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Abstract  The dromaeosaurid Linheraptor exquisitus was named in 2010 based on a nearly 

complete skeleton recovered from the Upper Cretaceous Wulansuhai Formation at the Gate 

Locality, in Bayan Mandahu, western Nei Mongol, China. However, three recent studies regarded 

L. exquisitus as a subjective junior synonym of Tsaagan mangas, a dromaeosaurid from the 

Upper Cretaceous Djadokhta Formation of the Ukhaa Tolgod locality, Mongolia. Here we 

refute this synonymy based on 61 morphological features that distinguish L. exquisitus from 

T. mangas. Many of these features are based on new observations from previously unprepared 

areas of the L. exquisitus holotype, most notably from the left lateral side of the skull. These 

observations underscore and strengthen our original taxonomic separation of L. exquisitus and T. 

mangas. Evidence from L. exquisitus points to an unexpectedly complex distribution of derived 

osteological features amongst dromaeosaurids, because this species possesses features that were 

previously identified as autapomorphies of T. mangas or indeed of various other dromaeosaurids. 

Our review demonstrates that the proposed synonymy between L. exquisitus and T. mangas 

ignores many subtle morphological variations. Increased taxonomic sampling breaks down 

seemingly obvious diagnostic differences into more subtle morphological variations, which 

are potentially of great importance for fine-scale phylogenetic analyses. Rigorous quantitative 

methods using continuous data represent a promising way to exploit this type of information in 

future systematic studies.
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1      Introduction

The dromaeosaurid Linheraptor exquisitus was established based on a well-preserved 
skeleton recovered from the Upper Cretaceous Wulansuhai Formation at the Gate Locality, in 
Bayan Mandahu, western Nei Mongol, China (Xu et al., 2010). The initial description of L. 
exquisitus suggested that this taxon was closely related to Tsaagan mangas, a dromaeosaurid 
reported from the Upper Cretaceous Djadokhta Formation of the Ukhaa Tolgod locality, 
Mongolia (Norell et al., 2006), and that the two taxa might represent an endemic Asian 
clade (Xu et al., 2010). However, Evans et al. (2013), Senter et al. (2012) and Turner et al. 
(2012) considered L. exquisitus a junior synonym of T. mangas, although Evans et al. (2013) 
simply supported the taxonomic assessment of Turner et al. (2012) whilst Senter et al. (2012) 
presented no evidence to support their claim.

Whether L. exquisitus is a valid taxon is important for several reasons. Firstly, this 
issue will affect, albeit in a minor way, compilations of data on Late Cretaceous dinosaur 
diversity. Secondly, it is important for understanding the Bayan Mandahu fauna (Jerzykiewicz 
et al., 1993). The rocks of the Djadokhta and Wulansuhai formations have similar geology 
(red alluvial sandstones deposited in extensional basins under arid conditions) and faunas 
(including dinosaurs, lizards, mammals and birds), and have been thought to belong to the 
same contemporaneous depositional environment (Jerzykiewicz et al., 1993). Previous studies 
have referred many Bayan Mandahu fossils to taxa known from the Djadokhta Formation 
(Currie and Peng, 1994; Dong and Currie, 1996; Jerzykiewicz et al., 1993). Similarly, Turner 
et al. (2012) considered the Bayan Mandahu and Djadokhta faunas to come from “equivalent” 
formations, implying contemporaneity and potential close faunal similarity. However, several 
recent studies have suggested that some previous referrals of Bayan Mandahu specimens 
to Djadokhta taxa were incorrect (Longrich et al., 2010; Xu et al., 2012) and that the Bayan 
Mandahu fauna is distinct from the Djadokhta fauna (Makovicky, 2008; Longrich et al., 
2010; Xu et al., 2012, 2013). Two of the studies considered the Bayan Mandahu fauna older 
than the Djadokhta fauna (Makovicky, 2008; Xu et al., 2013). There are no absolute dates for 
the sediments of the Djadokhta and Wulansuhai formations, although magnetostratigraphy 
constrains the Bayn Dzak and Tugrugyin members of the former formation to ~75-71 Ma 
in the Campanian Stage of the Upper Cretaceous (Dashzeveg et al., 2005). Different age 
ranges for the Bayn Dzak member spanning the Cenomanian to early Maastrichtian (~100.5-
72.1 Ma (Gradstein et al., 2012)) have been proposed: early Late Cretaceous (Berkey and 
Morris, 1927), ages between the Coniacian and Santonian (89.8~83.6 Ma (Gradstein et al., 
2012)) (Gradzinski et al., 1969; Kielan-Jaworowska, 1969, 1970, 1974; Kielan-Jaworowska 
and Dovchin, 1969; Lefeld, 1965, 1971), Cenomanian (~93.9-100.5 Ma (Gradstein et al., 
2012)) (McKenna, 1969) and late Santonian/early Campanian (~83.6-86.3 Ma/~83.6-72.1 Ma 
(Gradstein et al., 2012)) (Rozhdestvensky, 1971). More recent studies have tended to favour a 
Campanian age assignment based on faunal comparisons between Mongolian, American, and 
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Canadian dinosaurs, which are dated themselves by ammonite and palynological biozonations 
(Fox, 1978). Another study (Lillegraven and McKenna, 1986) considered the member to be 
Campanian-early Maastrichtian age (~83.6-72.1 Ma (Gradstein et al., 2012)). A Campanian 
age was assigned to the Djadokhta Formation using faunal data from both Bayn Dzak, 
Mongolia and Bayan Mandahu, Nei Mongol (Eberth, 1993; Jerzykiewicz et al., 1993), whilst 
existing faunal (Averianov, 1997; Lillegraven and McKenna, 1986) and magnetostratigraphic 
data (Dashzeveg et al., 2005) were used to justify the adoption of the same age for the Ukhaa 
Tolgod drainage basin in Mongolia (Dingus et al., 2008). Comparisons between mammals from 
the Darbasa Formation of Kazakhstan with those from the Djadokhta Formation were used to 
cautiously assign a Campanian age to the latter (Averianov, 1997), this supported an earlier 
study based on Djadokhta Formation mammals (Gradzinski et al., 1977). The poor age control 
for the Djadokhta and Wulansuhai formations – the Campanian alone covers ~11.5 million 
years (83.6-72.1 Ma (Gradstein et al., 2012)) – warrants further dating work, particularly using 
high-precision techniques such as 40Ar-39Ar dating. This work would determine whether subtle 
differences between L. exquistus and T. mangas arose because they lived at separate times 
during the Cretaceous, or favour alternative explanations if they lived together at the same 
time. Longrich et al. (2010) suggested the former scenario to explain observed differences in 
other Djadokhta and Wulansuhai taxa. High-resolution biostratigraphy and geochronology 
has been used successfully to recognise the significance of subtle morphological variations 
in the Late Cretaceous dinosaurs of North American faunas (Eberth et al., 2013; Mallon et 
al., 2012; Ryan and Evans, 2005; Sampson et al., 2010, 2013a, b) so this provides a useful 
framework to apply to contemporaneous Asian faunas. Finally and most importantly, the 
validity of L. exquisitus has implications for systematic work on dromaeosaurids. Acceptance 
of the synonymy between L. exquisitus and T. mangas would imply the existence of a new 
combination of morphological features in T. mangas, a derived velociraptorine taxon, and 
would have a significant impact on dromaeosaurid systematic studies. It is therefore imperative 
to clarify this issue – differing interpretations percolate through the literature, causing needless 
confusion.

We find several problems with Turner et al.’s (2012) arguments. Xu et al. (2010) listed 
two autapomorphies for L. exquisitus, and an additional 11 osteological features to further 
distinguish L. exquisitus from T. mangas. Firstly, Turner et al. (2012) did not comment on 
the two autapomorphies of L. exquisitus, which were the most important evidence used to 
establish the taxon. Secondly, Turner et al. (2012) regarded some osteological differences 
identified by Xu et al. (2010), such as the contrasting postorbital morphologies of L. exquisitus 
and T. mangas (see paragraph on the postorbital and text herein), as minor ones lacking any 
taxonomic signal. However, examination of the holotypes of both taxa shows these differences 
to be perfectly real, and they contribute individually to a cumulative case against the proposed 
synonymy. Thirdly, Turner et al. (2012) explained some differences as preservational artifacts, 
but did so in a self-contradictory way. For example, Xu et al. (2010) listed the laterally 
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oriented paroccipital process of L. exquisitus as one difference from T. mangas, in which the 
paroccipital process is pendulous. Turner et al. (2012) suggested in their comments on L. 
exquisitus that the paroccipital process was “in fact laterally oriented” in T. mangas, as in L. 
exquisitus, but that lateral compression of the holotype specimen of T. mangas had resulted in 
an apparent difference in paroccipital process orientation between the two taxa. However, these 
authors separately listed pendulous curvature of the paroccipital process as a diagnostic feature 
for T. mangas. Turner et al. (2012) also highlighted the oval shape of the foramen magnum in T. 
mangas, even though this could also be an artifact of lateral compression. Finally, Turner et al. 
(2012) suggested that several differences between L. exquisitus and T. mangas were points of 
intraspecific variation, based on the presence of similar morphological discrepancies among the 
different specimens referred to Velociraptor mongoliensis. Since the discovery of the holotype 
of V. mongoliensis ninety years ago (Osborn, 1924), numerous specimens have been referred 
to this taxon (Barsbold, 1983; Barsbold and Osmólska, 1999; Norell and Makovicky, 1997, 
1999; Sues, 1977) but a comprehensive taxonomic review has yet to be published to determine 
how observed morphological variations relate to inter- or possibly intraspecific factors. This 
can be addressed by including all Velociraptor specimens in a specimen-level phylogenetic 
analysis, by using morphometric methods to quantify the variation present and by deepening 
our understanding of the biological significance of the variations observed. Until this work has 
been completed it is in our view that noticeable variations between L. exquisitus and T. mangas 
are grounds for taxonomic separation. Thus, both taxa should remain separate taxa at least for 
the time being. It may very well be that the two taxa should be synonymized in light of the 
outcomes of a taxonomic review of Velociraptor but making the proposed synonym given our 
state of knowledge is in our opinion premature and unjustified. 

The large number of similarities shared by T. mangas and L. exquisitus, including some 
unique ones (Turner et al., 2012; Xu et al., 2010), nevertheless make it necessary to thoroughly 
evaluate the proposed synonymy. To do so the present paper will focus on comparing T. 
mangas and L. exquisitus with each other and with other dromaeosaurid taxa. 

