????????????????????????????????????????????00?1????????????????????????????????????????
????????????????0???00?????????????????????1?000000???01?0100????00???????000000???00?????????
???????????????0?????????????????????????????????????????????????????????????????????????????????
????0??????0????????????????????????????????????????????0?0?????????????????????????????????00?0
??110100??2?01100?0?1?01000101000000???0??0??????????????????????????????????????????????????
???000??0?????1??????????????????????????????????????010?0?0?????????????????10000?????????????
??????????????????????????????????????????????????????????????????000??????0?????00????0?0??????
????????0????????????0100???????????????0??????0?????????????????1?010??????1???????????00???00
???01??????????
Saurornithoides mongoliensis
?00??1?1??1101???0?110001?1000????????2?????????????????1?010?100?0010??1????0001110101?????
????1???0??1?????100??1??????????????????????????????????????????????02012020?010??10{01}1?11
110???????????0?0?11?01??????0??1?0???????????010??11000??001?01?01????0?000??????0??0000???
?0?1000?0??0????1??????0000???0????00100?0?????????????????????????????????????????????????????
???????????????????????????00????????0?0????00000000010000?20?0210?000000000201001?10???111
0?1????????????00?0100000??3??11?0?0?1?0100010100??00???0??0?????0??0?????????????00????????
????????????????????????????????0????????????????000????????????????0??????????????????0???????1
0000??????????????0????????0?0?????????????????????????????1?010???????????00????00000????????0
0??00????0?0???00???????????1??????0??000?0?????0???????????????????0?00???????0?101?0????????
1???0????????0?010?11?{01}?0?01???12?
Philovenator curriei
?????????????????????????????????????????????????????????????????????????????????????????????????
???????????????????????????????????????????????????????????????????????????????????111100?1??1?0
1110?1211001????????????????????1?????0????????????????????????????????????????????????????????
?????????????????????????????????????????????????????????????????????????????????????????????????
???????????????????????0000000?????0?1??0??2???2??1???0??????????????????????????????00????????
?????????????????????????????????????????????????????????????????????????????????????????????????
?????????????????????????????????????????????????????????????????????????????????????????????????
?????????????????????????????????????????????????0?0???00???????????????0???????????????????????

523

????????0???????????????????????????????????????????0?10????????????????????????????????????????
??120
Zanabazar junior
?00101?12?110100?001?000??100000????2022000?21??0??11100??????100?001???1????000111010100
??????????????????1?1000?1020?1??????????????????????????????????????????2??????????????????????
???????011????2???????????00??00???11????????0??1100000001000001???1??00???????00?000?????00
1??0?00??????1??????0000??0?00????????0{01}0???????????????????????????????????????????????????
????????????????????????????????????????????00010000??000??2????1??0???00000201001?11???1110?
1????????????00??100000??3??11?0?0?1?0100010100?000???0??0?????0??0?????????10??000??00?0???
???????????????????000?00011010??????????????????000?00000????0000???000?001????????????0????
10000???????????????????0??????????????????????????????????0?????????????0?0????????000????????
?????0?????00???0?????????????????01?00?0000????????????????????????????????0?00????100100????
???????1????100?010?11?0101????????
Jixiangornis orientalis
100?????????????????0010?????001????0?0??00000??????0100??????000001????0?0??1??0????????00?0
???1?00????1??20???02??1031??11?1?000110311100011010000011112101010212000020101?221?10?2?
11?001??1?01{12}1101003000?00?000?0??1000??00?0100??111?001?1?????????00?000000?12300?000
10??????????????????????0?????000??00?0000?11?0?10?11?0?????0000000000?0010011210010?0?0000
000?000???0??0????0??010?00100??0000?001000000?00??0000??00000100000?00?0000?001100??????
??00??11????01?1100?10?0000?11??00000??????????0?0???????0??????????????????????0??????????0?
?0???????????????????????????????????0?????????????????????????????????????????00010???0????????
???????????????0???????????????????????????????0?1?00??00???????????????????????0?????0?0???00?
0??0??100?00??0?????0??????????????00?????????0?????????????????0??0?0????????????????????0010
0???0?????0????????????1?????????????????????
Yanornis martini
?00????????????????1?010?????0?11???0??2??0??????00???????????0000011???0????000?1???00??0???
?1???0????????4?1???????04??????110?011031110?011?130010????????????????????????23?010?2??10
??1??0?0121{23}0000300000??0001???00?0???????0???21?1?0??????????????????0?????300100012????
??????10???????1?????????????????0?0011?00???0210?{12}??10100001010?1?11?112100111??0101?01
01?10000?0?????021{01}101311{01}1100{01}100?0?1?0??0?00??????0??00?1110{01}?1?00??1?0??011
00????????01??1????????1100?11??001?11??????0??????????0?0???????0?????0????????????????0?????
?????0??0?????????????????????????????????????????????????????????????????????????????0???0???0?
??????????????????????0???????0?0??0?0??????????00111?0?1?00??100???0000??0?01?????????0?????0
?0???00?0??0??100000??00?1??0??????????????00?????????0?????000?????0????????000?00??????????
?????00100?????????0??1?????????0?1???????????????????
Apsaravis ukhaana
???????????????????????0??????????????????????????????????????0002?1?0??0????????????????1??11??
10200??1???5?100021??24??????1?010110311000011113003??000?1???1?201000?2?021?23?03?12?010
?????1??12130100?00000??20???1?20?0?????0?00??21????????????????????????????300?10???????????
??????????0?1{01}?????1?0????????20010?{01}001??21??1????????00000?0?1000121011111?01011010
{12}0111110000101021110?{23}120100?11??20?1{01}0010?11?110?1012112111111?0000?1?0??01101
????????011??????0?1????????0001????????????????????????????????????????????????????????????????
?????????????????????????????????????????????????????????????????????????????????????????????????
?????????????????0?????????01???0?????0??0?0011100010001?1?0?1?0000????01?010??????????0000?
?000????????????0??0??1????????00?00100?????0??????0???????0????0000000????00000????000????0?
000?10????????0?0?11????0??????????????????????????
Yixianornis grabaui
100?????2?021??1?????0?01????0?1?1?0????????????????0100??????000?010???0?00?00120???10?01??
?1???0000??1?0?40??0???0024???11?1100011031110?0010130000100021?101?212003020001023?23?0
211?0??1??????2130100100000??000?0??1000?20??0?000001???????????0??0??0???0??0?1230010001??
?????01??1????????11{01}?????1?0?????10?20011000?11021??{12}??10100001010?1111011210011110
0?0110???01?000???0?01021{01}10?31201100{01}100?00100?00?002?101??????11110{01}?1?00??1?0
?001100??????00011?11?01????0100?10??000??1???????????????????????????????????????????????????
??????????0?????????????????????????????????0????????????????????????????????????????????????????
??0???????????????????????0?????????????00?0????????00111?0???000?100?1??000????01?????????0??
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???0?0???00????0??100?00??0??1????????0???0????00?????0???0???????0?????0???0????000?00????00
??????0??00100?????????0?11????0??1???????1???????????????
Neuquenornis volans
???????12????????20?????????????????????????00?????00???????????????????????????????????????????
???00??????????????????????1?11011?1031110?01111000???????????????????????????????????010?????
??????{01}010030??0????0??????0?00???????????1???????????????????0???????0200?????????????????
????????????????????????????0110???????21?????10110??0100?001?001?0??{12}??1???01?0???0?????{
01}?????????2???20?1??01????????????????10?1????????1?0???1011???????0?000???200000110???????
???????????0??0??????????????????????????????????????????????????????????????????????????????????
????????????????00???0???????????????????????000??0100??????????????????????????????????????????
?????????????????????????0111?????0??????????????????????????????????0?0???00???????????00??0??
1???0??????????????????????????2???????????????0?????????????????????????0010?0????????0????????
??????????????????????????
Patagopteryx deferrariisi
?0????????????????????????????????????????0010??????????????????????????????????????????????????
??2????????????????????????????????????????0?1???????????211101?????????????????????2?010001??1
00121301001?000???????1????????00?0?????1??????????????????????0?????0??????????????00?1??????
00??111110000?????????010000000????????0????????000????0101?1210{01}00???{01}?10?0???010000
01{01}0001?{12}00???30???????00?2000000?010120????0?000{12}11001100000?{01}?0??0?100?1?20
0??01?0???0?001????????00???0?1????????????????????????????????????????????????????????????????
????????????????????????0??????0?0??0?110????????????????????0??????????????????????????0002000
0??00??????????0?0?00??0001?00000????????00111?00100???????1?0000???????0100??0?0???0?000???
00????0??????00??0??1??????0?10???????????00???010???????00000000??0?????000000???00?1???000
00010??????1???0????0???0?1???10??????????????????
Cathayornis
?0?????????????????1?010?????0?1??????????0???????????????????00?????????????00001???????0?????
???{02}????????3?????2????4???0??11?02?1031110?011?1300?0?01111?0?00?12000?201?1022?23?????
????1???0??{12}1{01}1?0?3000?0???00????0??1??0??0100???111?????????0??0???????0????2300{01}0
?012???????????????????????????0??????0????0111??0010?20??1??10110?101????010?01200010010110
{01}?01020111110?{01}?1?????210120?11?01?0101011?0?000001???1?0?0?1{01}1?0???????????0??01
110????????01????????01??????????0???110?00000??????????0?0?0100?10100?000???????????????0???
???????0??00?????????????????????????????000??00?0?0????????????????????????????????????0??00??
00??????????????????0?0100???????0?????????????????00111?0???0?????????0000???????????????0???
??0?0???00?0??0??????00??00?1?1??0???????????????????????0????100??????0???0?????00?00????????
???????00100?????????0???????????000????????????????????
Concornis
?????????????????????????????????????????????????????????????????????????????????????????????????
???00????????????????????0??11?02?1031110?0?1???0030????????????120?102??11?23??3?0???1???1??
?0?1{02}11??0?3000?0???0????????????????001??1???????????????????????????2300?????????????????
????????????????????????????0111????10?20??1?0101100101?0?0010001?0??{01}001?110??0102?1???
10???1{01}1?{12}??????????????{01}????????????00?????0?100??1?00??1?{01}1??0??????110????????
?????????????1100110??01????????????????????????????????????????????????????????????????????????
?????????????????????????????????????????????????????????????????????????????????????????????????
????????????????????????0??????????00111?0?1?0????????????????????????????0?????0?0???00???????
100?00??0??1????????????????????????????0?????????????0????????0?????????????????0??0010???????
???0??????????????????????????????????
Gobipteryx
?0?????????????????1?01010?0?0?????????????????????????????11?000?0??????????1?1???????????????
??????????????????????????????????2??????????????????????????????????????????????????????????????
??11???????????????????????????????????1????0??????????????????0????????1100100?00110?10?????0
0?????0???0??0???1?????????????10??????????11??10000?0?100012000{12}001?1?0110???0??????????
??1?121??{012}0?????1?0??1????????000?0???10?001111000?1?11?0????????????????????????????????
????????????????00000??????????0?1?01????0???0?0???????????????????????????????????????????????
?????????????????????????0????????????????0??????????????????0?01000?00?0??00???000????????????
???????????????????????????????????????????????????????????????????????????????0?????????????????
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???????????????????????????????0???????????????????????????????????????????0???0?????????????????
?0?????????????????????
Vorona
?????????????????????????????????????????????????????????????????????????????????????????????????
??????????????????????????????????????????????????????????????????????????????????12?0100111010
01112110???00????????????????????0?????2???????????????????????????????????????????????????????
?????????????????????????????????????????????????????????????????????????????????????????????????
