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ABSTRACT

A well-preserved paravian manus was described from the Jehol Biota of western Liaoning, China. This
specimen was inferred as an early-diverging troodontid and reveals new morphological details of the
troodontid clade, such as both ends of phalanx II-1 and phalanx lI-2 asymmetrical, phalanx II-1 and phalanx
l1I-3 twisted medially, the ventral side of the distal end of phalanx II-2 flat, and the proximal articular surface
of phalanx -1 non-trochoid. The range of motion of this manus was examined based on the CT data of the
bones, showing that the range of flexion of this troodontid manus is relatively large while the range of
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extension is relatively limited, which is consistent with the tendency of the decrease in the manual extension

capabilities from early-diverging theropods to maniraptoriforms.

Introduction

Troodontidae is a clade of middle to small bodied theropod dino-
saurs and is widely distributed in Asia, Europe and North America
(Makovicky and Norell 2004; Tsuihiji et al. 2014; Evans et al. 2017).
Troodontids are considered as one of the closest relatives of birds
(Agnolin et al. 2019; Rauhut and Foth 2020). In the last three
decades, the northern China and southern Mongolia have yielded
many troodontid fossils, which revealed abundant skeletal details of
this clade and greatly improved our understanding of the transition
from non-avialan dinosaurs to birds (Russell and Dong 1993; Norell
et al. 2000; Xu et al. 2002, 2011, 2017; Xu and Norell 2004; Xu and
Wang 2004; Ji et al. 2005; Gao et al. 2012a; Tsuihiji et al. 2014; Shen
et al. 2017a, 2017b; Pei et al. 2017a, 2022; Yin et al. 2018). However,
the morphology and the function of the forelimbs, especially the
manus of troodontids, are understudied due to the lack of well-
preserved or well-exposed materials. Only few troodontid manus
were described in detail (Currie and Dong 2001; Averianov and
Sues 2016; Tsuihiji et al. 2016). Here we provide a comprehensive
description of a recently discovered troodontid manus from the
Lower Cretaceous Yixian Formation of western Liaoning, China,
based on three-dimensional reconstruction of CT-scan data and
estimate the range of motion (ROM) of the digits.

The ROM analysis of the manus has been performed in many
theropod taxa, including the basal theropods Coelophysis bauri
(Carpenter 2002), Dilophosaurus wetherilli (Senter and Sullivan
2019), Herrerasaurus ischigualastensis (Sereno 1993) and
Megapnosaurus rhodesiensis (Galton 1971), the allosauroids
Acrocanthosaurus atokensis (Senter and Robins 2005) and
Allosaurus  fragilis (Carpenter 2002), the tyrannosauroids
Australovenator wintonensis (its phylogenetic placement is still
ambiguous in Tyrannosauroidea, White et al. 2015), Guanlong
wucaii (Yu et al. 2015) and Tyrannosaurus rex (Carpenter 2002),
the ornithomimosaurians Deinocheirus mirificus (Osmolska and
Roniewicz 1969), Gallimimus sp. (Kobayashi and Barsbold 2005),

Harpymimus okladnikovi (Kobayashi and Barsbold 2005) and
Ornitholestes hermanni (Senter 2006a), the oviraptorosaurian
Chirostenotes pergracilis (Senter and Parrish 2005), the dromaeo-
saurids Bambiraptor feinbergi (Senter 2006b) and Deinonychus
antirrhopus (Gishlick 2001; Carpenter 2002; Senter 2006b). As in
the previous studies (Senter and Robins 2005; Senter 2006b; White
et al. 2015; Yu et al. 2015; Senter and Sullivan 2019), the bone-on-
bone method is used to estimate the ROM, which ignores the
influence of cartilages on the joint movement. Although the precise
estimation of the ROM requires considering the interaction
between bones and cartilages, the accurate reconstruction of carti-
laginous epiphyses is unachievable at the current stage due to soft
tissues are mostly unpreserved in the fossils (White et al. 2015).

Material and methods

SDUST-V1042 (Figures 1-4) was discovered from the Lower
Cretaceous Yixian Formation at Lujiatun, Beipiao, western
Liaoning, China. This specimen is represented by an articulated
and 3d preserved right manus. Most manual digits of SDUST-
V1042 are completely preserved. Metacarpals IT and III and phalanx
I-1 are preserved only with the distal ends, while metacarpal I is
missing in this specimen.