2      Materials and methods

Our morphological data are based on direct observation of the holotype specimen of L. 
exquisitus (IVPP V 16923) and also of the holotype and only known specimen of T. mangas 
(MPC 100/1015). The former specimen is housed in the Collection Department of the Institute 
of Vertebrate Paleontology and Paleoanthropology, Chinese Academy of Sciences (Beijing, 
China) whilst the latter specimen is reposited in the Fossil Amphibians, Reptiles, and Birds 
(FARB) Collections of the American Museum of Natural History (New York, USA). Both of 
these institutions curate fossil specimens to world-class standards and allow scholars to access 
their materials for scientific study. Therefore, no permits were required for the described study, 
which complied with all relevant regulations. V 16923 has recently been further prepared. 
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The new preparation has allowed confirmation of some morphological features, and revealed 
additional new ones, that are relevant to the proposed synonymy between Linheraptor and 
Tsaagan.

3     Comparisons among Linheraptor exquisitus, Tsaagan mangas and other dromaeosaurids

IVPP V 16923 comprises a nearly complete articulated skeleton including the skull and 
mandibles. The cranium is amongst the best preserved in any Late Cretaceous dromaeosaurid 
and has now been fully prepared (Figs. 1-4). In the initial description of V 16923, Xu et al. 
(2010) suggested that the skull of L. exquisitus was shallower than that of T. mangas, which 
was suggested by Norell et al. (2006) to be robust as in Dromaeosaurus albertensis (Currie, 
1995; Matthew and Brown, 1922). A comparison of various ratios related to cranial robustness 
across these taxa reveals no major differences among Velociraptor mongoliensis, L. exquisitus 
and T. mangas. Xu et al.’s (2010) and Norell et al.’s (2006) suggestions may have been 
prompted partly by the proportionally longer preorbital region in L. exquisitus (Fig. 1), and the 
shorter one in T. mangas. L. exquisitus has a sub-circular supratemporal fenestra bounded by 
a laterally convex supratemporal arch as in V. mongoliensis (Figs. 1, 2), though in comparison 
to the condition in V. mongoliensis the fenestra is slightly more elongate in the anteroposterior 
direction and the lateral convexity of the supratemporal arcade is less prominent.

The premaxilla of L. exquisitus is more similar to those of Microraptor zhaoianus, 
Sinornithosaurus millenii and V. mongoliensis (Barsbold and Osmólska, 1999; Xu, 2002; Xu 
and Wu, 2001) than to those of T. mangas and other dromaeosaurids in being proportionally 
shallow and having a comparatively large prenarial portion (Norell et al., 2006; Turner et al., 
2012) (Figs. 1, 2, 4A). As in V. mongoliensis, the maxillary process is long and slender, with 
the postnarial portion much greater in length than the external naris (Barsbold and Osmólska, 
1999), though the process does not reach the antorbital fossa as sometimes occurs in V. 
mongoliensis. In T. mangas and other dromaeosaurids the maxillary process is long but the 
postnarial portion extends only slightly beyond the posterior border of the external naris (Norell 
et al., 2006). Unlike the straight maxillary processes of T. mangas and other dromaeosaurids, 
the maxillary process of L. exquisitus is clearly curved ventrally. This feature is also evident in V. 
mongoliensis, though to a lesser degree. Although the posteroventral portion of the premaxilla 
is not well preserved, a distinct depression is visible below the external naris and may house 
the subnarial foramen, a structure present in most other dromaeosaurids but not in T. mangas 
(Norell et al., 2006). The nasal process of the premaxilla is strongly compressed transversely 
and is strap-like along its entire length, rather than being proximally strap-like but distally rod-
like as in T. mangas (Norell et al., 2006) and many other dromaeosaurids or having a T-shaped 
cross-section as in troodontids and several other theropod groups. However, all dromaeosaurids 
including L. exquisitus and T. mangas seem to share a strongly transversely compressed 
anterodorsal surface of the snout. The anterodorsal surface of the snout is relatively wide 
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Fig. 1   Photographs (A, C) and line drawings (B, D) of the skull and mandible of Linheraptor exquisitus 
in right lateral (A, B) and left lateral (C, D) views, holotype, IVPP V 16923

Abbreviations: a. angular; aof. antorbital fenestra; d. dentary; emf. external mandibular fenestra; en. external 
naris; f. frontal; itf. infratemporal fenestra; j. jugal; l. lacrimal; m. maxilla; mf. maxillary fenestra; n. nasal; 

nc. nuchal crest; o. orbit; oc. occipital condyle; p. parietal; pal. palatine; pmf. promaxillary fenestra; 
pmx. premaxilla; po. postorbital; pop. paroccipital process; pt. pterygoid; q. quadrate; qf. quadrate foramen; 

qj. quadratojugal; sa. surangular; saf. surangular foramen; sp. splenial; sq. squamosal; sr. sclerotic ring; v. vomer



1期 35Xu et al.: The taxonomic status of Linheraptor exquisitus and its implications 

Fig. 2   Photograph (A) and line drawing (B) of the skull and mandible of Linheraptor exquisitus 
in dorsal view, holotype, IVPP V 16923

Abbreviations: ect. ectopterygoid; ex. exoccipital; f. frontal; j. jugal; l. lacrimal; m. maxilla; n. nasal; 
nc. nuchal crest; p. parietal; pmx. premaxilla; po. postorbital; pop. paroccipital process; 

pt. pterygoid; so. supraoccipital; sq. squamosal

in most other theropods, including basal tyrannosauroids such as Dilong (IVPP V 14243) 
and basal alvarezsauroids such as Haplocheirus (V 15988). Consequently, the outline of the 
internarial bar in dorsal view is distinctly triangular in dromaeosaurids but more rectangular in 
other theropods. The nasal process of the premaxilla covers the whole length of the internarial 
bar and terminates slightly posterior to the external naris. An elongate nasal process is also 
seen in Utahraptor ostrommaysorum (Turner et al., 2012).

The maxilla of L. exquisitus shares several similarities with that of T. mangas, but also 
displays many minor but distinct differences (Figs. 1, 2, 4A, B). As in T. mangas (Norell et 
al., 2006), both the antorbital fossa and the antorbital fenestra are relatively rectangular, the 
antorbital fossa is sharply rimmed ventrally, a small osseous medial wall is present within the 
antorbital fenestra, the promaxillary fenestra is invisible in lateral view, the maxillary fenestra 
is enlarged and anteriorly positioned, and there is no ridge dorsal to the supralabial foramina. 
The discovery of an osseous wall within the antorbital fenestra in Linheraptor following further 
preparation of the cranium invalidates one of our originally postulated differences between 
this taxon and Tsaagan. However, there are some distinct differences even with regard to these 
basically similar features. In L. exquisitus the antorbital fossa is a distinct depression with 
a sharp ventral rim, whereas in V. mongoliensis and most other derived dromaeosaurids the 
ventral portion of the antorbital fossa is nearly confluent with the lateral surface of the maxilla. T. 
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mangas displays what is probably an intermediate condition: the antorbital fossa is shallow as 
in most taxa, but a distinct groove is present just within the ventral margin of the fossa (contrary 
to the identical margin morphology Turner et al. (2012) identified between L. exquisitus and T. 
mangas). The maxillary fenestra of L. exquisitus is enlarged to the point of having a maximum 
diameter sub-equal to that of the external naris, a feature unknown in T. mangas and other 
dromaeosaurids (Norell et al., 2006). L. exquisitus and T. mangas both have anteriorly located 
maxillary fenestrae, but in the former the maxillary fenestra reaches and even invades the 
anterior margin of the antorbital fossa whilst in the latter the maxillary fenestra terminates 
slightly posterior to the anterior margin of the antorbital fossa (Norell et al., 2006; Turner et 
al., 2012). An anteriorly located maxillary fenestra is also seen in some other dromaeosaurids, 
such as Atrociraptor marshalli (Currie and Varricchio, 2004) and possibly Achillobator 
giganticus (Perle et al., 1999). Another difference from T. mangas is that the maxillary fenestra 
of L. exquisitus lies in a recess, a feature also seen in many other dromaeosaurids including 
M. zhaoianus (Xu, 2002) and V. mongoliensis (Barsbold and Osmólska, 1999). Another 
minor difference relating to the maxillary fenestra concerns its shape, which is somewhat 
subtriangular in L. exquisitus but more oval in T. mangas owing to its less constricted posterior 
portion compared to L. exquisitus (Norell et al., 2006). The shape of the maxillary fenestra 
appears to be variable in some species e.g. V. mongoliensis (Barsbold and Osmólska, 1999) but 
as mentioned earlier, variation in this taxon still needs to be assessed within a well-constrained 
taxonomic framework. There is a step-like transition between the anterior ramus of the maxilla 
and the ascending process as in Bambiraptor feinbergorum and Acheroraptor temertyorum 
(Burnham, 2004; Evans et al., 2013), whilst in most dromaeosaurids including T. mangas and V. 
mongoliensis this transition is smooth (Barsbold and Osmólska, 1999; Norell et al., 2006).