?????????????????????????????1010111100001?000000?????????????????????????????????????00??????
?????????????????????????????????????????????????????????????????????????????????????????????????
?????????????????????????????????????????????????????????????????????????????????????????????????
??????????????????????????????????????1???????00000000?00???????????????????????????????????????
???0?10001????????????????????????????????????110?00000010??????????0????0?????1???1??????????
?????????
Songlingornis
?????????????????????0?0??????????????????????????????????????00?????????????000?0????0?????????
?????????????????????????????11??{01}???3???????????????????????????????????????????????????????
??????????0????0?????0?????00?????????????????????????????0???????0?????????0?01????????????????
???????????????????0???????????????21??{12}?000100?010???1?11011??????????????????????????????
??????????????????????????????????????????????????????????0??0?????????????1??1?????????????????
????????????0????????????????????????????????????????????????????????????????????????????????????
???????????????????????????????????????????????????0??00??00??????????????????0?0?0?????????????
???????????????1?1?????0????????????????????????????????????????????????????????????1???????????
???????????????????????00????????????????????????????????????0?1????????????????????????0???????
??????????????
Pengornis houi
?0010??????????????10010??0?00??????0?12??0??????0?????0??????000?001????????0?0?00??00???01?
?????20???0???2??????????4????1?????2?1031111?0??????03??001?1??????????????????2??2??????????
1??????211???0?000??0??000???0??0??00???0???11?1?000??????????00????00001230000?000?????????
????????????????????0?????0???0011??00100????????01{01}00?00??????0??1??012111{01}0?01101000
1{01}{01}1?????1??1???10{12}{12}0??1??1?11??????0????00?0????0??0{01}?1?00??1?11??0?0??0?10
0????????01?????00?01?1001011???1??110?00000????0??0??0?0?0100??0?????00???????????????0????
??????0??000??????2?????????????????????0?0??0?????????????????????????????????????????0?0?0???
0??0??00???0???????0?0100??0?0??0??1?0????????????00111?0?1000????0???0000???????????????0???
??0?0???00?0??0??????00??00?1??0?0???0????1??????????????0????1?00?????????0??????0?0?????00?1
???????00100??????????1?1????????000???0100?00?01100000?
Hesperornis
?0?????????????????00010100?00??????00021?001????00???00????1?000?001???1?0001?021???00??10
101110?2100??11?50100?210?24??11??10??00103111??????????3??0202100?1??01000???021023?03?12
???0001??11?1213110010??0?00??01?1?0000?000???00??2??1?1111????0???????10000??10?1?10?1121
200110?1010??1110011100??00?0???1010121011000012?0?000100100?0???10?0???00011??0?????????
0???0????0??????????????????????????20?1100001112110211110021111122122002?0?????00??????000
1?0???0?000?0100?11???1??01??00000??????????0?1?0100??0?????00????????0???0??0??????????0??0
0????????????????00??0????????0?0??0????0????????????????????????????????????0?000???0?????????
????????????000???????0?0??000???????0???01?????????????201??000????01?????????0????00?0???0??
00?0??????00?????1??0?0?0?0???0???????????????0?????000?????????0?????0000?????00?????????001?
0??????0???1??????????000??????0?????????????
Baptornis
?????????????????????????????????????????????????????????????????????????????????????????????????
?2????????5?????????24??????????????????????????????????????????????????????????????????????????
?212??????????????????????????????????2????????????????????????????????{12}????????????????????1
1001??00??1??????????121011000012????012?0?????01?10?0???000????0?????????0???0??????????01?
{01}1{01}???????????????20?11000011121102111100211111?21020?2???????????????????????????????
?????????????????????????????????????????????????????????????????????????????????????????????????
???????????????????????????????????????????????????????????????????????????????????????????0?????
??0?0??000???????0???01???????0?????201??000????01?????????0????0000???0????????????00?????1??

526

????0?0???0???????????????0???????0?????????0?????0000?????00?????????0210???????0?????????????
????????????????????????
Ichthyornis
?????00????????1220?????????????????????000111????0???????????000??1?????1000??0210??10???1?0
1111?2100?1???5?000?21??34???01?100?001031110?011113003??0102?1??10212000????21023??3?12?
?10011??11?1213110???00?0??20?????00????0??00????21???????????0?????????????012300{12}0?11??
?????????10{01}1?111011101001020???101?1200111?101{12}?211022010100001010?11110112110111
10010110111010000101{01}10112111123120110011?12001{01}0010?112110211110021111{12}2?100
002?0??011?100?20???0110??1??00?00100?11??01??01???????????????????????????0?00?00??????????
????????????????????????????????????????????1?0?????00???????????????????????????0????0100?????0
?00?0000?00??????????000?0???????00??000??0?01?0000??????0??00111?00100?0?10201??000????01?
0???????0????0000?0?0???0?0??1???00??0??1??????000??00100?0???001??01??2?0?00000?00000000??
??0000?????00?111?0?00001????10?1?0?0?11?0??0????0??0??????????????????
Iaceornis marshii
?????????????????????????????????????????????????????????????????????????????????????????????????
????????????????????????????1101?010311??????113?03????????????????????????????????2??1??1?????
??21?????????????20???1??0??????????????????????????????????????????????????????????????????????
????????????????????????????????21?02{23}11???1101010?11110112101????????????????????????????
???11131401110111020010??1?1?12110212110021??????????????????????????????????????????0100?11
???1?????????????????????????????????????????????????????????????????????????????????????????????
?????????????????????????????????????????????????????????????????????????????????????????????????
??????????????00111???????0?10???????????????0??0??0??????0???????????????1??????????1?????????
??00????0???00???01??????????????0??????1??????????????1???0?00????????????????11?0??0?????????
?????????????????
Limenavis patagonica
?????????????????????????????????????????????????????????????????????????????????????????????????
??????????????????????????????????????????011?13????????????????????????????????????????????????
????????????????20???????????????????????????????????????????????????????????????????????????????
???????????????????????????????????????????????????????????????????????????10000{01}010101011?1
1{12}313011?011????????????????????????????????????????????????????????????????????????????????
?????????????????????????????????????????????????????????????????????????????????????????????????
?????????????????????????????????????????????????????????????????????????????????????????????????
???????????????????0?0???????????????????????????????????????????????????????????????????????????
?????????????????????????????0000???????????????????????????????????????????????????????????????
??????????
Lithornis
100????????????????01010100?00?111??2?02?00?0???????????????10000?00????02?101?1?????????1??
??????2????????{67}?1????????????{12}??11000010311110011?13003??000210101?20200102??2102??
???12?01000???11?12130100?????0??200?01?2010???0?0?0???21???12???????????00???00000??300?11
212100?00011111010110?11{01}1101?1111?01?10121012?0111{12}1211122110100?010110111101121
01111100110001{12}1110000101010101111113130110{01}11102{01}0120110?1121102011000211112
2210010{01}?000011?1????????011?111??00???????????01???1?????????????????????????????????????
?????????????????????????????????????????????????????????????????????0????????????????0??????????
????????????????????????????????????????0???????0?0?????????????????????????????????1??000??????
???????????????????????????0??????????????????????????????????????????????????0???????????????00
00?????????????????????????????????????????????????????????????????
Hongshanornis longicrest
101????????????????11010?????0?11???0????00???????????????????000?001??00????1?1?10???0??0??0
1??1?0????????{234}??????????4???1??11?011103111000111130020?0112???01?20????????2??23?23??
2??100?1??????21{23}01000000000?000?01?1????????0?0????1?1?0????????????0????0000?1?300???0
12???????????????????????????00??????1?????0?????110????????01?0??11???0?10???21000111???110?
??2????0????????????1??2000??000100?0??0?0??000????????1???1100??{01}?00??2?0???1????????????
????????????0100?11??001?11??????0??????????0?????????0??????0???????????????0??????????0??0???
????????????????????????????????0?????????????????????????????????????????0?0?0???0??????????0??
??????????0???????0??????????????????01?1?0?000?0?10???????????????????????0?????0?0???00????0?
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?100?00??0?????0??????????1???00?????????0?????????????????0??0?0?????????0??????????00100????
?????0????????????1?????????????????????
Liaoningornis longidigitris
?????????????????????????????????????????????????????????????????????????????????????????????????
????????????????????????????????????3??1??0???????????????????????????????????????????100?1????0
?21211003000?????0??????????????????????????????????????0??????????????????????????????????????
???????????????????????????????011?01??????????0???0?????????????????????????????0?????01???2???
???????????????????????01?1?0??001111110201000?00?????????????????????????????????????????????
?????????????????????????????????????????????????????????????????????????????????????????????????
?????????????????????????????????????????????????????????????????????????????????????????????????
????????????????0????????????????????????????0?????0?0???00???????????00??0?????????????????????
??????????0???????????????????????????????????????????0010??????????0??????????????1????????????
???????
Crypturellus undulatus
10????012?020002?2001010100?00?111?12002100001011100010???1?10000?000??102?001?1?????????
1110111122100?01107?110??12?24??121?11010010311011011113003??001210001?202201120021023?
23?12?01000100110121301?0???01000200001?20000200?0?001021???120??01??????0????00000103002
112121{01}010001111101011001101111111110010101210101121121211112?101000210110101111121
00111110110001201100001110101011111031401011111020?120110?1121102021100211112221001011
0??011?10102000001111110000??1100?10??01??11?????????????????????????????????????????????????
???????????????????????????????????????0?????????????????????????????????????????????????????0???
??????????????????????????????????????????????????????????????????????2??????????????????????0???
????????????????????????????????????????????????????????????????????????????????????????0????????
?????0???????????????????????????????????????????????
Gallus gallus
100???102?021002?2000010100?00?111?120021?0001?1000001????1?100100000000021101?1?????????
101{01}1111221?0?01007?120??12?24??1{12}1?11012010311020011113003??001211111?2?200112002
1023?23?12?0100011011??213010010001000200100?20100200?0?0???21???121??01???0??00???000001
03001102121211111221101111111111110110001101011121010112011121111211010002101111111111
2100111110110001201100001011101011111131401001211021?121111?11211020211002111132220011
1?00?0110001020?000111111?000??0010110??01??11??????????????????????????????????????????????
??????????????????????????????????????????0?????????????????????????????????????????????????????0
?????????????????????????????????????????????????????????????????????????2??????????????????????0
???????????????????????????????????????????????????????????????????????????????????????????0?????
????????0???????????????????????????????????????????????
Crax pauxi
1001011?2?021000??001010100?00?111?120021000011100000100??1?100000000000021101?1????????
?1000111122100?111?7?120??12?24??121?11002010311121011113003??0002100?1?2?2001120021023?
03?12?0100011011?12130100100010002001?1?20100200?0?0???21???121??01??????00???00000103002
10212121111122110111111111111011000110101112101011201112111121101000210111111111121001
11110110001201100001011101011111131401011211021?111111?1121102021100211113222001101000
011000?020?0001111110000?11100011??01??11????????????????????????????????????????????????????
????????????????????????????????????0?????????????????????????????????????????????????????0??????
???????????????????????????????????????????????????????????????????2??????????????????????0??????
?????????????????????????????????????????????????????????????????????????????????????0???????????
??0???????????????????????????????????????????????
Anas platyrhynchus
100???102?021002?2101001100?00?111?10002??00?1?100010?0???1?10200000100?021101?1?????????
101?1111221?0?011?7?11???10?2410121?11011110311111011113003??0012000?1?2?2001120021023?1
3?12?0100011011?121311?0???010002101?1?20100?00?0?0?1021???121??????????00???000001130021
021211111112211021112111111101100011110111210101020111211113120100101010?1{01}11111210
0011100110001201100001011101111111231401010111021?111110?111110102110021111{23}2210010
210?0011?10?020?000111111?000??0100?11??01??11???????????????????????????????????????????????