This specimen was CT-scanned at China University of
Geosciences (Beijing) using Nikon XT H225 ST (149 kV, 56 pA)
and a total of 3143 slices were generated. A single pixel is
2000 x 2000 and each frame is 40 pm. The slices were imported
into VG Studio MAX 3.0 (Volume Graphics, Heidelberg, Germany)
for three-dimensional reconstruction. Surface measurements were
performed on the three-dimensional model. The generated STL
files were imported into Maya (Autodesk, California, USA) for
the ROM analysis.

As in previous studies (Carpenter 2002; Kobayashi and Barsbold
2005; Senter and Robins 2005; Senter 2006a, 2006b; White et al.

CONTACT Rui Pei @ peirui@ivpp.ac.cn; Chang-Fu Zhou zhoucf528@163.com @ Key Laboratory of Evolutionary Systematics of Vertebrates, Institute of Vertebrate
Paleontology and Paleoanthropology, Chinese Academy of Sciences, Beijing, China; Chang-Fu Zhou @ zhoucf528@163.com @ College of Earth Science and Engineering,

Shandong University of Science and Technology, Qingdao, China
© 2022 Informa UK Limited, trading as Taylor & Francis Group

Published online 15 Dec 2022


http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/08912963.2022.2155149&domain=pdf&date_stamp=2022-12-13

2 (&) D.YUETAL

-3 -2 1-1 mecli

Figure 1. Photographs of SDUST-V1042 in medial (A) and lateral (C) views, and CT-rendered images of SDUST-V1042 in medial (B), lateral (D), dorsal (E) and ventral (F)
views. Abbreviations: I-1-1-2, the phalanges of the manual digit I; lI-1-1I-3, the phalanges of the manual digit II; 11I-1-111-4, the phalanges of the manual digit Ill; mcll-

mclll, the metacarpals Il and lIl.

2015; Senter and Sullivan 2019), the edges of the articular surfaces
were assumed to represent the limits of motion; these limitations
determined by the articular surface of the distal bone will reach but
not move past the articular surface of the proximal bone. Maya was
used to manipulate the phalanges to their ROM limits. A line was
drawn down the long axis of each element, and the ranges of
motion were measured from the angles between the lines. The
long axis of each phalanx was considered as a line connecting the
center of the distal condyle of the preceding phalanx to the center of
the distal condyle of this phalanx. The long axis of each ungual was
considered to be perpendicular to the line connecting the tips of the
dorsal and ventral lips of the proximal articular surface of the
ungual (Senter and Sullivan 2019). Phalanges I-1, I-2, II-1, II-2,
11-3, III-1, III-2, III-3, III-4 are used for the ROM estimation
(Figure 5). The ROM of digit I and the interphalangeal joint
between phalanges III-2 and III-3 are estimated based on the
incomplete joints.

Institution abbreviations

IGM, Institute of Geology, Ulaan Baatar, Mongolia (Ulaan Baatar,
Mongolia); MPC, Mongolian Paleontological Center, Mongolian
Academy of Sciences (Ulaan Baatar, Mongolia); SDUST,
Vertebrate Palaeontological Collection of College of Earth Science
and Engineering, Shandong University of Science and Technology
(Qingdao, China).

Description

SDUST-V1042 (Figures 1-4) shows a phalangeal formula of 2-3-4.
The manus is generally slender and well ossified. Digit II is longer
than digit III, as typical for theropods. Phalanx II-2 is the longest

preserved manual phalanx, while the length of phalanx I-1 is
unknown.

The distal ends of metacarpals II and III are preserved (Figure 1).
The distal end of metacarpal II consists of two asymmetrical condyles,
with the lateral condyle larger than medial one (Figure 3e). Metacarpal
III is articulated with the manual phalanx III-1.

The first manual digit is comprised of two phalanges (Figure 2).
Phalanx I-1 is preserved with only a partial distal end (Figure 2). It
consists of two condyles, subequal in size (Figure 2e).

The first ungual (phalanx I-2) is damaged at the proximodorsal
portion and the distal tip (Figure 2). As in Jianianhualong tengi (Xu
et al. 2017) and Jinfengopteryx elegans (Ji et al. 2005), the size of the
first ungual is comparable to that of ungual of digit II. The first
ungual is more curved than the second and third unguals. The
proximal articular surface is divided by an inclined middle ridge
(Figure 2f). The flexor tubercle is strongly developed, implying the
presence of flexor muscles with good leverage (Ostrom 1969). The
flexor tubercle is expanded transversely and nodule-like (Figure 2f).
There is a circumferential shallow notch situated between the flexor
tubercle and the proximal articular facet (Figure 2f). Distally, the
flexor tubercle merges into the ventral margin of the ungual. On the
lateral and medial surfaces, the ungual is sculptured by a distinct
blood groove that tapers distally (Figure 2a, d).