The anteroventral edge of the nasal bears a row of anteriorly opening foramina situated 
dorsal to the posterior process of the premaxilla, as in T. mangas, V. mongoliensis, Deinonychus 
antirrhopus (Barsbold and Osmólska, 1999; Norell et al., 2006; Ostrom, 1969) and many other 
theropods such as Haplocheirus (Choiniere et al., 2010), and a shallow longitudinal fossa 
is present along the anterior portion of the midline of the two nasals as in T. mangas and V. 
mongoliensis (Figs. 1, 2, 4B). A possible autapomorphy of the nasal of L. exquisitus is its long 
premaxillary process, which terminates at the anterior border of the external naris rather than 
at the mid-length of the naris as in other dromaeosaurids and seemingly as in other theropods 
more generally. Another possible autapomorphy of L. exquisitus is the presence of a highly 
oblique nasal-frontal suture, which places the medial portion of the posterior end of the nasal 
just posterior to the preorbital bar and the lateral portion close to the posterior end of the 
lacrimal posterior process. The nasal is similar in its posterior extent to that of V. mongoliensis, 
although in that taxon the nasal-frontal suture is transversely oriented as in T. mangas, S. 
millenii and most other reported dromaeosaurids (Barsbold and Osmólska, 1999; Norell et 
al., 2006; Xu and Wu, 2001). In most dromaeosaurids, including Mahakala omnogovae, 
B. feinbergorum and T. mangas, the posterior end of the nasal is at about the level of the 
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preorbital bar.
The lacrimal of L. exquisitus has a broad exposure on the skull roof as in V. mongoliensis 

(AMNH FARB 6515, and MPC 100/982, 100/25), S. millenii (Xu and Wu, 2001), and B. 
feinbergorum (Burnham, 2004), while in T. mangas the exposure of the lacrimal on the skull 
roof is more limited (Norell et al., 2006) (Figs. 1, 2, 4C). A possible autapomorphy of L. 
exquisitus is the presence of several anteriorly opening foramina on the dorsal surface of the 
lacrimal, although this feature is harder to distinguish on the right side of the skull because 
of damage to the lateral surface of the lacrimal. Other differences from T. mangas include 
the presence of a lateral flange overhanging the descending process, the concave rather than 
convex ventral edge of the descending process and the presence of an anterior process with an 
r-shaped cross-section and a deep ventral ramus. The presence of a lateral flange is probably a 
diagnostic feature for the Deinonychosauria, but the flange is absent in some taxa and varies in 
shape and prominence even when present. The flange is particularly large in basal troodontids 
such as Sinovenator changii, and is smaller and boss-like in derived dromaeosaurids such as 
Adasaurus mongoliensis (MPC 100/20) (Barsbold, 1983) and V. mongoliensis. L. exquisitus 
and V. mongoliensis have a small lateral boss, which is separated from the descending process 
by a distinct, anterodorsally oriented groove. In T. mangas the lateral flange is absent, and 
the lateral surface of the descending process is continuous with that of the lacrimal main 
body. The ventral ramus of the anterior process appears to be more prominent than in other 
dromaeosaurids in L. exquisitus, and absent in T. mangas, but the apparent condition in the 
latter taxon might be a preservational artifact.

The frontal (Figs. 1, 2) differs from those of most dromaeosaurids, including T. mangas 
(Norell et al., 2006; Sues, 1978), in having a sub-triangular outline in dorsal view. The frontals 
have transversely narrow anterior ends and insert into a V-shaped embayment formed by the 
posterior ends of the nasals. As in T. mangas and D. albertensis, the supraorbital rim of the 
frontal is rugose. L. exquisitus is unlike T. mangas (Norell et al., 2006) and D. albertensis 
(Currie, 1995), but similar to most other dromaeosaurids (Barsbold and Osmólska, 1999; 
Sues, 1978), in having a supratemporal fossa with a strongly sinusoidal anterior boundary and 
a pit on the dorsal surface of the postorbital process. A pyramidal projection is present at the 
inflection point of the sinusoidal border of the supratemporal fossa, a feature not reported in 
other dromaeosaurids (Turner et al., 2012). 

The jugal (Figs. 1, 2, 4D) shares with the corresponding bone in T. mangas a single 
unique feature, namely a contact with the squamosal that excludes the postorbital from 
the infratemporal fenestra, and several other features such as the absence of a longitudinal 
ridge parallel to the orbital rim (Norell et al., 2006). The medial surface of the suborbital 
ramus bears a robust ridge that extends posterodorsally onto the postorbital process, where 
it becomes much thinner. This feature is also seen in T. mangas and may be present in other 
dromaeosaurids and troodontids, representing a diagnostic feature for the Deinonychosauria. 
Several posteroventrally opening foramina are distributed across much of the lateral surface 
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Fig. 3   Photograph (A) and line drawing (B) of the skull and mandible of Linheraptor exquisitus 
in posterior view, holotype, IVPP V 16923

Abbreviations: bpt. basipterygoid process; bt. basal tuber; cn X. vagus nerve foramen (for cranial nerve X); 
cn XII. hypoglossal foramen (for cranial nerve XII); ex. exoccipital; fm. foramen magnum; nc. nuchal crest; 

oc. occipital condyle; p. parietal; pop. paroccipital process; ptrq. pterygoid ramus of quadrate; q. quadrate; 
qf. quadrate foramen; qj. quadratojugal; sa. surangular; so. supraoccipital; sq. squamosal

of the jugal. This feature is unknown in most other dromaeosaurids, including T. mangas 
(Norell et al., 2006), although they might be present in T. mangas but are simply obscured by 
specimen damage. Similar jugal foramina are present in Velociraptor (MPC 100/982, MPC 
100/25 and AMNH FARB 6516). The suborbital ramus is more rectangular than triangular, in 
that the dorsoventral depth ratio between the anterior and posterior portions of this structure (i.e. 
the depth at the preorbital bar, and at the mid-length of the orbit) is about 0.73. By contrast, 
the suborbital bar is more triangular in T. mangas (depth ratio: 0.38) and D. antirrhopus (depth 
ratio: 0.48). The transition from the suborbital ramus to the postorbital process is more sharply 
angled than in T. mangas and V. mongoliensis. Another difference from T. mangas (Norell et 
al., 2006) and D. antirrhopus (Ostrom, 1969) is that the lateral surface of the anterior portion 
of the suborbital ramus is dorsoventrally concave. Unlike in T. mangas, the ventral margin 
of the suborbital ramus expands considerably laterally and ventrally to form a small cornual 
process. 

The postorbital is similar to those of T. mangas and many other derived maniraptorans in 
having an up-turned and anteromedially twisted frontal process with a convex anterior margin, 
but it differs from that of T. mangas in a few features that are even clearer to observe on the 
newly prepared left lateral side of the skull (Figs. 1, 2, 4E). The concavity between the jugal 
and frontal process is well-developed, rather than indistinct as in T. mangas. Remeasuring the 
angle between the two processes on the better-preserved and newly prepared left postorbital 
reaffirms a significant difference in this angle between L. exquisitus and T. mangas (Fig. 4F), 
contrary to the observations of Turner et al. (2012). It might be possible that Turner et al.’s 
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differing results relate to differences in the way our angles were measured from the actual 
fossils. We have marked our measurement points in Fig. 4F to improve the replicatibility of 
our measurements. The transition from the jugal process to the squamosal process describes a 
continuous concave arc whereas in T. mangas the corresponding edge is undulating (Fig. 4E) – 
the ventral surfaces of the squamosal and jugal processes are concave rather than convex as in T. 
mangas. Finally, there is no small notch on the squamosal process, although a notch is present 
in T. mangas (Norell et al., 2006). 

The quadratojugal (Figs. 1, 3) displays several features that are unknown in T. mangas 
and other dromaeosaurids. The jugal process is more slender in L. exquisitus than in T. mangas 
and also has a flat lateral surface, rather than a dorsoventrally concave one as in T. mangas 
(Norell et al., 2006). In T. mangas and D. antirrhopus, a distinctive triangular ventral flange is 
present on the ventral margin of the jugal process, but in the holotype skull of L. exquisitus this 
margin is nearly straight on the right side and almost perfectly straight on the left side. Unlike 
in T. mangas and many other dromaeosaurids, but similar to the condition in M. zhaoianus 
and S. millenii (Xu, 2002), the whole squamosal (ascending) process is strap-like rather than 
rod-like. The squamosal process is narrowest in lateral view near the midpoint of its length, 
and is dorsally expanded. The dorsal expansion combines with the quadratojugal process of 
the squamosal to form a triangular projection that slightly constricts the posterior border of 
the infratemporal fenestra, a feature unknown in other dromaeosaurids (Turner et al., 2012). 
Similarly unique among dromaeosaurids (Turner et al., 2012) is a sharp ridge that emanates 
from the posteroventral end of the squamosal process and terminates near the anterodorsal 
end, but this ridge is more weakly developed on the right lateral side of the skull than on the 
left, though it might be present in Velociraptor (PIN 3193/8). Unlike in T. mangas (Norell et 
al., 2006), but as in V. mongoliensis (Barsbold and Osmólska, 1999), the squamosal process 
makes a larger contribution to the posterior border of the infratemporal fossa than does the 
quadratojugal process of the squamosal (the squamosal process forming three fifths of the 
border in L. exquisitus and V. mongoliensis, but only half in T. mangas).

The squamosal resembles that of T. mangas in having an elongate postorbital process for 
contact with the jugal, and resembles those of T. mangas and other dromaeosaurids in having 
a shelf (the quadrate shelf) that overhangs the quadrate (Barsbold and Osmólska, 1999; Norell 
et al., 2006) (Figs. 1-3, 4F). However, the squamosal is significantly different from that of 
T. mangas in several other respects which can be seen unequivocally in the better-preserved 
left squamosal which has not been previously prepared. In L. exquisitus and most other 
dromaeosaurids, the quadrate shelf is prominent and extensive (for example, it extends onto 
the postorbital process of the squamosal so that it overhangs not only the quadrate but also the 
quadratojugal process of the squamosal). In T. mangas, however, the shelf is poorly developed 
and the lateral surface of the quadratojugal process is continuous with that of the remainder of 
the squamosal. A possibly unique feature in L. exquisitus is a nearly vertical ridge on the lateral 
surface of the squamosal, which extends dorsally to form a large projection, though this feature 
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appears to be present in one Velociraptor specimen (MPC 100/125). The postorbital process of 
the squamosal is strongly bifurcated, with the ventral ramus much longer than the dorsal ramus 
as in T. mangas. In L. exquisitus, however, the ventral ramus is distinctly curved in that it has 
both a convex dorsal margin and concave ventral margin, in contrast to the straight ventral 
ramus in T. mangas. The former morphology is clearly visible in the undamaged postorbital 
process of the left squamosal and is not an artifact of preservation as suggested by Turner et al. 
(2012). The quadratojugal process is strongly inset from the large quadrate shelf, as described 
earlier in this paragraph. The angle between the quadratojugal process and the ventral ramus 
of the postorbital process is about 50°, rather than about 90° as in T. mangas and some other 
dromaeosaurids such as V. mongoliensis. The squamosal-quadratojugal contact in the newly 
prepared left squamosal is better-preserved in comparison to the right squamosal referred to 
by Xu et al. (2010) and Turner et al. (2012) – the distal tip of the quadratojugal process was 
previously missing and this did not make a flush contact with the squamosal process of the 
quadratojugal. In L. exquisitus the distal tip of the left quadratojual process extends anteriorly 
beyond the anteriormost point of the squamosal process of the quadratojugal whereas in 
Tsaagan both left processes extend to the same anteroposterior position. The latter appears to 
be a genuine difference that is not related to deformation of the squamosal. Thus, we reinterate 
our observations, contrary to those of Turner et al. (2012), that the quadratojugal process of the 
squamosal is relatively longer in L. exquisitus than in Tsaagan.