?????????????????????????????????????????0?????????????????????????????????????????????????????0?
????????????????????????????????????????????????????????????????????????2??????????????????????0?
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??????????????????????????????????????????????????????????????????????????????????????????0??????
???????0???????????????????????????????????????????????
Chauna torquata
000??1012?0210002?101010100?00?111?100021?00010100010100??1?100000000??0021101?1?????????
1011101112100?111?7?11???1012412111?10000010311111011113103??0012101?1?2?200102?021023?
23?12?0100011011??213010010000000200101?20100000?0?0?1021???121??01??????00???0000012300
1102121{12}111102211011112111111101100011110111210121020111211114010100101011111101112
110211100110001201100001011101011111231401011111021?111111?112110202120021111222200100
1000011000102000101111110000?11101?11??01??11???????????????????????????????????????????????
?????????????????????????????????????????0?????????????????????????????????????????????????????0?
????????????????????????????????????????????????????????????????????????2??????????????????????0?
?????????????????????????????????????????????????????????????????????????????????????????????????
???????0???????????????????????????????????????????????
Epidexipteryx
?01???????????????????1??????00?????0??2??0011?????????????????100?0?0????00001020???10000???
????????????0?{01}????1?1?123??10??0????0101?010?0??????00?1???????????022?????011?03?0??????
????0????011?0??0?10?000???00??1?1?0???00?0?00???0?0?????????1??2?????0???????2?0?????0??????
????0???????????????????????000?0????00??0?0??????????????0??0?0??????1???0?????????????00?{01
}0????????????????????????????????????????????????????10?0?0?0????10?00???0?????????1??11??1???
?????????0?00?100?????0??????????0?????????0?????0??????????????????????????????????????????????
???????????????0????0?????????????????????????????????????????00200??02??????????0???????0?1???
?????????????????????????0011??1???0?????00??????????01?????????0?????0?0?????????0????0?0????0
????????0???????????????????0???????00??????0???0????0?????????0??????????001?00???????????????
??????0????00???00??0100?0??
Incisivosaurus gauthieri
?00?00?01?001??1??100011101001001?010?120000110001010110101111210100001001?1?000210??00?
0????????????????????????????????????????????????????????????????????????????????????????????????
??????????????????????00??00??01?0??0?0?????????100000001000102?00010?100??????000000000010
0001??0000???0000101?1100??0000???????????????????????????????????????????????????????????????
????????????????????????????????????????????????????????????????????????01020?00???0??000?0?0??
??????????11?1100000????1000000?0?0000?000?0?000???1000??1??00?0????000?110??010??01?0000?
00000???00?00????0100??0111000????????????????001000000010000????00200??02?01?000000000???
??00110???????????????????????????????????????????????????????????????????????????????100???????
??????0??0?001????????????????????????0201100????????????????????????????????????????0?0?0?????
?0??????????000?0??????????????????
Citipati Osmólskae
?001001001001??221000101111?01011?000102100011000010001000110121120?0100010111?1????????
?1011101100101211001??201??002200111?0111200110100100?11000001000211001??02012020??1011
1111?2101000000000?000000000000000000011020000000?0?001000?000002011???0???{01}00002000
1220001000000001102?1??0000??0000010001010??0000020011000{01}0?00?0010000101020??????0??
??111000?0?0010000?000000000000?00100?0??0?0???0000000????00000?2000000000000000000002?0
00?000000000020?000110??00{01}10?011011000000011?1100001????1000001?0?0001?11000?001???1
002??0???0?0????000?000??000??01?0000?0000000000100?????100??0111000????????????????101000
000010000????10201???2?01?0000000???0????????????????????????????????????????10???00?00??????
?????????????????????0?0?0???00100????000?00??0???0?00?????????0?0?0?00?0???0?00211??????????
0??00?000?0???????0??????0?0000100?0100????10?????????1?00?0???????????1???000
Oviraptor philoceratops
?00?0??????01?1????0??1??111?1011???0???1?0?11???01?0???0?11?121120?01?00?01?1?1????????????
???????????????????0????????????????12??1?????00???10??00?00??1??0????????????????????????????0
????0????0??0?????00?00000???2?00?0????????????10000?0?0???????0??0???0????00???0?00????????1
0?0?00??0??00?00?1?1????00???00?100????0????????01010?0?00?0?0????1?100??????1100???0???????
?00?????????000?0??00000??????????????????????????????????????0??000?????20????1?0???02?0??110
1100???0011?1?????1????10????1???0?01????????01???????????????0?????0???00??0?0??0??00?????00
???????????????????0?????????????????????????????????????????1020????2?01?0000000??????????????
??????????????????????????1???1???0??????????????????????????????????????????100????000?????????
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??0????????????????0??0???????211?????????00??????0??0??????????????????????00??0??????0???????
????00???????000??0???????
Microvenator celer
??????????????????????????????????????????????????????????????21?20?0?????????????????????011?0?
11000121100???0?1?1002????????????00?000?11000?????0010002???0000?????????????1110??0101100
?0000010???????0??0???00??11?20?0??00???0?1??0?????????????????????0???0?2200000?????????????
???????????????????????????0?0001????????????????????20000?000?01?????00?0??010?00?0000000000
00010000?????00????????0???0??000002000000000000????????????10??0??????????????1????????0???
????????00???????????????????????????????????????????????????????????????????????????????????????
??????????????????????????????????????????????????????????????????????????????????????????0???00?
?0001?01001?????????????010000?0?????100???????01?01??0000????00?????????????0?????0????????1
????000?10?000???0010?0001????1??????00??00?10??00000000??000?0??00000??????????1?01??11100
??001???????????????????????
Caudipteryx zoui
00010??????????????0?111??10?0001?10???21000???0?0????????????21120?0????????0?1??0?????00??
??0??00????1???0???01?????30?????0???0??0???01?0???100000?000?1??????0201202???1????101?11??
???0????01000??1?00?0?000000?1102000??00?0?001000100000?00????0???00?00000?1{01}200000000
0???????????0??????0000????1000???0000?00?0000?0?0?????????????20??0?0?000?11??00???????0?0?
??00?00????????????1??0000???0000000?000000000??0?0?00????0000000??0??2000000??0????????011
01100??01?110???0??000?10???0000?????0????0?0?0001?00?????0????????????????0????00???00??0?0
??0??0?????????000?0????????1????0?????????????????????????????????????????00201???2??????????0
?????????0??0???????????????????????????1???????00??000???0000???????????????0?00??0?0???001?0
?0???00?0???0????10?????0???000??0?00?0???0?0???11??0????00????0?000?0000???0?0?????0?0?0010
0???0????????????????1?10???1?0?10?0?01000000
Ingenia yanshani
?00?0????????????????1?1?????1????????????????????????????????21120?01000?0111?1??????????????
?????????????1???01????2?00???1011120011??00000??100000100021??????02012020011011?11101101
?0000?00011?000000000??0000??11?2000?000?0?001000???????????????????0002?0??2200?1000000??
1?????0?0??0??0000?00??1?10???000??0??1??0{01}0??02??????0101??0??0???0?0?0101000?????1100?
??00?0?????????????????00????0?00?00?000?0?000??0?0?000?0?0?0??00?0????00?000000????????0110
??00?1?0?1101000??000?1????????????????????????????????????????????????????????????????????????
?????????????????????????????????????????????????????????????????????????????????????????????????
????????????????????????????????0011000?001?0?01??101000??0101??11??0??????00000???00?????1?
000000010??1?1?0??????10???0???0??0?000????11???0???010000000100000000??000100?000000010??
????????0??1?0??00?1???1???????????????????
Rinchenia mongoliensis
?00?0????0??????????0111?1???1?11?00010??00???0000?????00??1?12112??01000??111?1????????????
????1??????????????0?????220?????????2??1???00?0???1??0001000?1?????1???????????????1?????????
0????0??0?0???????0??00??001??2?00??????????????0??????00????????00??210??????2??0120????????
10?0?10??0???0????????????0?????????????????????????????????????????????????????????????????????
?????????????????????00???0?00???????????????????????????????????????????????????002?0??????????
??00?1?1?00001????1??0001?0?0001?11??0??01???1???????????0????000?000??000??01?00???0?00000
0?0????????100??0????0????????????????????????????????0?????????????????????????????????????????
??????????????????????????????????????1?1001??????????????????????????????0???????????????????0?
???????????????0???????????11????????????????????0??????????????????????0??????????0????????????
0????????????????????
Conchoraptor gracilis
?0010??????????1???00111?1???1?11?000??21000110?00????1?0????121120?010?0?0111?1??????????0
1010110010??1?012?110??10????01?1?????20011000010???????0010002100010102002020??101101{01
}1?11010000??00010000010?000??000?001102?0?0000?0?0010001000002001???????0?0?0200012?????
?000000000????????10???0100100????????000??0?010??????????????????????????????????????????????
????????????????????????????????????00?00??000002000000000000?0000?002?01?????????0?020?000?
?0??002?00???????????0011?1?00001????1??00?1?0?0?01?11??0??01????0?2????????0????0?0??00??0?
0??01?00???0?00?000?0?0??????100??0???00???????????????????10???0???????0?????????????????????
????????????????????????????????????????????????????0?0??????????????????????????????0?0????010?

530

????010?????0?????0???????10???????00?0???????21?????????????????0?000000???????????????0?1?00
????????00????????????0?0??????????????????
Chirostenotes pergracilis
?????1??01?01101??0???1?110?0??????????????????????01010??????21120?00000201???1?????????????
???1101?12????1?12???0????????????????101?1??????????00?100021?00101022120201110?111{01}??0
1??100???00?100000200000??000?0?1??20?0?000?0?00100????????????????????000?????{12}????10??
??????001????00????????????01?10???0????0011??00????????????????20000?00000???????????????????
??????????????????????????????00000?00??00000?00?0????????000000?0???0000?????001020?00???0?
???????1????????0?001???????????????????1?0?00???0??????????????????????????????????????????????
????????????????????????????????????????????????????1000001000???????00200???2?01?000??0000???
???????0???????0?0??00???1000?0??????????????0??0??101000?????1?0100?0??0?00??00000?001?0??1
?1?000?01?????1?0??????10?????000??0??????02?1???0110?1???????000000000???00????00??00010?0?
?0?????1?0??0???????0?1???????????????????
Avimimus portentosus
?00?0???10011?00??0??1?1???????1???1?????00?11??00100110??????2?1???00?0??0111????????????01
1010110101?1?00??100????????????????????????0100??????????00?211?01??0201202010?011?0?10001
00?0???00011110020???00??0?0?01?02?000000?0?001000????????0?????????00?01??0?02001?????????
???????????0??0???00??0??????????02001000??????????????????????????????0?????0?0?0010000?0000
00000????????????2???????????{02}0?000?0000020?010000000000000??00?01??0??????0?????????????
???????????????????1?0???????????????????????????????????????????????????????????????????????????
????????????????????100??0?1100????????????????????0000001?0?00????????????????????????????????
????0???????0001000001??????????????00001???????101001??0101?0100?0?000??001000??00???????0
??0?1001??101????0000100000?????1001101102?????101010000000????00?000???001000000000010?0
????1??01????0??00?1???1???????????????????
Falcarius
??01?11100001111010?????1????00??????????00??????0000000??????100?000??0???????001010001?1?