The second manual digit is composed of three phalanges
(Figures 1, 3). Phalanx II-1 (Figure 3) is well preserved with
a length of 20 mm. As in Liaoningvenator curriei (Shen et al.
2017b) and Mei long (Gao et al. 2012a), this phalanx is slightly
thicker than phalanx II-2 in diameter. However, in avialans such as
Confuciusornis sanctus (Dalsitt et al. 2006), Eoconfuciusornis zhengi
(Zhang et al. 2008) and Jeholornis prima (Zhou and Zhang 2002),
phalanx II-1 is almost twice as thick as phalanx II-2 in diameter.
The phalanx bears a well-developed ventral intercondylar tuberos-
ity at the proximal end. The maximal dorsoventral height of the
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Figure 2. Manual digit | of SDUST-V1042 in medial (A), dorsal (B), ventral (C) and lateral (D) views; (E), distal view of phalanx I-1; (F), proximal view of phalanx I-2.

Abbreviations: bg, blood groove; ft, flexor tubercle; nod, nodule; not, notch.
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Figure 3. Manual digit Il of SDUST-V1042 in medial (A), dorsal (B), ventral (C) and lateral (D) views; (E), distal view of metacarpal II; (F), proximal view of phalanx II-1; (G),
distal view of phalanx II-1; (H), proximal view of phalanx II-2; (), distal view of phalanx II-2; (J), proximal view of phalanx II-3. Abbreviations: bg, blood groove; dit, dorsal
intercondylar tuberosity; ft, flexor tubercle; Ip, ligament pit; mc¢, metacarpal; vit, ventral Intercondylar tuberosity.

bone is 5 mm at the proximal end. The proximal articular surface is
divided and asymmetrical, with a larger lateral facet and a smaller
medial facet (Figure 3f). The shaft is gradually reduced in thickness
distally. It is oval in the cross section, with a diameter of about
3 mm at the mid-shaft. The shaft is slightly bowed ventrally.
Notably, the shaft twists medially from its middle part, causing
the distal end to flare medially (Figure 3g). The distal end of the
phalanx is ginglymoid, and the lateral condyle is larger than the
medial one (Figure 3g). In distal view, the ventral side of the lateral
condyle expands laterally to form a small tubercle (Figure 3g). The
distal condyles are subcircular in lateral view. No collateral ligament
pit is developed at the distal end of the phalanx.

Phalanx II-2 is well preserved (Figure 3). It is 29 mm long. The
proximal end is robust and with ventral and dorsal intercondylar
tuberosities developed (Figure 3a), which limit the flexibility of the
joint. As in phalanx II-1, the proximal articular surface is also

divided into two asymmetrical facets, with the lateral facet larger
than the medial one (Figure 3h). The mid-shaft diameter of the
phalanx is about 2.5 mm. The cross section is rectangular at the
proximal end and gradually becomes oval toward the distal end.
The distal end is ginglymoid with two asymmetrical condyles
(Figure 3i). The ventral side of lateral condyle is flat in lateral
view (Figure 3d), while the medial condyle is rounded in medial
view (Figure 3a). This flattening of the lateral condyle limits the
hyperextension of phalanx II-3, as phalanx II-3 would become
disarticulated with phalanx II-2 if hyperextended. Ligament pits
are large and dorsally shifted on the lateral and medial faces of
the distal articulation (Figure 3a, d), as in Velociraptor mongoliensis
(Norell and Makovicky 1999), which is to prevent disarticulation of
the phalanges of digit IT (Ostrom 1969). Notably, the ligament pits
are only present in phalanges 1I-2 and III-3 (Figures 3, 4), but
absent or unpreserved in other phalanges.
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Figure 4. Manual digit lll of SDUST-V1042 in medial (A), dorsal (B), ventral (C) and lateral (D) views; (E), proximal view of phalanx lll-1; (F), distal view of phalanx IlI-1; (G),
proximal view of phalanx IlI-2; (H), distal view of phalanx IlI-3; (I), proximal view of phalanx lll-4. Abbreviations: bg, blood groove; ft, flexor tubercle; Ip, ligament pit; mc,

metacarpal; vit, ventral intercondylar tuberosity.