The quadrate (Figs. 1, 3) is in general similar to those of T. mangas and other 
dromaeosaurids, but also displays some minor differences from that of T. mangas. The 
squamosal ramus (the “lateral flange” of Turner et al., 2012) preserved in its entirety on 
the right lateral side of the skull is dorsoventrally short and the ventral end of its anterior 
edge (which marks the dorsal extremity of the quadrate foramen) lies at a level about two 
fifths of the way down from the dorsal end of the quadrate, rather than approximately at the 
dorsoventral midpoint of the right quadrate as in T. mangas. As this difference is a proportion 
and not an absolute measurment it will persist regardless of size-normalisation. Therefore, the 
use of scaling by Turner et al. (2012) to show that this difference is absent does not invalidate 
our original observations. In Adasaurus mongoliensis the squamosal ramus is even shorter 
and more dorsally displaced than in L. exquisitus. Together with the longer squamosal process 
of the quadratojugal, the short squamosal ramus of the quadrate forms a proportionally large 
quadrate foramen whose maximum diameter is about half of the length of the quadrate. In 
T. mangas, the diameter of the quadrate foramen is only about two fifths of the length of the 
quadrate. Turner et al. (2012) argue that the quadrate shaft of L. exquisitus is not less curved 
and posteriorly inclined than T. mangas based on comparisons between the isolated right 
quadrate of T. mangas and the articulated right quadrate of L. exquisitus. They also argue this 
because they suspect that the left quadrate of T. mangas has been distorted through severe 
mediolateral compression although they do not present any evidence, qualitative or otherwise, 
to show how this was treated to reconstruct its original morphology. However, further preparation 
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of the right quadrate of L. exquisitus, particularly by revealing the quadrate ramus, now allows 
it to be orientated more precisely in space for a direct comparison with the right quadrate of T. 
mangas. These comparisons reaffirm our original observations and refute those of Turner et al. 
(2012), although the degree to which the quadrate shaft is less inclined in L. exquisitus appears 
to be less significant than previously appreciated.

The pterygoid (Fig. 2) appears to have a deep basipterygoid notch as in D. antirrhopus 
(Ostrom, 1969) and D. albertensis (Currie, 1995), and the pterygoid flange is small as in T. 
mangas and D. albertensis. A prominent longitudinal ridge emanates from near the posterior 
end of the pterygoid and traverses the medial surface of the pterygoid parallel to the dorsal 
edge, a feature also apparently present in D. antirrhopus. A small shelf located on the medial 
surface of the pterygoid in the articular area for the ectopterygoid is also present, as in Tsaagan.

The ectopterygoid (Fig. 2) shows few differences from that of T. mangas. However, a 
prominent depression is present on the dorsal surface, a feature not reported in T. mangas. The 
pterygoid ramus extends considerably farther posteriorly than the mandibular ramus, unlike in 
D. antirrhopus.

The parietal (Figs. 1-3) is similar to that of T. mangas in bearing a large transverse 
nuchal crest. The crest appears to have a relatively straight dorsal margin as in most other 
dromaeosaurids, rather than a convex one as in T. mangas, but this may be an artifact of 
breakage. In dorsal view, the nuchal crest has a concave anterior margin and a convex posterior 
one. The nuchal crests of the two parietals intersect each other, and the prominent and sharp 
sagittal parietal crest, at an angle of around 120°. In Tsaagan, by contrast, the nuchal crests 
form a continuous, shallowly concave posterior margin in dorsal view, resulting in an angle of 
around 90° between the sagittal and nuchal crests. 

The braincase (Figs. 1-3, 4G) displays many informative features. Unlike in T. mangas, 
V. mongoliensis (Norell et al., 2004), and D. antirrhopus (Norell and Makovicky, 2004), but as 
in D. albertensis, a prominent dorsal tympanic recess is not observed. However, this feature is 
represented by a shallow depression. A supraoccipital crest in the form of a sharp, prominent 
longitudinal tubercle runs along the dorsal half of the supraoccipital midline and below the 
crest the supraoccipital midline region is flat, whereas in T. mangas the supraoccipital crest is 
a low, wide structure that extends along the whole dorsoventral depth of the supraoccipitals 
(though a longtigudinal tubercle appears to be also present in T. mangas). As in T. mangas 
and other dromaeosaurids, the ventrolateral portion of the supraoccipital projects posteriorly, 
combining with the paroccipital process and the squamosal to form a horizontal shelf 
protruding from the occipital surface of the skull. This condition appears to be a diagnostic 
feature for the Dromaeosauridae, though it is also known in derived tyrannosauroids.

The paroccipital process is in general less similar to that of T. mangas than to those 
of other dromaeosaurids (Figs. 1-3, 4G). The paroccipital process resembles those of other 
dromaeosaurids including T. mangas in that its medial half is triangular in cross section and 
has a broad dorsal surface, contributing to the shelf that protrudes from the occiput. The distal 
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Fig. 4   Comparative photographs of Tsaagan mangas MPC 100/1015 (upper) 
and Linheraptor exquisitus IVPP V 16923 (lower)

A. narial region; B. antorbital region; C. lacrimal; D. jugal; E. postorbital; F. squamosal 
All in lateral view. Scale bars equal 1 cm
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Fig. 4   (Continued) G. occipital region in posterior view; H. braincase in ventral view; I. cervical 3 in lateral view
Abbreviations: aof. antorbital fenestra; bo. basioccipital; bpt pr. basipterygoid process; bsp. basisphenoid; 

bspr. basisphenoid recess; bt. basal tubera; cn X. vagus nerve foramen (for cranial nerve X); 
cn XII. hypoglossal foramen (for cranial nerve XII); c pr. cultriform process; cr. cervical rib; 

ect. ectopterygoid; en. external naris; ep. epipophysis; ex. exoccipital; f. frontal; fm. foramen magnum; 
f pr. frontal process; j. jugal; j pr. jugal process; l. lacrimal; m. maxilla; mf. maxillary fenestra; 
m pr. maxilla process; n. nasal; nc. nuchal crest; ns. neural spine; o. orbit; oc. occipital condyle; 

pmf. promaxillary fenestra; pmx. premaxilla; po. postorbital; pop. paroccipital process; 
po pr. postorbital process; poz. postzygapophysis; prz. prezygapophysis; pt. pterygoid; qj pr. quadratojugal 

process; r. ridge; so. supraoccipital; sq. squamosal; sq pr. squamosal process. Scale bars equal 1 cm

end of the paroccipital process curves ventrally as in T. mangas, although not to the same 
degree. However, the paroccipital process is similar to those of most other dromaeosaurids, 
but not that of T. mangas, in several features: only the medial half of the posterodorsal edge of 
the process bears a prominent ridge, the lateral half of the process is strap-like, the medial half 
of the ventral margin of the process bears an anterior flange, the lateral portion of the process 
is twisted to face posterodorsally, and the lateral end of the process is blunt. In T. mangas, a 
ridge runs the whole length of the posterodorsal edge of the paroccipital process, the lateral 
half of the process is rod-like with a triangular cross section, the ventral margin of the process 
lacks a flange, the distal portion of the process is not twisted and thus faces posteriorly, and the 
distal end is tapered and strongly pendulous. As in D. albertensis, the long axis of each basal 
tuber (Fig. 3) is transversely oriented in ventral view and the notch between the basal tubera is 
relatively narrow (transverse width less than that of each basal tuber). In T. mangas (Fig. 4G), 
each basal tuber is anteromedially oriented and the notch is wider (transverse width greater 
than that of each basal tuber). The latter would be even wider if the skull had been laterally 
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compressed.
The basisphenoid body is considerably wider transversely than long anteroposteriorly, 

while in T. mangas the anteroposterior length of this structure is sub-equal to or even 
greater than the transverse width (Fig. 4H). The oval basioccipital recess is large and deep, 
more similar to that of D. albertensis (AMNH FARB 5356) than to the weakly developed, 
triangular recess seen in T. mangas. As in T. mangas, V. mongoliensis (MPC 100/982), and D. 
albertensis (AMNH FARB 5356), the basisphenoid recess contains two posterior openings 
and a single median anterior opening. However, the posterior openings are situated mostly 
on the basioccipital, rather than mostly on the basisphenoid as in T. mangas or equally on the 
basisphenoid and basioccipital as in V. mongoliensis. The length of the basipterygoid process is 
less than the width of the basisphenoid body, making the basipterygoid process proportionally 
shorter than in T. mangas. Furthermore, the basipterygoid process of L. exquisitus simply 
projects ventrolaterally (most evident on the left lateral basipterygoid process), rather than also 
being inclined anteriorly as in B. feinbergorum, V. mongoliensis, T. mangas and probably D. 
albertensis. As a result, in lateral view the angle between the ventral margin of the cultriform 
process and the anterior margin of the basipterygoid process is larger in L. exquisitus 
(approximately 120°) than in the other taxa (approximately 90°). In T. mangas a transverse 
groove is present between the basipterygoid processes, and immediately anterior to the groove 
a deep fossa is seen on the base of the cultriform process. In L. exquisitus, by contrast, a weak 
ridge instead of a groove is present between the basipterygoid processes and there is no distinct 
fossa at the base of the cultriform process. Turner et al. (2012:60) listed “expression of anterior 
tympanic recess and/or basipterygoid recess absent on the basisphenoid or basipterygoid 
processes” as an autapomorphy of D. albertensis, but this is rejected here because L. exquisitus 
displays the same condition. 