?0001110101210100012000100??0000??????000001000100010?0000100?0110010102203010101001000
10000000000000110000000000000??000?10?00?0?000?0?001000????????0?001???00?0?0?0??11?0??00
0???????000??00???0??00?00100?0?00??0000??0010000{01}0??????????0100020000?00000001110?1?0
?0010000?001000000000010000???0100???0000000?0000000002000000000000?00000000?0000??0000
0?0?200000??0???00000?1100?00000000???????????????????000?00?00100????0?????????????????????
???????????0?????0??????????????00?00????00?00????????????????????????0000001010010????0??000
0000?1???0??????????????0?0???????0001000001000??1000??1010000000100000000000?0101?0100000
00001?0000001000?0??00101000010?1?01?11?1000100100000000011101002?0?1011110000001010001
00000??000001000?000000?0?10?10000?011011002?00?10??????????0?000000
Beipiaosaurus
0??1???????????????????????????????????????????????????????????10?10?????????????1001001?100???
?1??????????????000??0220?????????0000??0????0?1000000?0000??001???20220??0??0????0??00?0??0
0??????0000????0???0??00111???0?0??0????0010?0??????????0??????????0???0??????0???????????????
??????????????????????00????001000?????????????00?00????????????????????????????????10000??????
?????1??0100???000000???0??0??0?????0???????0000000000???0?0?00000????????????10?????1?1100?
?0??000?1?0?????0????????????????????0??????????????????????????????????????????????????????????
???????????????????????????????????????????????????????????0??0?00??????????????????????0???????
0??????????????????????1???0?00??00???00?1????????10?????0?0?????????00???????1?1?0????????1??
1?????10???000?0?00???????????????????0??0?01000?01010???0?11??10??0?1?0???1?????????????????
??1?????????000001000000
Segnosaurus galbinensis
??????????????????????????????????????????????????????????????21??10?0000?000???0100?001???????
?1??????????1?0?0??????????????????0?10?1?00000????0???20011100102020221??0110201101?11001?
00?00?11000000021?0??00?01?1??0?0???00?0?010?00??????????0?????????00???????0???????????????
??????????????????0?0????0??????????????????????????????0??????0????1????1???0010000?00100000?
????????????????????????00?00000??10??????00?????000000000??21?0????00???????????????????2????
??????0??????????????????????????????????????????????????????????????????????????????????????????
?????????????????????????????????????????????????????????????????????????????????????????????????
??????????10????????????0?00???????21020010?0101??02???????????0?00??????????????0??01??0??1?
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?1????????2???????0??110????????1???????10100??1?11122210111111112?111201??????????0???1????
??????????????????????????
Erlikosaurus andrewsi
?0012???2?0?1?1??1010011100??0001?1000001000010000000000??11112100100000020001?001001001
?????????????????????????????????????????????????0???????????????????????????????????????????????
??????????0000?021?0??00??11??00?0?00????????????0?00000010010??00000?000????0?000002000001
???10?0100???0000?0?10000??0000????????????????????????????????????????????1?0?0010000?00100
00000?????????????????????????????????????????????????00000000????????0000?0????000?????000?0?
????????0????01?0001100????1?10000?0?00?0?100000000???0??0?00??00?0????000001000000??00?02
00?00000101000?00001?000??00?0?00????????????????00000001101????0???010010002000000000000
000??????0?????????????????????????????????0?00???????????????????????????????????????????0000??
?????00??0???0?011????????2??????????????11210?11???????1?0?1????????????????????????1?0100100
0????01??????????010?0??????????????????
Alxasaurus elesitaiensis
??????????????????????????????????????????????????????????????210?100????????????1001001???????
???0?01010000?1?0101002?0?1???????????0?000??0?10?0000120?11??0??1?20?21???11?????????1????
0?????????00000?10000??001?1??00?0??00?0?0???00??????????0??????????0?????0????0?????????????
?????????????????????0??00????0??00??{01}0????????????????0????????0??11??01??????0?0???010000
???????????10?0100???000000???0??0?????????????????????????????1000000?0????????0?????????????
????????000??????????????????????????????????????????????????????????????????????????????????????
??????????????????????????????????????????????????????????????0??0020??????????????????????0????
????????11101?????1??0?11??0?00??010?0?????01?????????2????????????????200??0????1?1??0??0???
?1??1?100???????0000000??1??0???0?00???11?0????01100??11?1?????1111?????1?00???10?1???0?????
???????1?????????????????????
Neimongosaurus
??????????????????????????????????????????????????????????????21????0?????????????0??001?1??000?
110101?1?0?10?2?1?1?02200????????0001010000??????????????111001?2?????????????????????0??00?
???0??000000021?00????0??1??00?0??00?0?????0???????????0???????????????1{12}200?0????????????
?????????????????????????0?????00?0000?0??????????00000200?0?00000?0?11001?0?0?10?0???010000
?0?00?????????????????????0???????????20?00???????0?00000000?0210??????0????????0??????????2?1
100?000?????????????????????????????????????????????????????????????????????????????????????????
???????????????????????????????????????????????????????????????0????2???????????????????????0????
???0??1??11???????0??01?10?0?00???????21?2????????????2?1???1?00??00000?1???0??00????00????00
??????100010?2???????00?????1???0?0111?111001011????1?1121?????111111????10????1??11??0?0??
0?100???1?1???????????????????
Erliansaurus
?????????????????????????????????????????????????????????????????????????????????????????????????
??10??1??????????1???????????????0?0???10?0?0???00000????1?0?1??????????????2??1????10?00?0?0
001?0??00??????????00?????????????????????0?????????????????????0??????200?????????????????????
????????????????????????0????0???????????????????????????????????01?0?0?10?0???010000???00010?
??????100???000000???????????20?00???????0????????????????0??????????????????????????????????00
0????????????????????????????????????????????????????????????????????????????????????????????????
?????????????????????????????????????????????????????????????????????????????????0???????????????
????????????????0?0?1?0?01????????????????02?0???1?000??????????????00100???????0?????????00??
?100?????00?11????????????????011?111111??11?1???0?1?11111011?0?????????1??????????0?1???????
????????????????
Suzhousaurus
?????????????????????????????????????????????????????????????????????????????????????????????????
?0101??01000??0??1????0??????????001010000???????????200111001?2020?2?10010020110101100?00
??????????????????0???????1????????00???010????????????????????????0?????0?0????????????????????
?????????????????????????20010000{01}????????????????20000?00000?01010?1?0?0010?0???0100000?
?00?????????????????????00?000?00?1020000?????????????????????0??????????????????????????2?????
?????????????????????????????????????????????????????????????????????????????????????????????????
?????????????????????????????????????????????????????????????????????????????????????????????????
????10111100100000?11010?00??????021020010?0101?00201010????????????????????0???0??01??00?1
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????1000?0?2???????00????????????????11?100011????1112212111110??????????????????1?0??01102?
0?2????????????????????????
Nothronychus
?????1112??11?1?0?0????????????????????????????????00000????????????????????????????1??????????
??10101?10?01?1?00?100220?001?????00000?100?00????00000200??10?1?2020221100100201101?1100
100?100011000000021?00???00??????0?0?000?0?010?00?????????????????????0????1{12}200?????????
??1?????????????????????????????????0010000{01}0??????????00000200?0?00000?0211001?0?0?10?0?
??010000???00010???????000???00???00?000000?1020??000000000?00000000?0210??0?000?0????000?
???????0???1100?000?000?????????????????????????????????????????????????????????????????????????
???????????????????????????????????????????????????????000?01100????????????????????????????????
????????0???????0?0??1010110???0000?110?00001?0?0?021?20010?1101??02???1?10000?0?000?10????
?0?1?0000010?0??1?11?1?0010020000?00001110?1?2??????1?1110?0001???111122210111111?1210112
0??0????1?1?0???10?????1???10??????????????????
Enigmosaurus
?????????????????????????????????????????????????????????????????????????????????????????????????
????????????????????????????????????????????????????????111?01?2020221100??0201101????????????
??????????????????????1????????00???010?????????????????????????????????????????????????????????
?????????????????????????????????????????????????????????????????????????????????????????????????
????????????00?000000?10?????????????????????????????????????????????????????2??????????????????
?????????????????????????????????????????????????????????????????????????????????????????????????
?????????????????????????????????????????????????????????????????????????????????????????????1??1
?????????????????????2?020?10?1101?????????????????????????????????0??01?????1?????????????????
?????????????????????????????????1?122121100????????????????????????????????????????????????????
??????
Nanshiungosaurus bohlini
?????????????????????????????????????????????????????????????????????????????????????????1???????
101?121???0?????????????????????????????????????????????????????????????????????????????????????
?????????????????????????????????????????????????????????????0?????1?????????????????????????????
??????????????????200??0????????????????????????????????????????????????????????????????????????
??????????0????????????????????????????????????????????????????????????????2?????????????????????
?????????????????????????????????????????????????????????????????????????????????????????????????
????????????????????????????????????????????????????????????????????????0??????????1???1??0?????
???????????????????21?2??10???01????????????????????????????????????01??0??1????????????????????
????????????????1??????????????11222??11????????????????????????????????????????????????????????
???
Therizinosaurus
?????????????????????????????????????????????????????????????????????????????????????????????????
?????????????????????????????????0010?0000????0?00200?????????????????????????????????????0??0?
11000000021?0????00???????????????????????????????????????????????????00???????????????????????
???????????????????????????0??????????????????2000??00000?01?1001?0?0?10?0???010000?????010??
?????100???00000??????????????????????????????????????0??0100????????????????????????????????00
?????????????????????????????????????????????????????????????????????????????????????????????????
?????????????????????????????????????????????????????????????????????????????????????????????????
?????????00?1010?00100101??????????????????????????????????????????001?0????????0??????????10?
?0000????????????????????????1110111111????????????????2?111?0?????????1???01????0????????????
??????????????
Haplocheirus
?0010???00010?0?12011011101112001?000020100?0?1010??0001?0010000010110110?1000001101010
100??10??0?0111201??0?00001?0???0?00???????100210001210?0?00010???001?00?101002010010?011
000?00000000?0000?0000000??00?1110001100010001?0???0010?01000000000??0000001?00000?10200
0000000????00???00???0???000000??0??0??0000?000?000????0?????????????20000?000000010101????
??100???000?00???????????0???00000??0000000?00?000100200000???????000?0??0???0100?000???0?0
??????????00?0??????????0?0000001?00001??0?0000000?0?01000000?0??11???0??0?01??01?0????0000
01000000??00??100?00000000000?000????00??0??0?0??????001????????0?0??0?0000????0???00000??0
0?000000??00??????????000???????0??1???????????00?1010100??0100?00?0????????0?01??0???00?0??
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???0?????00000?00?101000??00?0??010?11001001000100000110??00??0?101???00000???0000????????
?000????????00101???0?1?1?010?????0??0000???0100?010001000000
Alvarezsaurus calvoi
???????????????????????????????????????????????????????????????????????????????????????????????01
000???0???0?20?0?2012????????????000?00????????0??1?0000101?00?2??????????????????01?000??0?
?0??11000000??00????????1???0?0??00?0?????0??????????????????????0????10??????????????????????
??????????????????????????00100???0???????????????2?000?????0?0?0??????????????????????????????
??????????????????0??000?00???2????00000000?000???00?02???0?????????????0????????0??????????0
0????????????????????????????????????????????????????????????????????????????????????????????????
????????????????????????????????????????????????????????????????????????????????????0???????0001
?00????????00?10?0?0???????????000?000?????????????????0??00?????00????????????0??0??0????????
1000???????10?????101???????1????00?????????00000???????1???0?000?10??????1???0?0??0??0??????
????????????????????
Patagonykus puertai
???????????????????????????????????????????????????????????????????????????????????????????????1?