The second ungual (phalanx II-3) is nearly complete and only
missing the distal tip (Figure 3). Proximally, the articular surface
consists of two subequal facets, as in phalanx I-2. The flexor tuber-
cle is significantly transversely expanded (Figure 3j). The dorsoven-
tral height of the articular facet is slightly greater than that of the
flexor tubercle. The proximodorsal lip is absent, as in
Jianianhualong tengi (Xu et al. 2017) and Mei long (Gao et al.
2012a), but present in Anchiornis huxleyi (Pei et al. 2017b) and
Microraptor zhaoianus (Xu et al. 2000; Gong et al. 2012; Pei et al.
2014). The blood groove is extended and positioned relatively
dorsally along the lateral and medial surfaces (Figure 3a, d).

The third manual digit includes four phalanges (Figure 4).
As in Jianianhualong tengi (Xu et al. 2017) and the unnamed
troodontids (IGM 100/1126, Pei 2015; MPC-D 100/140, Tsuihiji
et al. 2016), phalanges III-1 (9.5 mm) and III-2 (9.7 mm) are
subequal in length, but shorter than phalanx III-3 (23 mm).
This feature is common in troodontids, except that in
Sinornithoides youngi phalanx III-2 appears twice as long as
the III-1 (Currie and Dong 2001). Phalanges III-1, III-2 and
III-3 bear ventral intercondylar tuberosities on the proximal
ends (Figure 4a, d). The proximal articular surface of phalanx
III-1 is non-trochoid (Figure 4e). This morphology implies that
the third digit can move somewhat horizontally (adduction and
abduction), as in Acrocanthosaurus atokensis (Senter and Robins
2005). The shaft of phalanx III-1 is circular in the cross section.
The distal end of phalanx III-1 is ginglymoid, and the lateral
condyle is slightly larger than the medial one (Figure 4f).
Phalanx III-2 is comparable to phalanx III-1 in its form and
size, and the proximal articular surface is also asymmetric
(Figure 4g). Phalanx III-3 is elongated. Its mid-shaft is about
2 mm wide and oval in the cross section. The shaft also twists
medially, as in phalanx II-1. Its distal end is ginglymoid with
two nearly symmetrical condyles (Figure 4h). The condyles
hardly expand dorsally, in contrast to those of phalanx II-2.
The collateral ligament pits are large, and positioned relatively
dorsally on both sides, as in phalanx II-2 (Figure 4a, d).

The third ungual (phalanx III-4) is also damaged at the prox-
imodorsal portion and the distal tip (Figure 4). Phalanx III-4 is the
smallest of all manual unguals. The morphology of the proximal
articular facet, the flexor tubercle and the blood groove are similar
to those of other unguals (Figure 4a,d,i).

Results
Taxonomic identification of SDUST-V1042

In the Jehol Biota, theropod fossils include tyrannosauroids, comp-
sognathids, ornithomimosaurians, therizinosauroids, oviraptoro-
saurians, dromaeosaurids, troodontids and avialans. Among these
theropod groups, SDUST-V1042 shows a high morphological
resemblance to the early-diverging troodontids. Among the Jehol
troodontids with preserved manus such as Daliansaurus liaonin-
gensis (Shen et al. 2017a), Jianianhualong tengi (Xu et al. 2017),
Jinfengopteryx elegans (Ji et al. 2005; Ji and Ji 2007) and Mei long
(Xu and Norell 2004), the manual phalanges III-1 and III-2 are
subequal in length and phalanx III-3 is longer than III-1 and III-2
combined, similar to SDUST-V1042. Moreover, SDUST-V1042 is
similar to these Jehol troodontids based on other features such as
the proximodorsal lip of phalanx II-3 absent, flexor tubercle
strongly developed and subequal to the proximal articular facet in
height, phalanx II-1 only slightly thicker than II-2 and shafts of digit
IT and digit IIT subequal in width. Furthermore, these shared fea-
tures among SDUST-V1042 and other Jehol troodontids are also
distributed in the manus of other troodontids (e.g. unnamed troo-
dontids IGM 100/44, Barsbold et al. 1987 and MPC-D 100/140,
Tsuihiji et al. 2016). For SDUST-V1042, further taxonomic identi-
fication within Troodontidae is difficult due to most of the skeleton
of this specimen is not preserved.