The mandible (Figs. 1, 2) is in general similar to those of T. mangas and other 
dromaeosaurids, but differs from that of T. mangas in some minor features. The posterior 
portion of the mandible is proportionally deeper than in T. mangas, such that the glenoid 
fossa is approximately level with the tooth row rather than well ventral to the tooth row. As 
this is a proportional difference that is specifically referred to the relative positions of the 
glenoid fossa and the tooth row it should not be tied with absolute measurements. Thus, the 
counter-arguments presented by Turner et al. (2012) using scaling methods are inappropriate 
and should be ignored. In L. exquisitus the dorsoventral depth of the mandible is greater 
below the surangular crest than at the level of the mid-length of the dentary, whereas in T. 
mangas the opposite is true. The dentary is similar to those of many other dromaeosaurids, 
although not those of D. albertensis and D. antirrhopus, in having a concave dorsal margin 
and a convex ventral margin in lateral view. However, the curvature of both margins appears 
more pronounced in L. exquisitus than in T. mangas and other dromaeosaurids. The external 
mandibular fenestra is well-preserved on the left lateral side of the skull (Fig. 1) and has an 
ovoid shape and long-axis that is anterodorsally-directed. Its dorsal margin is bound by the 
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surangular whilst its ventral margin is bound by both the dentary and the angular (two and 
three fifths of the margin respectively). Based on the preservation of the left lateral side of the 
skull of T. mangas, its external mandibular fenestra appears to be similar to that of L. exquisitus 
although the relative contribution of the dentary and angular to the ventral margin is uncertain 
in T. mangas. Despite the latter, Turner et al.’s (2012) existing interpretation of the external 
mandibular fenestra’s morphology (Turner et al., 2012: fig. 27) can be disregarded. The 
right angular extends at least 4.2 mm posteriorly beyond the surangular foramen because the 
posterior end of the angular is actually broken and not completely preserved. In T. mangas the 
angular terminates anterior to the surangular foramen but by contrast its posterior end is well-
preserved. As the right surangular foramen in L. exquisitus has an anteroposterior length of 
approximately 6.3 mm, the horizontal distance between the termination of the right angular and 
the right anterior margin of the surangular foramen in L. exquisitus is at least 10.5 mm which 
is almost twice the distance estimated by Turner et al. (2012) between the terminations of the 
angulars in L. exquisitus and T. mangas (~6 mm). However, we would like to emphasise that 
our observations are based on the relative position of the angular termination to the surangular 
foramen so Turner et al.’s (2012) critique based on arguments using absolute measurement is 
not appropriate and reasonable.

L. exquisitus is similar to T. mangas in that all of the teeth lack anterior denticles and have 
posterior denticles that are aligned straight posteriorly (Fig. 1). Some basal dromaeosaurids 
have hooked posterior denticles as in troodontids. The posterior teeth are much smaller than 
the anterior and middle ones, and as in V. mongoliensis the dentary teeth show the heterodont 
condition of being alternately large and small (Fig. 1). In T. mangas, the teeth are relatively 
homodont (Norell et al., 2006).

The cervical vertebrae differ in some features from those of T. mangas (Fig. 4I). There 
is a distinct pneumatic foramen on the lateral surface of the axial centrum, a feature absent in 
T. mangas. This foramen resulted from pneumatisation of the vertebra by the cervical air sac 
diverticula, a process that can by its nature be variably expressed (O’Connor, 2004; O’Connor 
and Claessens, 2005). However, Turner et al. (2012) argue that because of this variability – as 
evidenced by V. mongoliensis lacking such a foramen in MPC 100/24 but possessing one in 
MPC 100/976 – it is not appropriate to use the pneumatic foramen to distinguish between L. 
exquisitus and T. mangas. However, we argue that the well-developed nature of this feature 
in L. exquisitus and the lack in T. mangas of even a weaker ‘intermediate’ expression of 
axis pneumatisation through a pneumatic depression (Benson et al., 2012) suggests that this 
probably reflects a genuine difference. We do acknowledge that this feature should be treated 
more cautiously as more research is needed into dromaeosaurid cervical pneumaticity in 
general, but given the use of cervical pneumaticity as a phylogenetic character by Turner et 
al. (2012) [Character 100] we find their argument partly self-contradictory. The epipophyses 
of the axis extend beyond the zygapophyses both laterally and posteriorly, although those of 
the third through fifth cervicals extend beyond the postzygapophyses only in the posterior 
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direction. In T. mangas, the epipophyses are so weakly developed that they extend beyond 
the postzygapophyses only in the case of the axis, and even then only in the lateral direction. 
The epipophyses are well developed in V. mongoliensis (MPC 100/976) and particularly in D. 
antirrhopus (Ostrom, 1969). In these taxa the epipophyses of the anterior and middle cervicals 
extend both laterally and posteriorly beyond the postzygapophyses, and extend posteriorly 
beyond them to a greater degree than in L. exquisitus.

4      Similarities and differences between L. exquisitus and T. mangas

L. exquisitus and T. mangas share many similarities, several of which are unique, but also 
differ in numerous features. Below we consider 83 taxonomically significant features of L. 
exquisitus, most of which (Features 1-61) are not seen in T. mangas but some of which (Features 
62-83) are shared by the latter taxon. Taken together, the distributions of these features among 
dromaeosaurids not only demonstrate that L. exquisitus is a valid taxon distinct from T. mangas 
but also provide important information on dromaeosaurid interrelationships.

4.1    Differences between L. exquisitus and T. mangas (Features 1-61)

(1)  Nasal process of premaxilla transversely compressed along its entire length. 
This feature is known only in L. exquisitus among dromaeosaurids. The variant condition 
is proximally transversely compressed and distally rod-like as in T. mangas and other 
dromaeosaurids.

(2)  Maxillary fenestra sub-equal in anteroposterior length to external naris. This feature 
is known only in L. exquisitus among dromaeosaurids. In other dromaeosaurids, including 
T. mangas, the maxillary fenestra is considerably smaller. However, the maxillary fenestra is 
proportionally larger in T. mangas than in most other theropods.

(3) Premaxillary process of nasal terminates at anterior border of external naris. This 
feature is known only in L. exquisitus among theropods. In other known theropods, including T. 
mangas, the nasal premaxillary process seems to be much shorter and terminates near the mid-
length of the external naris.

(4)  Pyramidal projection on anterior border of supratemporal fossa. This feature is known 
only in L. exquisitus among dromaeosaurids.

(5)  Quadratojugal squamosal process dorsally expanded. This feature is known only in 
L. exquisitus among dromaeosaurids. In T. mangas and other dromaeosaurids the squamosal 
process tapers dorsally.

(6)  Basipterygoid process is not inclined anteriorly. The basipterygoid process of L. 
exquisitus lacks an anterior inclination as in T. mangas and other dromaeosaurids.

(7)  Supraoccipital crest short and sharp. This condition is known only in L. exquisitus 
among dromaeosaurids. In Velociraptor mongoliensis, T. mangas, and probably Adasaurus 
mongoliensis (MPC 100/20), the supraoccipital crest is low and extends along the whole 
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dorsoventral depth of the supraoccipitals. However, T. mangas might have a supraoccipital 
tubercle. 

(8)  Lacrimal with several anteriorly opening foramina on dorsal surface. This feature is 
known only in L. exquisitus among dromaeosaurids. V. mongoliensis and T. mangas appear to 
lack this feature, though this region is not well-preserved in T. mangas.

(9)  Anterior border of maxillary fenestra confluent with that of antorbital fossa. This 
feature is known in L. exquisitus and possibly Austroraptor cabazai (Novas et al., 2009) among 
dromaeosaurids. In T. mangas and A. marshalli (TMP 95.166.1) the maxillary fenestra is 
anteriorly located, but is nevertheless distinctly posterior to the anterior border of the antorbital 
fossa. In most other dromaeosaurids including Bambiraptor feinbergorum, the maxillary 
fenestra is separated by a considerable distance from the anterior border of the antorbital fossa.

(10) Jugal with posteroventrally opening foramina. This feature is known in L. exquisitus 
and probably V. mongoliensis among dromaeosaurids.

(11) Lateral surface of quadratojugal squamosal process bears sharp longitudinal ridge. 
This feature is known in L. exquisitus and possibly V. mongoliensis among dromaeosaurids. The 
squamosal process does not bear an equivalent ridge in T. mangas and other dromaeosaurids.

(12) Squamosal lateral surface bears nearly vertical ridge. This feature is known in L. 
exquisitus and possibly V. mongoliensis among dromaeosaurids. In T. mangas and most other 
dromaeosaurids, the lateral surface of the squamosal is smooth. 

(13) Frontal with tapering anterior end. This feature is known only in L. exquisitus among 
dromaeosaurids, though B. feinbergorum has been suggested to have a frontal with a tapering 
anterior end (Burnham, 2004). In other dromaeosaurids, including M. omnogovae (MPC 
100/1033), S. millenii, and Saurornitholestes langstoni, the anterior end of the frontal is blunt 
(Sullivan, 2006).

(14) Premaxillary nasal process terminating posterior to external naris. This feature is 
known only in L. exquisitus, and possibly in U. ostrommaysorum and D. antirrhopus, among 
dromaeosaurids (Kirkland et al., 1993). In other dromaeosaurids, the nasal process terminates 
anterior to the posterior margin of the external naris. 

(15) Nasal extending posteriorly well beyond preorbital bar. L. exquisitus is similar to V. 
mongoliensis in that the nasal extends considerably beyond the preorbital bar posteriorly. In 
most dromaeosaurids (e.g., M. omnogovae, B. feinbergorum and T. mangas), the posterior end 
of the nasal is approximately at the level of the preorbital bar.

(16) Premaxilla shallow dorsoventrally. L. exquisitus is similar in this feature to M. 
zhaoianus, S. millenii and V. mongoliensis, while T. mangas and many other dromaeosaurids 
have a deep premaxilla. An associated feature is that the prenarial portion of the premaxilla is 
proportionally larger in taxa in which this bone is relatively shallow dorsoventrally. 

(17) Maxillary process of premaxilla long and slender. L. exquisitus and V. mongoliensis 
have a long and slender maxillary process that extends considerably posterior to the external 
naris (Barsbold and Osmólska, 1999). In T. mangas and other dromaeosaurids, the maxillary 
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process extends only slightly posterior to the external naris.
(18) Maxillary process of premaxilla curved ventrally. The maxillary process is curved 

in L. exquisitus and V. mongoliensis (Barsbold and Osmólska, 1999), but straight in T. mangas 
and other dromaeosaurids.

(19) Sub-circular supratemporal fenestra with laterally convex supratemporal arch. 
The supratemporal fenestra of L. exquisitus is similar to that of V. mongoliensis in being 
bounded by a laterally convex supratemporal arch. In T. mangas and other dromaeosaurids, 
the supratemporal fenestra is more elongated anteroposteriorly and the supratemporal arch is 
straight.

(20) Maxillary fenestra recessed. L. exquisitus shares this feature with M. zhaoianus, 
B. feinbergorum, A. giganticus (MNUFR 15), V. mongoliensis, and Shanag ashile (MPC 
100/1119), but T. mangas lack this feature. The recess appears to be more developed in basal 
dromaeosaurids than in derived taxa.