01?112????012010?2?2??????????????00210???210?????1?0???1????1010?????20????21202??11000000
000001210??0????001??0???????0?????????0????0?????????????????????0?????01????????????????????
?????????????????????????0?00100???????????????????20000?000?00??????0?0?0000??0?0010000???0?
?????????1???????????0???0????100200000000000??00?0???????10??0???????????????????????????????
????0????????????????????????????????????????????????????????????????????????????????????????????
?????????????????????????????????????????????????????????????????????????????????????????????????
??00001?01100?0?????000?1100??????11???0?0?01?01?1?000?10??1????0?00?????0????00?000?0??1??
?0??1001?101??1?0?1111111????????????0?00000??0?????00??0000?00?0?00??1?????????10??1???0???
0????1???????????????????
Achillesaurus
?????????????????????????????????????????????????????????????????????????????????????????????????
???????????020???2??????????????????????????????????????10??01?2???????????????????1??????0??1?
01000??0???00????????1???????????0?????0??????????????????????0????????????????????????????????
?????????????????????????????????????????????????????????????????????????????????????????????????
????????????0???????????2????00000000?0??0??0??????????????????????????????????????????????????
?????????????????????????????????????????????????????????????????????????????????????????????????
?????????????????????????????????????????????????????????????????????????????????????????????????
???????????????????????00?0??????????0????????00?0????0??????????????????????????????11?????????
???????11?????????????0????????????000???????1???0?00?????????????0?????0??????????????????????
???????
Mononykus olecranus
??????00???????112???????????????????????????????????100????????????????????????2????00???????1
?1?11102001???2?10?2??????1???1000?000200030210?02201100??1????1?201000?2?????3??0??021010
0111011212000030000001??00???1??0?0??00?0?0???00??????????????????????????00011?????????????
??????????????????????????????0?0010?0?????210???00?????2?010?0?0?0?010?011?0?0001000?001000
000000??0000???30000???0???0??00???????2000000000000??0000??0?00?0??0??000???????01?0?????0
?0????????11102?????????????????????????????????????????????????????????????????????????????????
????????????????????????????????????????????????????????????????????????????????????????????????0
???????1001001000????????1010100000100?????011???0???01?010000010101?100000100????0??????0
0??1??0???021?1110010111111111101011???????0100000000000?000?0000??000010000?000?10??????
??100?10100?0?01???1????????1??????????
Shuvuuia deserti
?00101002?010111120110001011?01111?10020100001010010010???1110?00101001002100??0211??00
0??0111111011102100?0?201012012110100?1000?00020003021??0220110000101001?201000?2002203
??03?02101001110112120000300000011000001100000010000?00??001000000001?010??000000000?00
0100000000?101000?10000110?0111000??0{12}0????0100?0010000{01}0?0210?0?00?????20010?000?
010101011?0?0001000?00100000?000?????????30000??000??00?000?00?1020000000000000?0000000?
00100000?0000020?0001?01?1010001???????1110200?000?000??0?1??0000?0?00000?00000100???0??0
?00??01?0????0?????0??000??00?0200?000000??0?0?0??00?000?001?0?0???????????????????00000000
0????????00000?000?00??000000??00??????0?0???????00010010001011?0001010100000100??0?011100
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00???01??1??????????0???0????00001????1??00??1??00110210?110010?1111111??0?01002?0??00??0?0
000000?000000000??000?????00000010101?0??0?00110????00?1101?0?0?00??10001??????
Parvicursor
?????????????????????????????????????????????????????????????????????????????????????????????????
???10?????????1??2????????????????????????????????????????1????2?1000???02203??03??2??100011?1
1211000030??00?????????1??????????0?00??0??????????????????????0?????0?????????????????????????
?????????????????????0?00?00????????????????????????????????????????????????????????????????????
???????????????0????????1?2000000000000??000?000?00?0???????????????0???????????????????11???
?????????????????????????????????????????????????????????????????????????????????????????????????
??????????????????????????????????????????????????????????????????????????????????????????????100
0?????00?????????????????????????0???01??10??00?0?01??000??100???????????00??1????????1?111???
????????11100010????????????0????????????0?????000??00000000010??????????0???1?0????1???1????
???????????????
Albertonykus
?????????????????????????????????????????????????????????????????????????????????????????????????
??????????????????????????????????????????211?????1?0???????????????????????????????????????????
?????030?????????0??????????????????????????????????????????????????????????????????????????????
?????????????????????????????????????????????????????????????????????????????????????????????????
????????????????????????????????????????????????????????????????????????????????????0??02????????
?????????????????????????????????????????????????????????????????????????????????????????????????
?????????????????????????????????????????????????????????????????????????????????????????????????
???????????1??????????????????????????????0???00????0??????????????????????????????????11???11??
1???????????????????????????????????????????0????0???????????1??????????????????????????????????
??
Albinykus
?????????????????????????????????????????????????????????????????????????????????????????????????
?????????????????????????????????????????????????????????0????????????????????????????????1101??
121100300000?????????????????0000?????0????????????????????????????????????????????????????????
?????????????????????????????????????????????????????????????????????????????????????????????????
????????????0??????0????????000000000?0000000?00??0????00????????0???????????????????11???????
?????????????????????????????????????????????????????????????????????????????????????????????????
?????????????????????????????????????????????????????????????????????????????????????????????????
??????????????????????????????????????????????0?010000??00???????????00??1?????????????????????
??????????????????????????????????????????????????00000?10??????????0??????????1????????????????
???????
Bonapartenykus
?????????????????????????????????????????????????????????????????????????????????????????????????
???112??0????????????????????????000210???????????????????????01????????????212?2??1???????????
?????????????0???????????0?0???????0????????????????????????????????0???????????????????????????
?????????????????????00100???????????????????20000?000?000??10?????????????????????????????????
??????????????????????100??????????????????????????0????????????????????????????????????????????
?????????????????????????????????????????????????????????????????????????????????????????????????
?????????????????????????????????????????????????????????????????????????????????????0?1000??1??
???0?010?010??????????????????0?0?01?????????????????????00?????00???????????0??????1???011???
??????????????????????????0??????????????????0?????0????????????????????10????0?????????????????
?????????
Ceratonykus
?0010???2??10?????????????????11???10?201?0?0?0100??0?????????????01?0????????????????????????
??1?1??????????????????????????10????0?2???0?????????????????????????????????????????????1??????
??212?0003???00????????????????????0?????0???????????????????0???????????????????????00???????1
????111????????????????????????????21?????0??????0000?0???01???????????????????0???????????????
?????????????????????????????????00000000??000?000?00?0????????????????1????10?0??????????????
?0??0?????????????????????????????????0?????????????1?0????0?????0??000??0??02???0?0000??0?0?0
??00?000??0????0???????????????????0??0?00??????????0?0?????????????????????????????0???????000
1?????????????????????????????????????????????????????0?0??1000???????0??????????????????1?????1
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?00?0?????????????1???????????????????????????????????????00?00001???????????01????????????????
?????????????????
Linhenykus
????????????????????????????????????????????????????????????????????????????????????????????111?
101?1??1?0???2010020?2???????10?0???1??????????0?21110??????????2??????????????????0?1010001?
???2?2?0?030?0000???0????1??????????0?????0???????????????????????????01???????????????????????
???????????????????????0?0012?0?????210????0?????20??0???0?0?0???????????????????10000???0????
??????31??????00??0?????????1?2000000000000??000?000?001?????0?0?????????1???????0???????????
??02?????????????????????????????????????????????????????????????????????????????????????????????
????????????????????????????????????????????????????????????????????????????????????0???????0001
?01000?????0??????1??????????????????????????0?0??00?0?0???000???00?0??????1??0????????????101
1????????1111?1???0??????????????0????????00???????????01??00?00001???????????0?1?110?0???????
???????????????????
Xixianykus
?????????????????????????????????????????????????????????????????????????????????????????????????
???102?00?21201??0???????????????????????????????????0?01?1??1?200000?20022?3??03?02?0100111
01121211??3???000???????11???????00?0?00??0??????????????????????0????????????????????????????
????????????????????????0?0010000???????????????????????????????????????????????????????????????
?????????????????00?000000?1?2000000000000??000?000?0?????????????????????????????0??????????
?????????????????????????????????????????????????????????????????????????????????????????????????
?????????????????????????????????????????????????????????????????????????????????????????????????
1000?0??????????????????????000110000???01?010??00?0?00010?0??????????????????????0??1???1011
????????????111??11?????????????0??????????0?0000??000010000000001??????????0????100????1???1
???????????????????
Nqwebasaurus
?0????????????????02????2010????????0100?00??1?????0?00????????????????????????02????1??????00
?11001???1??????????????????????????0102?000??0?00?10110??????????????????????????00?????0?00
00100010000000?000?1??00??????0?0?0?????0????01?00???00?????????????????10200???????????????
??????????????00????????????????????????0?????????????20????0?0???0101?0??????10?0?????????????
??????????00000??00000??????????00????????????00?0????00??0?0??00000????????0??????0?0???????
???0?001?????????????0?0??????0???0??????????0???0??????0??????????????????????????1???????????
???????????000??0??0?0??????????????????????00????????????????????????????????????????????0?????
????????????????????000??01?0?1?0?0????????????????????????0????00?0???00?????0?111?0???1??0??
012?????100??00010000100001???????0?????????????0?????????????????0?000010??????????0????????
???1?1????????????????????
Shenzhousaurus orientalis
???0???????????????210001?10?0??1???000??00?000?0???????????0?00000000??0??0?1?12?0??1??????
??????000??1???0???00000???0??????????????????????????010000000??11000100101?000001100??000
01?0??????????????????0??1??1?0011?????00???0010??10000010????????00??0?00???0???00?000?????
???????????????00?????0??????0?00?0?100?0?0?0??????????????????????????????????????????????????
???????????????0?????0?00000?00000?0002?000?????????????????????????00?????????????????00000??
?????????01?00??00000??0?0000?00?0?0000000000??00???0??0??1???1??????????????????????????????
???????????????????????????????????10???????0??????????????????00?00??00?000?0????0????????????
?????????????000???????00?????????????????010100000?0001?00??0?????????????????01?????0?10??0
0??1??00?2?0000????????100?0????????00?10????00????????00000000???00?????????????0???0??0???1
???????????1?????????????????????
Ornithomimus edmonticus
?00010?1101101?10102100010101010110000000000000001000000??????00000000010?1001?1???????0
?001?1011000011100010100000000100100??????01120012000000?202001000000110001101011000001
10010000011000100010000020??00?011111110121110000?0?0010001000000001?????0001?000000002
100000000?????????0?0?10???000010110??????000000010000{01}0?0??????????????0??0?0?0?0?01?10
01?0?00?000???0000000??00??????1??00000??0000020?000?000002000000000000?0??0?????0??0??000
?1???????0???0??0000000????????00010000?00000?00?0000?01?0?0100000??0??00???0??0?01??01?0??
??000001000000??01?00????0000101?0000??000000??0????0???????????????????1????????????????002
10???0?000000?010????????????010?00?00001000011???????????????????10?00???1??????????????????
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???????1???????0111100111111111?11000???????100??0???00?01????101?0???1??0?0000?1000000000
0????0000000000000100?0????????1???????????10?0??????????????????
Archaeornithomimus asiati
??????????????????????????????????????????????????????????????????????????????????????????00?101
100001110001?100000000?0??????????010200?20000?0110{12}0???000?0110001101011000001020100
0001100??000?0000020??0000?10??10??1?1??00??0?001000????????????????????????????????????????
??????????????????????????????????0?001000?{01}0???????????????20?00?00000?0?0??01?0?0010000?
000000000000010000???00000??000??00???00000002000000000000?0000??00?0?10?000?????????????