SDUST-V1042 displays obvious differences from other ther-
opods of the Jehol Biota. In tyrannosauroids such as Dilong
paradoxus (Xu et al. 2004) and Yutyrannus huali (Xu et al.
2012), digit III is extremely slender and much narrower than
digit II, but in SDUST-V1042, the width of digit III is similar
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Figure 5. Ranges of motion of manual phalanges of SDUST-V1042. (A), manual phalanx II-1 and II-2; (B), manual phalanx II-2 and II-3; (C), manual phalanx lll-1 and 1I-2; (D),
manual phalanx IlI-3 and Ill-4; (E-F), casts of phalanx II-2 and II-3 of SDUST-V1042 in various positions, showing that the ungual becomes disarticulated when extended;
(G-H), the manual phalanges are twisted, (G) distal view of phalanx II-1, (H) distal view of phalanx IlI-3.

to that of digit II. In compsognathids such as Beipiaognathus
jii (Hu et al. 2016) and Sinocalliopteryx gigas (Ji et al. 2007),
manual phalanx III-3 is shorter than phalanges III-1 and III-2
combined and the flexor tubercles are weakly developed, but
phalanx III-3 is longer than phalanges III-1 and III-2 com-
bined and the flexor tubercles are well developed in SDUST-
V1042. In ornithomimosaurians such as Shenzhousaurus orien-
talis (Ji et al. 2003) and therizinosauroids such as Beipiaosaurus
inexpectus (Xu et al. 1999a), Jianchangosaurus yixianensis (Pu et al.
2013) and Lingyuanosaurus sihedangensis (Yao et al. 2019), flexor
tubercles of these groups are small, and not as high as that of the
proximal articular facet, but in SDUST-V1042, the flexor tubercles
are well developed and the height is similar to that of the proximal
articular facet. In oviraptorosaurians, the manus is well preserved
in Caudipteryx spp. while the manus of Similicaudipteryx yixia-
nensis (He et al. 2008) and Xingtianosaurus gangi (Qiu et al. 2019)
are incompletely preserved. In Caudipteryx spp. (Ji et al. 1998;
Zhou and Wang 2000), the phalangeal formula is 2-3-2, but in
SDUST-V1042, the phalangeal formula is 2-3-4. In dromaeosaur-
ids such as Microraptor zhaoianus (Xu et al. 2000, 2003; Gong
et al. 2012; Pei et al. 2014) and Sinornithosaurus millenii (Xu et al.

1999b), manual phalanx III-1 is more than twice the length of
phalanx III-2, and the phalanges of the third digit are much
slenderer than those of the second digit, which is clearly distin-
guished from SDUST-V1042 in which both phalanges III-1 and
III-2 are subequal in length, and phalanges of the second digit are
almost as robust as those of the third digit. SDUST-V1042 also is
different from the basal avialans. In jeholornithiforms such as
Jeholornis prima (Zhou and Zhang 2002) and Kompsornis long-
icaudus (Wang et al. 2020), the transverse width of phalanx II-1 is
approximately 2 times that of phalanx II-2, while in SDUST-
V1042, phalanx II-1 is only slightly thicker than II-2. In sapeor-
nithids such as Sapeornis angustis (Pauline et al. 2009) and
Sapeornis chaoyangensis (Gao et al. 2012b), the phalangeal formula
is 2-3-2, but in SDUST-V1042, the phalangeal formula is 2-3-4. In
confuciusornithids such as Confuciusornis sanctus (Dalsétt et al.
2006) and Eoconfuciusornis zhengi (Zhang et al. 2008), phalanx I-2
is the largest, phalanx III-4 is intermediate and phalanx II-3 is the
smallest, unlike in SDUST-V1042 phalanx II-3 is larger than
phalanx IIT-4.

As aforementioned, the manual morphology of SDUST-V1042
is different from other theropod groups of the Jehol Biota, but
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shows shared features with previously reported early-diverging
troodontids of the Jehol Biota. Therefore, SDUST-V1042 was
inferred as an early-diverging troodontid.

Range of motion

The ROM of phalanges I-2, II-2, II-3, I1I-2, III-3, III-4 are measured
with Maya (Figure 5). Only the approximate degree of flexion of
phalanges I-2 and III-3 are measured due to the incompletely
preserved joints. As in ornithomimosaurians, oviraptorosaurians
and dromaeosaurids, SDUST-V1042 exhibits a significant reduc-
tion of the range of the manual extension, but has a relatively large
range of flexion.

In SDUST-V1042, the ROM of phalanx I-2 is about 71° for
flexion. In digit II, phalanx II-1 could be twisted along its long
axis by 24° (Figure 5g), so that the distal phalanges of the second
digit converge medially during flexion. The ROM of phalanx II-2 is
from 32° for flexion to 4° for extension (Figure 5a). Phalanx II-3
exhibits a permanent state of flexion, and has a 9° range of move-
ment at the joint between phalanges II-2 and II-3 (Figure 5b). The
flat distal articular end of phalanx II-2 strongly hinders the exten-
sion of phalanx II-3 (Figure 5e, f).