(21) Maxillary anterior ramus long. L. exquisitus is more similar in this feature to V. 
mongoliensis and such basal dromaeosaurids as S. ashile (MPC 100/1119) and A. cabazai 
(Novas et al., 2009) than to T. mangas, B. feinbergorum (AMNH FARB 30556), A. giganticus 
(MNUFR 15), A. marshalli (TMP 95.166.1), D. antirrhopus (YPM 5232), S. langstoni (TMP 
94.12.844), and D. albertensis (AMNH FARB 5356), in which the anterior ramus is relatively 
short. Among these taxa, D. albertensis (AMNH FARB 5356) appears to share an extremely 
short anterior ramus with A. marshalli.

(22) Jugal with cornual process. L. exquisitus is similar to V. mongoliensis and D. 
antirrhopus in having a small cornual process, though D. antirrhopus differs from the other 
taxa in that this process is posteriorly located. T. mangas lacks a cornual process.

(23) Postorbital with distinct concavity between jugal and frontal process. L. exquisitus is 
more similar in this feature to Velociraptor mongoliensis than to Adasaurus mongoliensis (MPC 
100/20), D. antirrhopus, B. feinbergorum, and T. mangas.

(24) Postorbital without convexity between jugal and squamosal processes. L. exquisitus 
is more similar in this feature to V. mongoliensis than to D. antirrhopus and T. mangas. In the 
latter two taxa, there is a small convexity between the jugal and squamosal processes.

(25) Quadratojugal squamosal process contributing considerably more than half of 
posterior border of infratemporal fenestra. L. exquisitus shares this feature with Velociraptor 
mongoliensis and probably Adasaurus mongoliensis (MPC 100/20), but in T. mangas and some 
other dromaeosaurids the squamosal process contributes only about half of the infratemporal 
border. 

(26) Ventral ramus of squamosal postorbital process curved. L. exquisitus shares this 
feature with D. antirrhopus, but in V. mongoliensis and T. mangas the process is relatively 
straight. 

(27) Sharp angle between postorbital and quadratojugal processes of squamosal. L. 
exquisitus is more similar in this feature to D. antirrhopus than to V. mongoliensis and T. 
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mangas.
(28) Antorbital fossa distinctly depressed relative to maxillary lateral surface. This feature 

is present in L. exquisitus, M. zhaoianus, S. millenii, Buitreraptor gonzalezorum, A. giganticus 
(MNUFR 15), and B. feinbergorum, but the antorbital fossa is much less strongly depressed in T. 
mangas, V. mongoliensis, and D. antirrhopus.

(29) Maxillary anterior ramus step-like. L. exquisitus shares this feature with B. 
feinbergorum and possibly V. mongoliensis. T. mangas, S. millenii and A. marshalli (TMP 
95.166.1), and probably A. giganticus (MNUFR 15) and S. ashile (MPC 100/1119), lack this 
feature.

(30) Lacrimal with lateral flange. L. exquisitus shares this feature with most other 
deinonychosaurians, including basal troodontids and most dromaeosaurids, but T. mangas lacks 
this feature. A laterally flaring posterior process of the lacrimal, which probably represents a 
further elaboration of the flange, has been suggested as a diagnostic feature for A. cabazai. In 
derived dromaeosaurids including L. exquisitus, the lateral flange is a boss-like structure.

(31) Supratemporal fossa anterior border strongly sinusoidal. This feature is present in 
many other dromaeosaurids in addition to L. exquisitus, but is absent in T. mangas.

(32) Supratemporal fossa with deep pit. L. exquisitus shares with many other 
dromaeosaurids this feature, but T. mangas lacks a deep pit within the supratemporal fossa.

(33) Jugal suborbital ramus with straight and horizontal orbital margin. L. exquisitus 
is similar in this feature to D. albertensis and to some basal dromaeosaurids, such as B. 
feinbergorum and probably B. gonzalezorum. In most derived dromaeosaurids, including 
Velociraptor mongoliensis, Adasaurus mongoliensis (MPC 100/20), T. mangas and D. antirrhopus, 
the orbital margin is concave and obliquely oriented.

(34) Lateral surface of jugal suborbital ramus dorsoventrally concave. L. exquisitus shares 
this feature with most other dromaeosaurids, but in T. mangas and D. antirrhopus the lateral 
surface of the jugal is flat.

(35) Postorbital squamosal process smooth. L. exquisitus shares this feature with most 
other dromaeosaurids, but in T. mangas the process bears a notch near the distal end.

(36) Quadratojugal jugal process without ventral flange. L. exquisitus shares this 
condition with most other dromaeosaurids, but in B. feinbergorum, T. mangas, D. antirrhopus, 
and probably D. albertensis (AMNH FARB 5356) a ventral flange is present on the jugal 
process of the quadratojugal.

(37) Quadratojugal squamosal process strap-like. L. exquisitus shares this feature with M. 
zhaoianus, S. millenii, and D. albertensis, but other dromaeosaurids including T. mangas have 
a rod-like squamosal process.

(38) Squamosal with prominent quadrate shelf. In L. exquisitus and most other 
dromaeosaurids the squamosal bears a prominent quadrate shelf, so that the quadratojugal 
process of the squamosal appears inset. However, in T. mangas the quadrate shelf is restricted 
to the posterior portion of the squamosal, so that the quadratojugal process is level with most 
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of the lateral surface of the squamosal. 
(39) Squamosal quadratojugal process short. L. exquisitus is more similar in this feature 

to V. mongoliensis than to T. mangas.
(40) Quadrate squamosal ramus short. L. exquisitus is more similar in this feature to 

Velociraptor mongoliensis and Adasaurus mongoliensis (MPC 100/20) than to T. mangas. 
A. mongoliensis (MPC 100/20) has the shortest squamosal ramus of any dromaeosaurid, the 
summit of the ramus lying close to the dorsal end of the quadrate. This feature is equivalent to 
the dorsally displaced lateral flange of the quadrate mentioned by Turner et al. (2012).

(41) Pterygoid with deep basipterygoid notch. L. exquisitus shares this feature with D. 
antirrhopus and D. albertensis, but in T. mangas the basipterygoid notch is shallow.

(42) Transverse nuchal crest with straight dorsal margin. L. exquisitus shares this 
feature with most other dromaeosaurids, including S. millenii, but in T. mangas and possibly 
A. mongoliensis (MPC 100/20) the dorsal margin of the transverse nuchal crest is strongly 
convex.

(43) Transverse nuchal crest with a midline indentation. In L. exquisitus, the transverse 
nuchal crest has a distinctive midline indentation, and each ramus of the nuchal crest forms 
an angle of around 120° with the sagittal parietal crest. A similar configuration appears to be 
present in V. mongoliensis (MPC 100/25). In T. mangas the nuchal crests form a continuous, 
slightly concave posterior margin, resulting in an angle of around 90° between the sagittal and 
nuchal crests.

(44) Dorsal tympanic recess weakly developed. L. exquisitus shares this feature with 
D. albertensis, but in T. mangas, V. mongoliensis (Norell et al., 2004), and D. antirrhopus 
(Brinkman et al., 1998) the dorsal tympanic recess is well-developed.

(45) Paroccipital process moderate in robustness. Adasaurus mongoliensis (MPC 100/20) and 
T. mangas have the most proportionally robust paroccipital processes among dromaeosaurids, 
and Velociraptor mongoliensis probably has the most slender one among Late Cretaceous 
dromaeosaurids. The paroccipital process of L. exquisitus is intermediate in relative slenderness, 
probably as in D. albertensis (AMNH FARB 5356).

(46) Medial half of paroccipital process posterodorsal edge bears a ridge. L. exquisitus 
shares this feature with most other dromaeosaurids, including M. omnogovae (MPC 100/1033), 
Velociraptor mongoliensis, D. antirrhopus (OMNH 50268), D. albertensis (AMNH FARB 
5356), and probably Adasaurus mongoliensis (MPC 100/20). In T. mangas, the ridge extends 
along the whole length of the paroccipital process.

(47) Paroccipital process lateral half strap-like. L. exquisitus shares this feature with most 
other dromaeosaurids, including Adasaurus mongoliensis (MPC 100/20), M. omnogovae (MPC 
100/1033), Velociraptor mongoliensis, D. antirrhopus (OMNH 50268), and D. albertensis 
(AMNH FARB 5356). In T. mangas, the whole paroccipital process is rod-like with a sub-
triangular cross section.

(48) Paroccipital process with ventral flange. L. exquisitus shares this feature with most 
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other dromaeosaurids, including V. mongoliensis, D. antirrhopus (OMNH 50268) and probably 
D. albertensis (AMNH FARB 5356). In T. mangas, the ventral margin of the paroccipital 
process lacks a flange.

(49) Distal part of paroccipital process twisted to face posterodorsally. L. exquisitus 
shares this feature with most other dromaeosaurids including M. omnogovae (MPC 100/1033), 
D. antirrhopus (OMNH 50268) and Velociraptor mongoliensis, and probably also Adasaurus 
mongoliensis (MPC 100/20) and D. albertensis (AMNH FARB 5356). In T. mangas, the distal 
end of the paroccipital process is not twisted. In the basal alvarezsauroid Haplocheirus the 
distal end of the paroccipital process is also twisted, but in the opposite direction.

(50) Paroccipital process with blunt distal end. L. exquisitus shares this feature with most 
other dromaeosaurids, including Adasaurus mongoliensis (MPC 100/20), M. omnogovae (MPC 
100/1033), Velociraptor mongoliensis, D. antirrhopus (OMNH 50268), and D. albertensis 
(AMNH FARB 5356). However, L. exquisitus differs from other dromaeosaurids such as 
D. albertensis and V. mongoliensis in that the distal end is more parallelogram-like than 
rectangular. In T. mangas, the paroccipital process tapers distally.

(51) Long axis of basal tuber transversely oriented in ventral view. L. exquisitus 
shares this feature with D. albertensis and V. mongoliensis. In T. mangas, the basal tuber is 
anteromedially oriented.

(52) Notch between basal tubera narrow transversely. L. exquisitus shares this feature 
with D. albertensis, but in V. mongoliensis and T. mangas the notch between the basal tubera is 
greater in transverse width than each basal tuber. 

(53) Basisphenoid body transversely wide. L. exquisitus shares this feature with V. 
mongoliensis, but in D. albertensis and T. mangas the basisphenoid body is longer than wide. 

(54) Posterior openings within basisphenoid recess situated mainly on basioccipital. L. 
exquisitus is more similar in this feature to V. mongoliensis than to T. mangas, in which the two 
posterior openings within the basisphenoid recess are located mainly on the basisphenoid. 