0??????0?0????????00001?????????????????????????????????????????????????????????????????????????
?????????????????????????????????????????????????????????????????????????????????????????????????
???????0???????0??1?00001?00??00000?00020010?010?010100000?01011?00000000000?000001000???
??001?101?001?11?0????000010000001100001??011???????110?000001100000000000??000000000?000
?10??????101?0?1?000?000????1?????????????00?00?
Anserimimus planinychus
?????????????????????????????????????????????????????????????????????????????????????????????????
?????1?????????????????0??????????1?200?2????00?20200100000011000110101????001?001??????????
??????00002???00????11??10??1?1??00?0?001000??????????????????????????????????????????????????
???????????????????????????????????????????????????0????????0??1?????????????????????????????????
????01000??00000?????????????????????????10000??00??0??0??00?1??????????????????????????????00
1????????????????????????????????????????????????????????????????????????????????????????????????
?????????????????????????????????????????????????????????????????????????????????????????????????
?????????????????????10?0??1?1?????????????????????????1?0??????????11011011001??1?0????????10
0???01?00?????????????????????000?10?000?????????????????????010???????????????????????????????
??????????????
Struthiomimus altus
?00010?110??0??1010210001011101?1100000000000000010??0001?01??0001000001020001?1????????
?001?1011000011100010100000000100100??????011200120000001201001000000110001101011000001
?0010000011000100010000020??000011111110121110000?0?0010001000000001??????00?1?0000??221
0????0???????????0?0?1????000?????0?00???00?0000?0000{01}0?0?????????????200?0?0?000?0101001
?0?0010000??00000000000?100000??00000??0000000?000000000200?00000000000000??00?02100000
0?10022000000?0??0?00?00?????????0010000000000?00?0000?01?0?01000000000000???0??0?01??01?
0????0000010?0000??01?0000??0000101?00?0??000000??00?0?0???????????????????1000011010?00???
?00210???0?0000000000????????????00??00?00001000011?????000000000200?110101?10100100?0101
1?00000000000001000100000111001111111?1?110000??000010000001100001000110100???1??0?0000
1100000000000???000?000000000100?0?0?101?1110000?0000?1010???????0??0100?0?0
Gallimimus bullatus
?00010?110110101010210001011?0101100000000000000010000001?01000000000001020001?1???????
??00111011000011100010100000000100100??????0112001200000??20100100000011000110101100000
110010000011000100010000020??000001111110121110000?0?0010001000000001?????0001100000002
21000?00000001000000?0000??00000?0?10200??1000000010000{01}0?0?????????????20010?00000001
01001?0?0010000?0000000000000100001??00000??0000020?000000000200000000000000000?000?021
000000?1002??0000?00??0000000???????000010000000000??0?0000?01?0?01000000000000???0??0?01
??01?0????000001000000??01?0000?00000101000?000000000?000?0?000???????????????00100001111
00000???00210?0?0000000000000000????????000000?00001000011{12}000000000000020011?0101010
100100?0101100000000000000100?10001110111111011001?110001??000010000001100001000110100?
??1100000001100000000000??0000000000000010000?001010111000010000?1010??????????????????
Garudimimus brevipes
?000?????01101????02?00010101000??00000000000000000?00001?0100000000000002?001?1???????0?
?0111????0001?10001?100??00?????10????????????????????????????0000001100????????????0??00100
0001?000?000?000001000000?01??1110?2?1?0?00?0?0??000100000000??????0000100000010???00?000
0?001000000?0000??0000010110000??0000000010000???0??????????????????????????????????????????
??????????????????????????????????00?0000000002000000000000000000000?021?0????0000????00???
0??001000????????00???0000000000002?0000?00?0?01000000000000???0??0?01??01?0????000001000
000??01?0000??00000000000000000000??00?0?000??00?010???????001000000010???0???00210???000
0000000000000????????0?0?00?0000??0001110000000????????????????010100100?0101?0000000?0000
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00100?10001111??????001000?1?0001??0000???????????000010110100??????000??????????000000??0
000000000000010000?0010??01??0011??00?111???????????????????
Pelecanimimus polydon
?00???????1????????2100?2?1??0000??000000?0000??????????????0?000?0000???????000211??0001??0
00???0?0?111?00???????????????0??0?00???120????00??0?2010?????????????????????????????????????
???????????????????1001010????0?????0?????0????10000??0?1?0????00????0000?0?10???0?0?????????
?0?0?????????????????????00???0?10??????0??????????????0??0?0?0???0????????????????????????????
???????1??00000??00000??????????????????????????????????????0??000???????????1?????0?00????????
???001?00??00010??0?0000?00?000000000000??00???0??0?01??01?00?0?0000011??000???????????????
???????????00??0?000??????????0010000????0??????????????????0??00??00??????????????????0000000
0?10???????0?0??????????????????????0?01?????????????????????????????????????010?1??111??????0?
???0?2?0?????000001100??????????0?1101??????????0?000????????????????????????1???0??????1?????
?????111????????????????????
Harpymimus okladnikovi
?0?????????????????2100??????0??????000000000000??????????????000000?0000????1?1200??1???0??
?1???0?00??10001?100000?00?001????????0?1?001200000000010?10??00???????1????????????00?00??
????0??0?010000010??000001011????1?0???00?0?0???001??0000??1?0????00??0000??11?10000000???
?????????0??????????????0000??00?00000?0000{01}0????????????????????????????10??01?0?0010000?
000000000000???0?010?00000??0000000?0?0000?00?????00000000?00000?00??11??0000?0????????0??
?????000?????????0?001?000000000????0????0??0?0?????0000?000???0??0?01??0??????????????????0?
??1?00??????0????????????00000??00?0??????????????????????????????????????00210??0000????????0
????????????0???????000??0000?1??0????0000??2001?00?01?1??0010?????????0??????????00?0??0001
100100011??0??0?11?00????000???000001000????011???0??01???00000110?000000000???0?00???0?00
0?100?01??1?1?01??00??00???1?????????????????????
Beishanlong
?????????????????????????????????????????????????????????????????????????????????????????????????
?????????????????????????????????010200120000????0100?????????????10???1??00??????000001100?1
0001000?01??000?0???1???0??1?1????????01000????????????????????????????210????????????????????
??????????????????????????????0??0???????????????20010?0000000101001?0?0010?00?0000000000000
10???????????????????0??????????2000000000000?00000?00????0??0?0?0????????0?0????????????????
?00?01??????????????????????????????????????????????????????????????????????????????????????????
?????????????????????????????????????????????????????????????????????????????????????????????????
????????????????00000020011?????????????????????00?????0?00000?0???00?????00??1?0???0??1?????
?????1000000?1??00?0?011?????????????000100??00????????????00000000001?????????1???10?0??0??
0???1?????????????00?00?
Sinornithomimus
?0001?????1?0????1?21000??1010001?000000000000000000?000??0???00000000?00????1?1?????????0
001?0?10?0???100?1?1??0?00?0?0?100??????010200120000?01101001000000110001101011000001?00?
00000110001000?000?010??000001011100121?1??00?0?0010?01000000001?????00001000000?0210000
0000?????????????00??000001?1?0??????00000001?000?0?0?????????????20010?00?00?0101001?0?001
0000?0000000000??01000010?00000??0000000?000000000200000000000000000??00??1100?0000?????
????000???000000????????0?0010000000100?00?0000?01?000100000??0?000???0??0?01??01?0????000
??10??000??01?0000??000??????00000000000??00?0?0?0?????????????????10000????????????00210???
0?0000000000????????????0???00?00001?000?????0?0??000000200?100?01010100100?0?010000?000?0
0?0??1?0?1?00111?1001110?1001?11?00???00001000000110000100?11??00???110000000110?0000000
00???00000000000001000??0?101?011?000?0?00?101??0?00?00?00???????
Qiupalong
?????????????????????????????????????????????????????????????????????????????????????????????????
????????????????????????????????????????????????????????00??1100????????????01100?????????0??00
01000002???00????????1????????00?0?0???0???????????????????????????????????????????????????????
?????????????????????????0???????????????????????????????????????????????????????????????????????
????????????20?0?0?00000?????00000000?0000?000?02????????1????????0??????????0????????00?????
?????????????????????????????????????????????????????????????????????????????????????????????????
?????????????????????????????????????????????????????????????????????????????????????????????????
????????????????????????10100?00?0001??????????000?010001??0??????????1??110????0?????????????
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????????1??01??????????????????????????0000??000??0000?00001??????????01??????1???????1???????
????????????
Kinnareemimus
?????????????????????????????????????????????????????????????????????????????????????????????????
??????????????????????????????????????????????????????????????????????????????????????????????0??
?00001???00????????????????????0?????0??????????????????????????????????????????????????????????
???????????????????????????0?????????????????????????????????????????????????????????????????????
?????????0?????????0??????0000000000000?000?02?????????????????????????????????????00?????????
?????????????????????????????????????????????????????????????????????????????????????????????????
?????????????????????????????????????????????????????????????????????????????????????????????????
???????????????????????????0???????????????000??00000?00????????????????????????????????????????
??00???1????????????????????????????????0???0000???001???????????0??????????????1??????????????
?????
Huaxiagnathus orientalis
?00?0??????????????0001???1???0?????00??0?????????????????????00?0010????????00010?1010?00??0
???1????????0??????00???0?002010????000000000?00??010000000020?0??000100201?000012?0???0??
????0??0?010000000?0?011??000????00?0??00?0?0010?0100000?0?1?00????0????0000??200???0000??
????????????????????????????????00?00?1??0?{01}0?0????????0000020?00?0?0?0?010100??????10?0??
?0???????????????????010????000??00?00??00000??????000?0??00??0??0????100000000????????000??
??00000?0?00??000000?01??00000??0?00?0?00?10000000000???1??????????????????????????00?00???
????????????????????????????????0?????????????????????????????????????????02?00???0?????????????
?????1?0?00???????0?0??0000??????0??0001100???1?0?000??00000??0????????????0?????0?0???0?0?0
?00?101000??01?0?00?0?00001000?000??0???????0?????10?????00????0?0?0?0000????0???0????00001
00?????????????????????000???000??00??????????
Sinosauropteryx prima
000?0??????????????0001???1???0?????0000??????00??0???????????00??01???????1?0001001010?000?
01??100????1?0?0????00?110000201??????00000000?10??010000?00020??????0100201?000?11?0?1?00
?0??000?0?01000000000?011??0000??000?0??00?0?000??010000000?1?00?00?????000?0??20000?000?
?????????????0???????0101????????0000?0??0?00{01}0?0??????????????0?00?0?00??010?000?????10?0
???00?00????????????1??0100???0000000?00000??0?2?????00??0??00??00?0???0100000000????????00
0?10???000?????????0000?01???0000??1??1????0?1?0?00??0??????0?????????????????????????00??0??
?????????????????????????????????0?????????????????????????????????????????02?00???0????????????
??????000100???????0?0??0010??????0??00111?0???110?000??00000??0?0???0??0???0??0?00?0???0?00
0?00?11100???0000?00?0?0?001000?0?0?0??????010????1100???0000???0?000?00000??000???????000
0100?????100?????????????000????????????????????
Compsognathus longipes
?00?0???????????????00101?1??00???00000????000????000???????0?00000100?1?001000010010101000
?01??1010???1?0?0???000?0120002010?????0?000000?10????0?000000??????0?01002010000012?0????
??????00?0001000000000001100?00????0?0???00?0?0010001100000001?00000000?0?000??020000?000
0??0?0??0??????0???0000????01?0??0000000010000{01}0?0????????00?0?20000?0?0?0?010100????0?1
000???0???00??????????????010????0?0??00??0?000?00??????00??0?0000?00000?00100000000????????