In digit II1, phalanx ITI-2 is nearly immobile, with a merely 5° for
flexion (Figure 5c). Phalanx III-3 is about 18° for flexion and can be
twisted along its long axis by 23° (Figure 5h), so that phalanx III-4
also converges medially during flexion. Phalanx III-4 shows a high
capability of flexion, with a maximum range of 64° for flexion, but
lacks capability of hyperextension (Figure 5d). The large range of
flexion of phalanx III-4 is also present in Deinonychus antirrhopus
(Senter 2006b).

Discussion
Manual morphology of troodontids

In most troodontids, the manual phalanges are only simply
described, and detailed morphological descriptions are limited to
Sinornithoides youngi (Currie and Dong 2001), Urbacodon sp.
(Averianov and Sues 2016) and the unnamed troodontid MPC-D
100/140 (Tsuihiji et al. 2016). In this study, SDUST-V1042 reveals
several new manual features for the troodontids, such as the asym-
metrical articular facets (the lateral is larger than medial) of pha-
langes II-1 and II-2, the shafts of phalanx II-1 and phalanx III-3
twisted medially, the ventral side of the distal end of phalanx II-2
flat and the proximal articular surface of phalanx III-1 non-
trochoid. These features are reported in troodontids for the first
time, but some of these features are also distributed in dromaeo-
saurids and other theropod groups (e.g. Herrerasaurus ischigualas-
tensis, allosauroids, compsognathids and oviraptorosaurians).

In particular, the asymmetrical articular facets between phalanx
II-1 and phalanx II-2 are known in dromaeosaurids like
Deinonychus antirrhopus (Ostrom 1969) and Velociraptor mongo-
liensis (Norell and Makovicky 1999). In contrast, the symmetrical
condition is present in other theropods such as the oviraptorosaur-
ian Hagryphus giganteus (Zanno and Sampson 2005). Furthermore,
the distal end of phalanx II-1 is asymmetrical and medially twisted
(Figure 3g), and this condition may lead to the medial converging of
digit II during flexion. The twisted shaft of phalanx II-1 is reported
in Herrerasaurus ischigualastensis (Sereno 1993), but its shaft is
laterally twisted. Moreover, the medially twisted shaft of phalanx
III-3 is known in Bambiraptor feinbergi (Senter 2006b). Its shaft is
twisted about 35° (estimated from Senter 2006b, figure 4aa), slightly
stronger than that in SDUST-V1042 (23°). This twisting enables
ungual IIT approaching digit IT during flexion.

In SDUST-V1042, the ventral side of the distal end of phalanx II-
2 is flat, limiting the movement of phalanx II-3. This condition is also
present in the allosauroids Acrocanthosaurus atokensis (Senter and
Robins 2005) and Sinraptor dongi (Currie and Zhao 1993) and the
compsognathid Compsognathus longipes (Gishlick and Gauthier
2007). In contrast, in most theropods, the distal end of penultimate
phalanges is rounded, allowing the ungual more freedom of move-
ment (Senter and Robins 2005). Moreover, in SDUST-V1042, the
proximal articular surface of phalanx III-1 is undivided and non-
trochoid, so that phalanx III-1 could move somewhat horizontally,
as in Acrocanthosaurus atokensis (Senter and Robins 2005),
Chirostenotes pergracilis (Currie and Russell 1988) and Deinonychus
antirrhopus (Ostrom 1969), but unlike Bambiraptor feinbergi (Senter
2006b) and Velociraptor mongoliensis (Norell and Makovicky 1999).

The changes of manual ROM and function in theropods

The ROM of the manus has been studied widely in theropods
such as allosauroids, tyrannosauroids, ornithomimosaurians,
oviraptorosaurian and dromaeosaurids (Carpenter 2002; Kobayashi
and Barsbold 2005; Senter and Parrish 2005; Senter and Robins 2005;
Senter 2006a, 2006b; White et al. 2015; Senter and Sullivan 2019)
(Table 1). Generally, three types of manual joints exist: the metacar-
pophalangeal joint (proximal to I-1, II-1 and III-1), the interphalan-
geal joint (proximal to II-2, III-2 and III-3) and the ungual joint
(proximal to I-2, II-3 and III-4).