(55) Basipterygoid process short. L. exquisitus shares this feature with most other 
dromaeosaurids, but in T. mangas the basipterygoid process is long. 

(56) Septum between basipterygoid processes transversely narrow. L. exquisitus may 
share this feature with D. albertensis. In T. mangas, the septum is relatively wide and bears a 
transverse groove.

(57) Ventral surface of cultriform process base relatively flat. L. exquisitus shares this 
feature with D. albertensis. In T. mangas, a deep fossa is present on the base of the ventral 
surface of the cultriform process.

(58) Dentary with strongly concave dorsal margin and convex ventral margin in lateral 
view. L. exquisitus is more similar in this feature to V. mongoliensis than to S. ashile (MPC 
100/1119), T. mangas and D. albertensis.

(59) Teeth alternate in size along the length of the jaws. L. exquisitus shares this feature 
with V. mongoliensis. In T. mangas, all of the teeth are similar in size (Norell et al., 2006).
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(60) Axis with pneumatic foramen. L. exquisitus shares this feature with D. antirrhopus 
(Peabody Museum of Natural History, Yale University, YPM 5204). In T. mangas, the axis 
lacks a pneumatic foramen on the lateral surface of the centrum.

(61) Anterior cervical vertebrae with prominent epipophyses. L. exquisitus shares this 
feature with many other dromaeosaurids, including V. mongoliensis and D. antirrhopus. 
In T. mangas, the epipophyses are so weakly developed that they never extend beyond the 
postzygapophyses in the posterior direction.

4.2    Similarities between L. exquisitus and T. mangas (Features 62-83)

(62) Maxillary fenestra large. L. exquisitus shares this feature with T. mangas among 
dromaeosaurids.

(63) Squamosal with elongate postorbital process that contacts jugal. L. exquisitus shares 
this feature with T. mangas among dromaeosaurids.

(64) Paroccipital process curves ventrally. L. exquisitus shares this feature with T. mangas 
among dromaeosaurids, though the degree of ventral curvature is much less in L. exquisitus 
than in T. mangas. The paroccipital process is posterolaterally oriented in D. albertensis 
(AMNH FARB 5356), V. mongoliensis and some other dromaeosaurids.

(65) All teeth without anterior denticles. L. exquisitus shares this feature with T. mangas 
among dromaeosaurids. In most dromaeosaurids, the teeth bear denticles on both the anterior 
and posterior carinae (Norell and Makovicky, 2004; Xu, 2002), though in unenlagiines 
(Makovicky et al., 2005; Novas et al., 2009) and some basal dromaeosaurids from western 
Liaoning denticles are absent either on both carinae of all the teeth or on the anterior carinae of 
some teeth. 

(66) Squamosal postorbital process with greatly elongated ventral ramus. L. exquisitus 
shares this feature with T. mangas among dromaeosaurids.

(67) Antorbital fenestra with osseous medial wall. L. exquisitus shares this feature with T. 
mangas, V. mongoliensis, A. cabazai and some basal dromaeosaurids. In basal dromaeosaurids 
the osseous medial wall is more extensively developed. In S. ashile (MPC 100/1119), no 
osseous wall appears to be present.

(68) Jugal without ridge parallel to orbital rim. L. exquisitus shares this feature with T. mangas.
(69) Supraorbital rim rugose. L. exquisitus shares this feature with T. mangas and D. 

albertensis.
(70) Internarial bar sub-triangular in dorsal view. The anterior portion of the internarial 

bar is strongly compressed transversely, giving the bar a subtriangular outline. This feature is 
present at least in L. exquisitus, T. mangas, and V. mongoliensis. In most other theropods, the 
internarial bar has nearly parallel lateral margins and appears more rectangular.

(71) Ventrolateral portion of supraoccipital forms shelf. This feature is probably a 
synapomorphy of the Dromaeosauridae, and is present at least in L. exquisitus, T. mangas, D. 
antirrhopus (OMNH 50268), and D. albertensis (AMNH FARB 5356).



1期 53Xu et al.: The taxonomic status of Linheraptor exquisitus and its implications 

(72) Medial half of paroccipital process triangular in cross section with broad dorsal 
surface. This feature is probably diagnostic for the Dromaeosauridae, and it is present at least in L. 
exquisitus, T. mangas, D. antirrhopus (OMNH 50268), and D. albertensis (AMNH FARB 5356).

(73) Jugal with dorsoventrally high suborbital ramus. L. exquisitus, T. mangas, D. 
antirrhopus, and A. mongoliensis (MPC 100/20) all have a jugal with a dorsoventrally tall 
suborbital ramus, and this structure is even taller in A. mongoliensis (MPC 100/20). In most 
basal dromaeosaurids, the suborbital ramus is proportionally shorter dorsoventrally.

(74) Nasal with anteriorly opening foramina. L. exquisitus shares this feature with T. 
mangas, V. mongoliensis and D. antirrhopus.

(75) Longitudinal fossa along midline of nasals. L. exquisitus shares this feature with T. 
mangas and V. mongoliensis.

(76) Maxillary fenestra anteriorly located. L. exquisitus shares this feature with T. mangas, 
A. marshalli (TMP 95.166.1) and A. cabazai (Novas et al., 2009) among dromaeosaurids (see 
Feature 12 for further details of the maxillary fenestra).

(77) Parietal with prominent transverse nuchal crest. L. exquisitus shares this feature with 
T. mangas and A. mongoliensis among dromaeosaurids.

(78) Parietal forming whole transverse nuchal crest. L. exquisitus shares this feature with 
T. mangas and S. millenii, but in V. mongoliensis the supraoccipital forms the central portion of 
the transverse nuchal crest.

(79) Antorbital fossa with sharp ventral rim. L. exquisitus shares this feature with T. 
mangas, A. giganticus (MNUFR 15) and such basal dromaeosaurids as S. millenii and S. ashile 
(MPC 100/1119).

(80) Premaxillary fenestra invisible in lateral view. In L. exquisitus and T. mangas, the 
premaxillary fenestra is invisible in lateral view, though a depression is visible. A distinct 
opening is visible in lateral view in most other dromaeosaurids, including A. giganticus (MNUFR 
15), and the premaxillary fenestra is enlarged in some basal dromaeosaurids, Velociraptor 
osmolskae (Godefroit et al., 2008), and probably D. albertensis (AMNH FARB 5356).

(81) Maxilla without ridge dorsal to supralabial foramina. Among dromaeosaurids, L. 
exquisitus shares this feature with T. mangas and probably A. giganticus (MNUFR 15). In 
basal dromaeosaurids including S. ashile (MPC 100/1119), a ridge is present. 

(82) Pterygoid flange small. L. exquisitus shares this feature with T. mangas and D. 
albertensis.

(83) Basisphenoid recess contains two posterior openings. L. exquisitus shares this feature 
with T. mangas, V. mongoliensis (MPC 100/982), and D. albertensis (AMNH FARB 5356).

5     Discussion 

Evans et al. (2013), Senter et al. (2012) and Turner et al. (2012) have suggested that L. 
exquisitus is a junior synonym of T. mangas, but our comparative data demonstrate that the 
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two taxa differ significantly from one another. Morphological features 1-8 in the above list 
probably represent autapomorphies of L. exquisitus because each one is absent, or at least 
cannot be confirmed to be present, in other dromaeosaurids. Taken together, these features 
demonstrate that L. exquisitus is a valid taxon distinguishable from T. mangas and all other 
known dromaeosaurids (Turner et al., 2012; Xu et al., 2010). Furthermore, L. exquisitus 
displays an additional 53 differences from T. mangas, so that a total of 61 osteological 
differences between T. mangas and L. exquisitus can be identified. The evidence supporting the 
validity of L. exquisitus is thus extremely strong, and the proposed synonymy of L. exquisitus 
with T. mangas (Senter et al., 2012; Turner et al., 2012) is rejected.

Morphological data from L. exquisitus have significant implications for dromaeosaurid 
systematics. As demonstrated by the comparative data in this paper, many similarities exist 
between L. exquisitus and T. mangas (morphological features 62-83). However, some of these 
similarities have a relatively wide distribution among dromaeosaurids and are thus likely to 
represent synapomorphies of a larger dromaeosaurid clade or even of the Dromaeosauridae as 
a whole (see earlier text).

A few morphological features are indeed uniquely shared by T. mangas and L. exquisitus 
among dromaeosaurids (morphological features 62-66, 68), and represent the main evidence 
that L. exquisitus is a synonym of T. mangas. However, L. exquisitus also displays features that 
have been proposed to represent autapomorphies of several other dromaeosaurids. For example, 
a long and slender maxillary process of the premaxilla and a sub-circular supratemporal 
fenestra are two putative diagnostic features of V. mongoliensis (Barsbold and Osmólska, 1999; 
Turner et al., 2012), but both are essentially present in L. exquisitus. A weakly developed dorsal 
tympanic recess and the absence of a basipterygoid recess on the basisphenoid or basipterygoid 
process are two features that have been suggested to be diagnostic of D. albertensis (Turner 
et al., 2012), but both features are present in L. exquisitus (the paragraph on the basisphenoid 
body). Similarly, an elongate nasal process of the premaxilla has been suggested to be 
diagnostic of U. ostrommaysorum (Turner et al., 2012), but the proportional length of the nasal 
process is even greater in L. exquisitus. The cranial morphology of L. exquisitus underscores 
the complex distribution of derived features that exists among dromaeosaurids.

T. mangas, L. exquisitus and V. mongoliensis appear to be more similar to each other 
than to many other dromaeosaurid taxa, suggesting that they may constitute an endemic 
clade of Late Cretaceous Asian dromaeosaurids. However, this possibility will need to be 
tested by carrying out a numerical phylogenetic analysis that includes the new morphological 
information from L. exquisitus presented here, which is beyond the scope of this paper.

Given the large number of differences between L. exquisitus and T. mangas, it is 
interesting that some researchers specializing in dromaeosaurid morphology and taxonomy 
(Evans et al., 2013; Senter et al., 2012; Turner et al., 2012) have regarded the two taxa as 
synonymous. The degree to which the morphological data used in taxonomic and systematic 
studies can be regarded as objective has been widely debated (Scotland et al., 2003; Wiens, 
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2004), and the contrast between our own perception of L. exquisitus as a valid taxon with many 
distinguishing features and the view that L. exquisitus is a junior synonym of T. mangas (Evans 
et al., 2013; Senter et al., 2012; Turner et al., 2012) presents an example of the principle that 
“similarity lies in the eyes of the beholder” (Clark, 1992). We believe that it is imperative 
to discuss the theoretical questions underpinning this debate, both to clarify the immediate 
issue of the validity of L. exquisitus and as a case study that may represent a useful point of 
reference for future taxonomic and systematic studies.