00????000000????????00000?001?001000?1?0100?0001000000000000??0???0??0?000?00?0????000000
0?00?0??01?12????????000???????11?000?????????????????????????0??????????????????02000?000000
020000?0???????1?0000???????000??0000?0????0???????01???1????00????0??0?0?0???0??????0??0000
?0???0?000000?101000??00?0??0?000?0010???0?0????0????10????1100??0000????0???0?00??????00??
?????0000100?0010100??1?0????????001???0?001000?1100?00?
Juravenator starki
0000???????????????00010??11000?1???00000?0000?0?????00?????0?0000010???0????000100101??00?
?0???1???????0???????00??100002010????000000000000????0000000000?01100???????????????????0??
???00??????0?0??000000?10?000?0??0??0??00?0??????010000000?1?00?0?000??0000???20000?000????
??????????0????????????0??????000?00???00??0?0????????{01}00002???0???????0101000?0?0010000?
?000?000?000???0?0????100???0000?0???00?000??2??00??????000??0?0000?00100000000????????00??
?00?0?00???00??0?0000?011000?00?00?0100?00?1?00000000000?00???0??0?00??00?0????0000000??00
0??01?10????000??00???????11?000??00?0????????00?????????0??????????????????02000???0??????0?
??0???????0?010??????????????????????????0000??00??1?0?000??????0????????0??????0?????0?0???00
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000?0??101?00??00?0??0?0???0????0?0?0??0?0?????0????0?0?????000???0?000?0???????0??????????00
100?0?????00?1??????0???00????0000?01?01100?000
Sinocalliopteryx
0000???????????????0001??0???000???00?000?000??0??????????0?0?000001???????1?00010010101000
?01??10?????1?0??????00??1000020?0?????0000000??00??0100000003?0?0??000110201?000012?0????
?????00???0??000??0000?011??000?1??0000??00????010?01?000000???00?0000???00000??20000?0000
?00?????0????00?????0????????????00000001000?{01}0?0????????00?0?20000?0?000?010100??????10?
0????0??00???????????1??010????0000000?0000000002??00?0????00?0??00?00??0100000000????????0
0??10?00000???00??00?000?01???0?010?0?0000?000??0000000000???0???0??0?00?????0????0????00?0
0?0??0???2?????00???????????11?0????0????????????0?????????0???????????????????2?00??00?000???
?????0?????1???0000??0??000?00010??????0??000010????1?0?000??00000??0?0???0??????0??0??0?0??
?0?000?00?100000??01?0?00?0?0?0010?0?0?0????0?0???0??0?0?00??0??0???00?000?0000????00??????
??000101?????10???1??????????000????????????????????
Mirischia
?????????????????????????????????????????????????????????????????????????????????????????????????
????????0??0?0???????????????????????????????????????0????????0001?02000???012100100010110???
?0?????????????1?????????????????????0010???????????????????????????????????????????????????????
???????????????????????0?1?0?????????????????????????????????????????????????????????????????????
?????????????0???00?0?000???????????????????????????????????????????????????????????????????????
?????????????????????????????????????????????????????????????????????????????????????????????????
??????????????????????????????????????????????????????????????????????????????????????????0???00
0??????????????????????1??????0?0?00?000?1??0?0??????????????????????0??????0??0????0????0?????
??????1????????????????????????????000?0????00??00??????????????????0??????????0????1??????????
?????????
Ornitholestes hermanni
?0002???0?0?00?1???0?010?01110001?100101?0??1000001?01011????0000001000?0?000010?00101001
?????011?0101210000??000?0010??1???????????????01?00?????????00001??1?0?0100101000001??0?1?
??????0????????00?00????00000?0010?00?0?0000?0?0000?01000000001?01?00001000002?1120000000
10?0??000000?0?00???0000?0?0000???0000000010000{01}0?????????????????????????????????0?0?00
10000?000000000000??0??0????1000??0000000?000?00000?0000?????????0000?000?001??00?0???????
?00??0???0001?0?????????00??00?1?0000000000000000?000000000??00??0???0000?000?00?0????0000
000?0000??01?0000?00?0000100??00001?000?0001100?00000?01000?????000000000000???0???020000
000000020000?00000?00000000???????0001000002?10?00?0??????10010?01??000000000???0100????0
00????0?00?0000?0000???????????001??1010?0000???0???0????0?00??001000000?00???000000???0000
00??000?????????0?1000?1001?0001????0??0?1010?0?000??0000?100?000
Coelurus fragilis
?????????????????????????????????????????????????????????????????????????????????????????0??0100
10000121000?????0?0002????????????0?0??0?10001????0??????????????????????????01100?000001?0?
0000110?0?0????0?00??00???0??????????0?0????0??????????????????????????11200??????????????????
???????????????????????????001000??????????????????2?????????????01000?0?0010000?000000000000
010000???0????????0000?????????002000000000000??000???????????0000???????????0??????0???????
????0????????????????????????????????????????????????????????????????????????????????????????????
????????????????????????????????????????????????????????????????????????????????????????0???????0
000100002?????0?000?0??100100????????????0?0001?000000000?0000?????0????????????1??00???????
???0000??000???0??00?0100????????110000000000?00?????????00000??00000001?????????0?1?0?1122
1111???????????????????????
Tanycolagreus
?000????????????????00?0??????0???00110????????0?00???????????????????????10?00??????1????????
?????0011?000?????0????0?0??0???????000000000011?1000000????????????????????????110010000011
000000010000000000000??00???0??000?????0?0???00??????????????????1???1????{01}2000???0??????
?????????????00??0?0??????????0?00001000??0?0?????????????20000?0000000101000?0?0010000?000
0000000000100000??01000??00000??????????002000000000000000000000?00100?00000????????0?0??
???????????????00000?????001000???????????????????0??????021000000?000?0?????????????????0??0
??00???????0?0?000??00????????????????????????????????????????????????????????????????????????0?
?????????????????????00001????????0011001001000000??????????00???000000000000000000?000????
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?00100000000??0??0?0?100?1000000000000101000?????????????0000000000?????????0?00000000000
10?????0??0?100101221011???1???????????????????
Tugulusaurus
?????????????????????????????????????????????????????????????????????????????????????????????????
???????????????0??????????????????????????????????0?0?????????????????????????????000?0?100??00
110?0?1????0?????0??????????????????????????????????????????????????????????????????????????????
?????????????????????????????????????????????????????????????????????????????????????????????????
???????????????????????2000000000000????????????????????????????????????????????????????01?????
?????????????????????????????????????????????????????????????????????????????????????????????????
?????????????????????????????????????????????????????????????????????????????????????????????????
????????????????00?????????????????000000000000?0???????0?????????0???????????????????????????0
00001???1????????????????????????????????????0?????00??????????????????0001??1????1????????????
???????
Zuolong
?0000??????????????0000010111?0???000?0000001100000?????1000?????????????????00010?101??1?0
10001000????1???000000?0000??????????????????000?0??????0?????00?0100?????????????0110011000
0110?00?0???00010?0?00?????0?0100??????00???0???0011000000??0???00??1???0??0002000??0000???
??????????00??0000000??????????010?0?10??0?0????????????????????????????????0??????10000?0000
00000000010000???????????????00?0?0?00?0020000?????????0000?000?0?1???0??????????????0???000
100????????0??00?????0000000000000?00000001000???????1???0??00?0000??????????????????0?????0
000?00000?0?000??10??0010?0001101?00000?????????????????????????????????????????????????0????
??????100???????00000??0???000???0??????00000?????0?00000?0?0?0??0000000000????000?000?00??
0????0?????000??00?0???0???????????000011?????0?0??0000?0?00000??00???0?0???0000000????00??0
?????1?0?10??000??01?0?01???????????????????
Bicentenaria
???????????00?1??????0?0??????00??00?????????????00????????????????????????0?000000001????????
????100?????????0?????????????????????0?00???????????0?1????0??10????????????????0???00000?10?
??0?110???????0??????????1????0?????????????????00??0???0???????????????1???0??????????00??????
??0??????00???????????0???0010????0???????????????2???0???0???0?????0?0?001??????00000000?0??
????????????????????0??0???0????2000?00000000?????????????0?????????????????????0??????????????
??00????????0???????????0???00??0???????????????????????????????0?0000000???????????????000000
00?1??????????????????????????????????????????????????????????????1?2?00??000??0??????0????????
???????????????1?00??0????00????????0??0?????????0000?02???00?0???????00????????0?????00??????
0???00???0???????00???00?????0??????00??00?0??????0??0?????00?????00???????????0?????0?0??0?1?
0??????????????????????
Kileskus
???????????????????0?01120111????????????????????????????????????????????????00000?101?????????
?????????????????????????????????????????????????????????????????????????????????????????????????
???00?00??0??????????????????????????????1?0000?0???0??00??????1????????0??001?????????????????
?????????????????????????????????????????????????????????????????????????????????????????????????
????????????????????????????????????????????????????????????????????????????????????????????????1
011201???000?0000?0000?0???????????????????????????????????????????????????????????????????????
??????????????????????????????????????????????????????0100010?????????????00????????????????????
???????????????????????????????????????????????????00?????00???????????????1??????0?????????????
???????????????0??????????????????????????????????????????1?????????????????????0????????????????
??????
Guanlong
?00020?000000?010{01}100011201112000?001100000010000000000?10????00000010?00??200000001
010?100?000000000111000000000000?0???00???????000000100000?0100000003000010000100200000
001110010000011000?0011000010000000000000000000000000?0?0010001100000001100?00?1110110
2?1120000?0010????0000?000?00??0000000??0?0????000000010000?0???????????????20000?0?????01
01?00?0?0010000?000000000000010000???01000??0000000?0000000002000000000000000000000?001
00?0000020?20?000?00??0001000???????000000000000112010?1000?00?1000001010000?003??0000??
0??00?10001000001100010??01?1000?00000000000000?1000011?000000?00000?????????????020?0100
0100000000000????0?0000000010???????010100???????000010000210000?0?000001000100000000000
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0001000000?0110000000100000?0000000?0001100000100?010010?1000100000000000010000000000?0
0100100000000000000000??0000000000000010100???1?0011?1001??1000001?????0?????0???????
Sinotyrannus
???????????????????0?01???101?????????????????????????????????00??0?1????????0?0000101?????????
?????0??????????????????????????????????????????????0??00??0?0?000??????????????????????????????
??????????????????????0??0?????00?????????1?0000?0??100??0?????11????????00?001???????????????
??????????????0??????????????????????????????????????????????????????????????????????????????????
??????????????00?000?0?0???????????????????????????????????????????????????????0???????????00???
???01?2?1??10???0??1?00????1????????????????????????????????????????????????????????????????????
?????????????????????????????????????????????????0???????????????????????????0???????????????????
???????????????????????????0001?????????????????????????????0?0??????0?????????????0?1??????????
??????????????????0??????????????????????????????????????????????????????????????00??????????????
???????
Proceratosaurus bradleyi
?00?2??????????????00011?01112000?00??????????00?00???????000?00000010?00?120000000101011??
?????????????????????????????????????????????????????????????????????????????????????????????????
???????????????????00??0????0?0??0???????????110000?0?1100?00?11?0?1?2??????00000100000?????
????00???0??00??10?0????00??????????????????????????????????????????????????????????????????????
????????????????????????????????????????????????????????????????????????0???????0????????????????
??00?0010112?10?1000?00?1?0000101???0????????????????0?1000100000110001???????0???0???00000
000??0?0????????????0000??000?????0??0?0??????00100?????0001???10?000000001000?????11000???