As for the metacarpophalangeal joints, the ranges of motion vary
largely. For metacarpophalangeal joint I, the extension ranges from
5° (Chirostenotes pergracilis, Senter and Parrish 2005) to 90°
(Acrocanthosaurus atokensis, Senter and Robins 2005), while the
flexion ranges between 10° (Australovenator wintonensis, White
et al. 2015) and 70° (Harpymimus okladnikovi, Kobayashi and
Barsbold 2005). For metacarpophalangeal joint II, the extension
ranges from 10° (Deinonychus antirrhopus, Senter 2006b) to 105°
(Dilophosaurus wetherilli, Senter and Sullivan 2019), while the
flexion ranges between 18° (Allosaurus fragilis, Senter and Parrish
2005) and 51° (Deinonychus antirrhopus, Senter 2006b).

As for the interphalangeal joints, especially in digit II, they
appear to have wide ranges from 31° to 75° for flexion. A high
capability of extension (>35°) is present in the allosauroids such as
Acrocanthosaurus atokensis (Senter and Robins 2005) and in the
tyrannosauroids such as Australovenator wintonensis (White et al.
2015). However, a low extension condition (<15°) is present in the
ornithomimosaurians and pennaraptorans (e.g. Harpymimus
okladnikovi, Senter and Parrish 2005; Bambiraptor feinbergi and
Deinonychus antirrhopus; Senter 2006b), except phalanx II-2 of
Chirostenotes pergracilis (Senter and Parrish 2005).

As for the ungual joints, the ranges of flexion are mostly larger
than 35°, except phalanx I-2 of Tyrannosaurus rex (Senter and
Parrish 2005) and phalanx II-3 of Dilophosaurus wetherilli (Senter
and Sullivan 2019) and Guanlong wucaii (Yu et al. 2015), but the
ranges of extension of the ungual joints vary. In the tyrannosauroid
Australovenator wintonensis (White et al. 2015), the ranges of exten-
sion are large (>35°), but in the allosauroid Acrocanthosaurus ato-
kensis (Senter and Robins 2005) and ornithomimosaurians, the
unguals are permanent in flexion. In the pennaraptorans (e.g.
Chirostenotes pergracilis, Senter and Parrish 2005; Bambiraptor fein-
bergi and Deinonychus antirrhopus, Senter 2006b), the ranges of
extension are limited (<10°).

Interestingly, in relatively early-diverging theropods such as
Dilophosaurus wetherilli, allosauroids and tyrannosauroids, all meta-
carpophalangeal joints (as well as some other joints) show larger
range of extension than flexion. As a contrast, almost all manual
joints show larger range of flexion than extension in Coelophysis
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Table 1. Range of motion (ROM) values of various theropods and SDUST-V1042 (Senter and Parrish 2005; Senter and Robins 2005; Senter 2006a, 2006b; White et al. 2015;
Yu et al. 2015; Senter and Sullivan 2019).

Dinosaur taxon I-1 1-2 1I-1 -2 -3 -1 ll-2 1I-3 lI-4
Coelophysis bauri Extension 18 26 17 13 10 ? ? ? ?
Flexion 54 40 48 60 50 ? ? ? ?
ROM 72 66 65 73 60 ? ? ? ?
Dilophosaurus wetherilli Extension 19 28 105 ? 18 85 31 18 5
Flexion 16 65 21 ? 27 62 53 62 47
ROM 35 93 126 ? 45 147 84 80 52
Allosaurus fragilis Extension 55 ? 20 10 0 ? ? ? ?
Flexion 19 ? 18 63 58 ? ? ? ?
ROM 74 ? 38 73 58 ? ? ? ?
Acrocanthosaurus atokensis Extension 90 -116 77 97 —-98 73 18 20 0
Flexion 35 119 36 70 133 1 28 50 108
ROM 125 3 113 167 35 84 46 70 108
Australovenator wintonensis Extension 40 42 38 37 37 ? ? ? 50
Flexion 10 80 36 31 73 ? ? ? 62
ROM 50 122 72 68 110 ? ? ? 112
Tyrannosaurus rex Extension 35 34 ? ? ? ? ? ? ?
Flexion 18 22 ? ? ? ? ? ? ?
ROM 53 56 ? ? ? ? ? ? ?
Guanlong wucaii Extension 49 10 46 22 28 17 30 26 18
Flexion 31 71 31 72 33 1 14 53 70
ROM 80 81 77 94 61 28 44 79 88
Harpymimus okladnikovi Extension 28 0 19 14 0 ? ? ? ?
Flexion 70 97 25 46 90 ? ? ? ?
ROM 98 97 44 60 920 ? ? ? ?
Ornitholestes hermanni Extension 29 0 ? ? 17 ? ? ? ?
Flexion 52 85 ? ? 100 ? ? ? ?
ROM 81 85 ? ? 117 ? ? ? ?
Gallimimus sp. Extension 20 0 25 0 0 ? ? ? ?
Flexion 33 96 27 33 90 ? ? ? ?
ROM 53 96 52 33 90 ? ? ? ?
Chirostenotes pergracilis Extension 5 7 24 25/16 4 ? ? ? ?
Flexion 51 62 41 58/60 52 ? ? ? ?
ROM 56 69 65 83/76 56 ? ? ? ?
Bambiraptor feinbergi Extension 15 0 28 7 6 —4 10 -2 ?
Flexion 51 76 50 70 92 36 36 37 ?
ROM 66 76 78 77 98 32 46 35 ?
Deinonychus antirrhopus Extension 43 4 10 0 1 23 -1 0 1
Flexion 49 70 51 75 85 22 62 9 74
ROM 92 74 61 75 96 45 51 9 85
SDUST-V1042 Extension ? ? ? 4 -30 ? 0 ? 0
Flexion ? ~71 ? 32 39 ? 5 ~18 64
ROM ? ? ? 36 9 ? 5 ? 64