Proposals of synonymy are usually based on a judgment that putative diagnostic 
differences between the taxa in question are individual, ontogenetic, or sexually dimorphic 
variations rather than taxonomic ones, making one of the new taxa invalid. Taxonomically 
informative variations can sometimes be distinguished from intraspecific ones if a sample large 
enough to provide a basis for rigorous investigation of patterns of variation is available. In 
many paleontological studies, however, the available specimens are too poorly preserved and 
limited in number for this type of analysis to be feasible.

In the present case, Evans et al. (2013), Senter et al. (2012) and Turner et al. (2012) 
attributed the proposed diagnostic features distinguishing L. exquisitus from T. mangas to 
individual intraspecific variation, but avenues for testing this hypothesis are limited because 
each species is currently represented only by a single individual. Future discoveries may 
eventually make it possible to apply statistical approaches, such as geometric morphometrics, 
in order to determine whether L. exquisitus and T. mangas are embedded in separate, narrow 
clusters of morphological variation or both reside in a single larger cluster. At present, 
however, the controversy over whether or not the two names should be synonymized can only 
be provisionally resolved through careful anatomical comparisons between the two available 
specimens. We believe the 61 differences enumerated in this study represent strong evidence 
for retaining T. mangas and L. exquisitus as separate taxa, at least until more specimens closely 
comparable to their respective holotypes are available.

Many of the differences that we have identified between T. mangas and L. exquisitus 
would probably be described by most dinosaur paleontologists as subtle, but they nevertheless 
contribute to the overall case for recognizing the latter as a valid species. Furthermore, the 
obviousness to human observers of a morphological difference between two specimens is not 
a valid proxy for its value as a taxonomic character: striking variations may distinguish growth 
stages or opposite sexes within a single species, whereas subtle but consistent ones may 
represent diagnostic differences between species or even higher clades.

In some taxonomic studies, some taxonomic indicators have been based on superficial 
rather than detailed morphological comparisons. For example, Saurornitholestes and 
Deinonychus have been regarded as junior synonyms of Velociraptor based on overall 
similarities (Paul, 1988), although both are now widely accepted as valid taxa (e.g., Turner et 
al., 2012). Similarly, the basal tyrannosauroid Guanlong has been suggested to be a sub-adult 
individual of the basal tetanuran Monolophosaurus based on the fact that the two taxa are both 
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characterized by a cranial crest and several other superficially similar features (Carr, 2006), 
though this proposal has received little acceptance (Brusatte et al., 2010, 2012). In addition 
to considering L. exquisitus to be a synonym of T. mangas, Turner et al. (2012) scored some 
character states for S. millenii based on IVPP V 169041). However, V 16904 is not referable to 
S. millenii for two key reasons. First, V 16904 is inferred to be more ontogenetically advanced 
than the holotype specimen of S. millenii (V 12811) based on fusion features (the neurocentral 
sutures are fully closed in the preserved vertebrae of V 16904 but are evident in at least some 
vertebrae of V 12811, the proximal tarsals are fused to the tibia in V 16904 but remain separate 
in V 12811), but is significantly smaller than the latter specimen; and second, V 16904 differs 
from the holotype of S. millenii in some important morphological features, such as the fact that 
all of the teeth lack denticles in the former specimen but have denticles in the latter.

These examples show that some recent taxonomic studies have relied on overall 
similarities (and/or salient features) rather than detailed morphological variations. However, 
such variations need to be considered and accounted for when attempting to build a case that 
two established taxa are synonymous, and to appreciate them fully requires close examination 
of the specimens in question followed by an in-depth analysis of the available morphological 
information. In practice, however, proposals of synonymy are often less rigorously supported, 
sometimes relying excessively on chronological and geographical information rather than 
being based on a full evaluation of the available morphological data. We argue that authors 
should avoid synonymizing taxa without undertaking a detailed and comprehensive study of 
the available morphological information, particularly given the potential impact on subsequent 
taxonomic and systematic studies. As the most important operational taxonomical units, 
species carry the basic systematic information used in phylogenetic analyses. A proposal of 
synonymy that is incorrect but nevertheless becomes widely accepted will create a taxonomic 
chimera, a spurious operational taxonomical unit that will bring an artificial combination of 
codings into any analysis in which it is included.

In taxonomic and systematic studies, dense taxon sampling often leads to some salient 
morphological differences between taxa breaking down into distinctions that are much more 
fine-grained but nevertheless informative. The impact of L. exquisitus on our understanding 
of morphological variation among dromaeosaurids represents a particularly clear example of 
this phenomenon. A long and slender maxillary process of the premaxilla has been suggested 
to be a diagnostic feature of Velociraptor mongoliensis, but L. exquisitus is more similar to 
V. mongoliensis in this feature than to other dromaeosaurids (Feature 17). Similarly, another 
suggested diagnostic feature of V. mongoliensis is the presence of a subcircular supratemporal 
fenestra with a laterally convex supratemporal arch, but the supratemporal fenestra of L. 

  1) This specimen is referred to as an uncatalogued specimen of the IVPP in Turner et al., 2012 (see fig. 23C), but it 
actually has the specimen number IVPP V 16904.
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exquisitus is more similar to that of V. mongoliensis than to those of other dromaeosaurids 
(Feature 19). One proposed autapomorphy of Adasaurus mongoliensis is dorsal displacement 
of the squamosal ramus (lateral flange of Turner et al., 2012) of the quadrate. L. exquisitus is 
intermediate between A. mongoliensis and other dromaeosaurids with regard to squamosal ramus 
position, which accordingly is best viewed as a continuously varying character rather than one 
with only two discrete states. Another proposed autapomorphy of A. mongoliensis is the expanded 
jugal maxillary process. While the maxillary process is apparently deeper proportionally in 
A. mongoliensis than in other dromaeosaurids, the depth of this structure is quite variable 
among dromaeosaurids in general: the process is relatively shallow in basal dromaeosaurids, 
but relatively deep in derived dromaeosaurids including L. exquisitus. The relative depth of 
the maxillary process of the jugal should be quantified in order to more objectively capture the 
variation in this character that exists among dromaeosaurids, including A. mongoliensis.

Among the 83 characters we list above, some vary among discrete states and others 
vary continuously. Characters of both types may carry important phylogenetic signals. 
Morphological data from L. exquisitus demonstrate that, in many cases, character states that 
were previously considered discrete are best regarded as extreme points on a single continuum 
of variation. These conditions are obvious when the taxon sampling is sparse, but become 
difficult to differentiate from other conditions when the taxon sampling is dense. The potential 
of continuously varying characters as a rich source of information deserves emphasis, given 
that previously published analyses of dromaeosaurid phylogeny have been limited in their 
ability to robustly elucidate dromaeosaurid interrelationships on a fine scale (Norell et al., 
2001; Turner et al., 2012). 

Many phylogenetic analyses have tried to delimit states for continuous characters based 
on simple statistical analyses (e.g., Garcia-Cruz and Sosa, 2006). This approach succeeds in 
some circumstances, but fails in others. In particular, some continuous characters are not based 
on measurements but are related to relative development (such as the relative prominence of 
a structure), and in such cases it is difficult to apply statistical methods. Furthermore, small 
sample sizes limit the reliability with which many taxa can be scored. Some quantitative 
methods that deal objectively with continuous characters exist (Goloboff et al., 2006), and their 
advantages have been demonstrated in several recent studies, but weighting of character states 
remains problematic. Detailed morphological surveys of dromaeosaurids and other groups will 
undoubtedly continue to reveal variations that are most readily coded as continuous characters, 
making the refinement of current methods for integrating such characters into phylogenetic 
analyses an important priority in the field of systematics.

6      Conclusions

Restudy of Linheraptor exquisitus from the Upper Cretaceous of Nei Mongol, China 
rejects the proposed synonymy of L. exquisitus with T. mangas and confirms its taxonomical 



58 53卷古　脊　椎　动　物　学　报

validity. Evidence from L. exquisitus suggests a complex distribution of derived osteological 
features amongst dromaeosaurids. This study underscores the importance of subtle 
morphological variations for fine-scale phylogenetic analyses.
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晚白垩世精美临河盗龙(Linheraptor exquisitus)的分类位置

及其对驰龙科系统学的意义

徐  星1*   Michael PITTMAN2   舒柯文1   Jonah N. CHOINIERE3   谭庆伟4

James M. CLARK5   Mark A. NORELL6   王  烁1,7

(1 中国科学院古脊椎动物与古人类研究所，中国科学院脊椎动物演化与人类起源重点实验室  北京 100044)

 (2 香港大学地球科学系，古脊椎动物实验室  香港)
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 (6 美国纽约自然历史博物馆古生物学部  纽约 10024)

 (7 中国科学院大学  北京 100049)

摘要：驰龙类的精美临河盗龙(Linheraptor exquisitus)于2010年基于一件近完整骨架命名，

化石采自内蒙古西部巴彦满达呼大门地点上白垩统乌兰苏海组。然而，最近三项研究认为

精美临河盗龙是蒙古乌哈托喀地点上白垩统捷达克赫塔组发现的白魔龙(Tsaagan mangas)的

晚出异名。本文依据61个形态学特征区分精美临河盗龙和白魔龙，否认了上述观点。许多

特征来自对精美临河盗龙正型标本先前未修理部分，特别是头骨左侧的观察。这些新观察

支持和加强了我们先前认为的精美临河盗龙和白魔龙属于两个不同属种的观点。精美临河

盗龙具有的一些特征之前被认为是白魔龙或者其他驰龙类的自近裔特征，这表明进步的骨

骼特征在驰龙类中的分布异常复杂。认为精美临河盗龙和白魔龙为同物异名的观点实际上

忽略了很多微小的形态变异。增加分类取样可以将那些看似显著的鉴定特征转化为更加细

微的形态变异，而这些形态变异对于精细的系统发育分析具有潜在的重要意义。在未来的

研究中，利用连续数据的严格定量方法，有助于处理类似信息。

关键词：内蒙古，晚白垩世，驰龙科，临河盗龙，白魔龙，分类学，系统学 
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