????????????????????????????????????????????????????????????????????????????0?00????????????1???
?0?0????????????????????????0??0010????????????????????????????????????????1?0?1????????????????
?000????????????????????
Eotyrannus lengi
????????????????????000120??12??0???110???????????0?????????0?000?0?0??1???20000000101012?00
?????01?0??1??????????????????????????000000010????????0?0?????????????????????????????????????
????0???00000?0?00???00?0????00?0?????0?????0?1?000?00??10??0121???111?0?211?0000?0?????????
??????0??00?00100???00??0???0?0010?0??0???????????????200?0?0?000?0?0?0?0?0?0010000?0000000
?0000???????????00???????????????0??????????????????????????????0????????????????????????1??????
?????0?00?????1?00101???????00?0?01????01000?1010??1??0?00?00????????????????0???????????????
??????01?1??0??????????????????001??????0?00????????????????????000?10002110100??????????2??0
0???00???00????0??????????00??011011?000???????????????????????????01??00?00100?000?0???0????
??1?0??0?00????1000??????0?00????????0000?00???0000100?00??0??????????0000???0?1????0??????0
11??????1???0?1???????????????????
Juratyrant
??????????????????????????????????????????????????????????????????????????????????????????0?00?0
000001?10??00000??0???????????????????????????????????00?00?01000011010110000011?01???0??10
????0?????????????????????1????????00???0010???????????????????????2????11??????????????????????
????????????????????????0?00100?0?0?????????????????????????????????????????????????????????????
?????????????????00?000000000?0?00?000??00????????????1?????????????????????????1?0???????????
?????????????????????????????????????????????????????????????????????????????????????????????????
??????????????????????????????????????????????????????????????????????????????????0????????00?10
0011?00100?0????????????????100000011001000?????1100001????????????????????0??01??1??1?????0
00????????????0?????????????0000?0??????????000000??000??0000?????????????1??1??????11??0????
1???????????????????
Xiongguanlong
?0002???00000?????1?000220???0000?001101000?21000000?0001??000???????????????00000?101??20
00000000000111000????????????????????????????????????????????0?12?01000???????????????????000
0110??????????????????0??????0?00?????000?????????1?000000???00?0?1121?2102011???0??0000?00?
000??????00???0??000???????????00?00100????????????????????????????????????????????????????????
??????????????????????????00?0000000??20000???????0???????????????????????????0???????000100??
???????????0010?10001????1?00?01?0?01?0000100??0010?0100??0??0??0?????0???01000?0???0?0100?
??001?111110010????100?1?11??00?100????????????001001000010?1???????????????????????????????
?2?000??000000011000011????????????????????????111??001???????0111012???????????????00??0???
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????????1??1?010?10?????????????00??????000?0??00001???????????000000?????000000???????10????
1?????????1???0?0?01???????????????????
Dryptosaurus
????????????????????????20??????????????????????????????????????0?0?0??2???????0000101?1???????
?????????????????0???00???????????????????10???????10?0????????????{01}?0?0?2???????101?010001
00010001000??2???0??????????0?0????????0?0???????????????00????????????????11????0????????????
???????????????????????0?????????????0?????????????????????????????????0?0?0010000?00??????????
??????????????????????0????????002000000000000??000??0????????????????????????????????????????
?00?01????????????????????????0?????????????????????????????????????????????????????????????????
?????????????????????????????????????????????????????????????????1212?1?1???????????????????????
???????????????????????10?????????????????????1?0???012?1?0111?????1????0??????0?????????????0?
???????????????000000????????????????00?1???00?????????00??0000?00001????01??????????0?1??00?
0?0???????????????????
Appalachiosaurus
????????????????????0?0?201110??????120?????????????????????00000?000?0????????00001010?2????
???????????????????0?0?00???????????????????????????????????????????000010120?10???10??0100010
0010001000002?0?00??????0????0????????0?00100?11000000?1???1?021??????????????000??0??????0
00?????0???????????0000???0????????????0????????????????????????????????????????????????????????
??????????????????????00????????002000000000000?0000?000?00???????????????????????????????????
??00?????1????????000?000?01?010111?101??1?0020?01?10??0?0???????????????????????????????????
????????????????????????000000010100010?00?????????????????11?110??1??????????0??1?????2?0???
??????????????????????0??????????????????????????????1?01110???111111111021?0000????????????0?
????0?0???00???????????0000000???00??0?????0???????????????????00?0??00000001???0???????01???
??1??00000????????????????????
Bistahieversor
?1102?????????10?2200002?01110000?001201000?21100000??????????00000000?20??2?000000101012
??0????????????????????????????????????????????????????????????????????????????????????????????0?
?????????????2???????10??00??00?0??0???????????1200000011?00?00213?0?112??????0000000???????
??10??0????00001???0?0????00???????????????????????????????????????00??????????????????????????
???????????????????????????????????????????????????????????????????????11??????????0?????????????
??????0?1011001000?1010101?01011101010101002010001001???10000??00000020000211000010000??
1111111?1?1001011001211111?01000?010011111??????11?111101?10111111100?111212201100112?1
0??2?00????111?????????????????0111?1???????????????????????????011?????01101111?120010000???
?????????1??1?0?0???????????????????????????0??0????????????????????????????????????????11001???
???1??????????000?1??????????????????
Albertosaurus sacrophagus
?1102??000000?10022000022011100000001201000021100000?00010000000000000020??200000001010
120????0?10?001?100?0????000??0????0???????000000010000???0110010312001100000010120010001
10??0?00?1000??00100000200000001000000000000?000?0?0010?01200000011000?0021310111210201
100000000???00000100?00??0000010010000??0000000010000?0?0????????0000020000?00000?000100
1?0?0010000?000000000000010??0?????000???00??00?0000000002000000000000000000?00??0100000
??020100?000??0??001100?0110?000000101110110010000{01}1001{01}100101110102011100211{01}
1{01}1?01?001000000100010201002001100100011111011111111101011001111111000{01}000110{01
}{01}11110000101101111111101111111001111212111100?12?10?121011???????1?????????????????11
11102011111?1021111110211101??1??1???111111111122010000000??00000101?011010?100010?000??
00?000000100?000000??0?00??110??00000000??0000?0000000001011001111010111????010000001???
???????????????
Gorgosaurus libratus
?11020?0000001100220000220111000000012010000211000001000100000000000000200120000000101
0120?0000010000101000000?000000000000?000010000000010000001011001031200110000001012001
00011010010001000?0001000002000000010000000000000000?0?0010001200000011000100213101112
1020110000000000000000100000??0000010?10000??0000000010000{01}0?0????????0000020000?0000
0?0001001?0?0010000?00000000000001000010??1000??0000000?0000000002000000000000000000000
?0010000000020100?000100??00110000110?000000101110110010000{01}100101001011101020112002
1101{02}100100010000001000102010020011001000111110111111111010110011111110001000110111
11??001101101111111101111111001111212111100112?10?121011???????1????1101????1?0?01111102
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01011111021111010211101?011?1?2?111111111?2201000000010000001011011010?100010?000010000
000001000000000000?0000110?000000000??0000?000000000101100111101011110??0?0000001???????
???????????
Teratophoneus
?1?0???0???????0??2??????0111?00????1201???????0000???????????00??000??????????000010101??1??
??????????????????????????????????????????????????????????0????????????????????????????????0?????
?????????????????????0????0????????????????1?0000?01?????????3?????????0???000????????????10??0
???00?001???0?????0???????????????????????????????????????????????1?????????????????????????????
???????????????????????????????????????????????????????????????100???????????????????????????????
?????????0????0?01??????????????2?021?00010?10??????????0???01?1??????0???01??1?1??21?111?100
111101211?????????????????????????011?1?120?1????1??1100?11??????????11????????10???????????1
?????????????????1?01???1????????????????????011?1?1???????????????000??????????????????0?0????
???????????????????????0??0????????????????????????????????????????????1??????1??????????00??1??
????????????????
Daspletosaurus
?11020?000000?100220000220101000000012010000211000001000100000000000000200120000000101
0120100000100001?100?0????000??0????0???????000000010000???11100103120011000000101200100
0110??0100?1000??001000002000000010000000000000000?0?0010?00200000011000101213101112102
01100000000???00000100?00???000010010000??0000000010000?0?0????????0000020000?00000?0001
001?0?0010000?000000000000010??0????1000??000??00?0000000002000000000000000000?00??01000
000?020110?000??0??00110000110?000000101110120011030110021110211110102101201210101{12}1
11111111111101101020000211001011{01}11211212111111100?111012211111110111001101111{01}1
001111101111011111111111001111222211101112?10012101100011101111021111???????111111?211?
111?112111??1??111?1??1????2?11????11?12???00000??11000????1??1?010?1000???000?1000?0??????
0?000000000???0011000?0????????????????????????111011110??1??????????000?1??????????????????
Dilong paradoxus
?0002??000000???0?100011??1112000?00110?000010000000100???????00000000?00??200000001010?
1?0000?0001?0??1000?????0??0?0?0??0???????0000001100?????0000000?00??1??00110201?0?0001?00
?000?0??00??00010000100?0000?00000?0?00000?000?0?0010001000000001100?001111?110201?20?00
0000????00000???0?0???0000010110000???000??00??00????0?????????????20000?0?0?0?0101000?0?00
10000?0000000000000?0??0????1000??0000000???0?00000200000000000000000??00?0?1000?0000?0?
20?00???010000100????????000000000010002?11?1000100?0?000000000000103??0100?00??00010111
100001100010??00?1100??000000000010????00000?000100???????????????????020?010?010?0????010
01??10?010002?00?11?????01110000000100000100001???????00000110001????10000?0001??000???01
1000000000000??010000000??11000????1?01?01001?????00??00???00???00000?00100?00?0000010?0?
000000????00??0?000?0001?100???1??10112????0??0000???0000?00000000?000
Alioramus
?01020?00000011002200?0?20111000000012010000211000001000100000000000000200?20??00001010
1?000000010000111000000?00?00?0??000??????????????????????????????120011000{01}001012?010?
?????001000100??0?01000?02??000??10??000000?0?0000????010??11000000110001?0213101?12102??
??000?00000000000100000??00000100?0000??00000?00100?0?0????????????????????????????????????
??????????????????????????????????????????00?0???000??2000000000000000000?0??0?1?0????002011
0?00???0??0011000???????0????00111?2????001110111110?011101010012012100102111010111000100
0010200001000000101101112011111111001011001111111?101110010011101000110110111101101110
1111001111212211110??10000???000001000011110?101221011111?????????????????1111010??????1?
1111121??00?111?12?0100000??????0???0?1?1?010??000???????????0????01?0000?000000?0?????????
???0000??0??00???0?000?1??1101111?1?1??1011??0?000?1????0?000000??????
Tyrannosaurus rex
?12020?0110001100220000220101000000012010000211000001000100000000000000200120000000101
0120100000100001010000001000000000000?0????0000000010000???1110010312001100000010120010
001101001000100010001000002000000010000000000000000?0?00100002000000210001012131012121
020110000000000000000100000??0000010010000??0000000010000{01}0?0????????0000020000?00000
00001001?0?0010000?000000000000010000????1000??000??00?0000000002000000000000000000000?
0010000000020100?000?00??00110000110?00000011111112001103101{01}0{13}011021111010211120
10??10121011111011{01}1101111021010211001011111211{12}12111111100111121230111111111110
11011111111111110110201111111111111211122222110111211111211211111101111102111121111111
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11111021101111112111111021111111122112111111111112211000000010000001011011010?10001000
00??0000000001100000000000100001100?10000000??0000000000000010111011110101111011010000
001?0000?00000000?000
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