?" represents the measurements are unavailable, ‘~" represents the estimated value.

120+
. o Coelophysis bauri
2 90 Dilophosaurus wetherilli
& o Allosaurus fragilis
% 60+ % Acrocanthosaurus atokensis
[ = e :/ o Australovenator wintonensis
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C T T 1 T 1 | T 1 1
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o
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30+ ’ «— e Deinonychus antirrhopus
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Figure 6. Ranges of flexion within the same digit in relatively early-diverging theropods (A) and maniraptoriforms (B).
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Figure 7. The evolutionary trend of the manual ROM along the simplified phylogenetic tree of theropods. The phylogeny was created with reference to previous studies of
the manual ROM (Senter and Parrish 2005; Senter and Robins 2005; White et al. 2015).

bauri and maniraptoriforms (Table 1). Moreover, a trend of the
increase of ranges of flexion from the proximal to the distal pha-
langes within the same digit, which may be associated with the
grasping ability of the manus, is likely present in tetanurans with
some exceptions such as in the second digit of Allosaurus fragilis,
Australovenator wintonensis and Guanlong wucaii (Figure 6). This
pattern becomes more stable in Maniraptoriformes with only few
exceptions such as digit II of Chirostenotes pergracilis and digit IIT of
Deinonychus antirrhopus (Figure 6).

In summary, the manus exhibits considerable hyperextension
as a primitive condition of theropod dinosaurs as in coelophy-
soids, allosauroids and tyrannosauroids (White et al. 2015),
while a significant reduction of the manual hyperextension
occurs in ornithomimosaurians, oviraptorosaurians and dro-
maeosaurids (Figure 7). Generally, there is a tendency to
decrease in the capability of manual extension in these thero-
pods (White et al. 2015; Yu et al. 2015). In SDUST-V1042, the
capability of the manual extension is obviously low, further
supporting this tendency from early-diverging theropods to
maniraptoriforms.

The decrease of the capability of the manual extension in ther-
opods is likely associated with the change of the manual function.
For example, in the tyrannosauroid Australovenator wintonensis
(White et al. 2015), the range of hyperextension of the manual
unguals is large and this kind of animals possibly possesse
a unique manual function associated with predation. In dromaeo-
saurids, the range of hyperextension has been significantly reduced,
even though the range of flexion remains large. This condition
shows that compared with early-diverging forms, dromaeosaurids
were more likely to use their manus to grasp, while the dispatch
could be achieved orally or with the sickle-like claw on its second
pedal digit (Ostrom 1969; Manning et al. 2009; White et al. 2015).
As in dromaeosaurids, SDUST-V1042 also shows large range for
flexion and limited range for extension, which suggests that it may
also try to use its manus to grasp like dromaeosaurids. In extant
primates, the manus also have large range for flexion and limited

range for extension, and the prehension of objects by hand is
integral (Fragaszy and Crast 2016).

Conclusions

We described a right manus of a recently discovered specimen
SDUST-V1042 from the Jehol Biota of western Liaoning, China,
which is inferred as an early-diverging troodontid. This specimen
reveals new manual features like both ends of phalanx II-1 and
phalanx II-2 asymmetrical, phalanx II-1 and phalanx III-3 medially
twisted, the ventral side of the distal end of phalanx II-2 flat and the
proximal articular surface of phalanx III-1 is not trochoid. The ROM
analysis of this manus shows that the range of flexion is relatively large
while the range of extension is relatively limited in this troodontid,
consistent with the tendency of the decrease of the manual extension
capabilities from early-diverging theropods to maniraptoriforms.
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