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Forelimb motion and orientation in the ornithischian dinosaurs
Styracosaurus and Thescelosaurus, and its implications for
locomotion and other behavior

Philip J. Senter and Jared J. Mackey

ABSTRACT

The range of motion (ROM) in the forelimb has previously been studied in many
saurischian dinosaur species but only a few ornithischian dinosaur species. Here, we
fill in some of the blanks in current knowledge of ornithischian forelimb function by
investigating the range of shoulder motion and the orientation of the humerus, radius,
and ulna in the centrosaurine ceratopsid Styracosaurus albertensis and the basal orni-
thopod Thescelosaurus sp. Manual manipulation of forelimb bones, using the margins
of bony articular surfaces to delimit the range of motion, shows that humeral ROM and
forearm orientation in S. albertensis resemble those previously found in chasmosau-
rine ceratopsians. Locomotion occurred with the elbows tucked in at the sides and with
the radius anterior to the ulna, without pronation. The animal was also capable of
splaying its forelimbs with the elbows strongly everted, so that elbow flexion and exten-
sion produced side-to-side or up-and-down movements of the torso and head. Thesce-
losaurus sp. had limited humeral ROM and could not swing its humerus forward
through the parasagittal plane as far as a vertical orientation. While being swung
upward through the transverse plane, the humerus could not move as high as a hori-
zontal position. Skeletal proportions and spinal curvature indicate that the forelimbs of
Thescelosaurus could contact the ground while the animal stood. However, the animal
is unlikely to have used quadrupedal locomotion, because its palms faced medially,
and its fingers would have flexed through the transverse plane and therefore would not
have provided forward propulsion.
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INTRODUCTION

The range of motion (ROM) in the limbs of
animals constrains their movement, which in turn
constrains their behavior. Studies of limb ROM in
fossil animals are therefore useful in reconstructing
their behavior. Studies of forelimb ROM have been
published for numerous species of Mesozoic sau-
rischian dinosaurs (Osmodlska and Roniewicz,
1969; Galton, 1971; Osmodliska et al., 1972; Nich-
olls and Russell, 1985; Sereno, 1993; Gishlick,
2001; Carpenter, 2002; Kobayashi and Barsbold,
2005; Senter, 2005, 20064, b; Senter and Parrish,
2005, 2006; Senter and Robins, 2005; Bonnan and
Senter, 2007; Langer et al., 2007; Mallison, 2010;
Vargas-Peixoto et al., 2015; White et al., 2015;
Senter and Sullivan, 2019), as have studies of
pedal ROM in several species (Senter, 2009; White
et al.,, 2016), enabling researchers to draw infer-
ences regarding behavior involved in predation,
locomotion, and other aspects of their lives. In con-
trast, limb ROM has been little studied in ornithis-
chian dinosaurs. ROM within the manus has been
studied only in the basal ceratopsian Leptocer-
atops gracilis (Senter, 2007) and the iguanodontian
ornithopods Uteodon aphanoecetes (Carpenter
and Wilson, 2008) and Iguanodon bernissartensis
(Norman 1980). Shoulder and elbow motion have
been studied in chasmosaurine ceratopsids (John-
son and Ostrom, 1995; Paul and Christiansen,
2000; Thompson and Holmes, 2007; Rega et al.,
2010) and the iguanodontian ornithopod Uteodon
aphanoecetes (Carpenter and Wilson, 2008), and
measured in the basal ceratopsians Psittacosaurus
neimongoliensis, Leptoceratops gracilis, and Pro-
toceratops andrewsi (Senter, 2007).

Here, we augment current knowledge of limb
ROM and orientation in ornithischians by reporting
studies of shoulder ROM and forelimb orientation
in Styracosaurus albertensis and Thescelosaurus
sp. Styracosaurus albertensis is a ceratopsian
dinosaur of the subfamily Centrosaurinae within
the family Ceratopsidae. It is known from the Dino-
saur Park Formation (Upper Cretaceous: Campan-
ian) of Alberta (Ryan et al., 2007). Thescelosaurus
is a genus of ornithopod dinosaur (Dieudonné et
al., 2020) of the family Thescelosauridae. It is
known from the Frenchman Formation of Sas-
katchewan, the Hell Creek Formation of Montana

and South Dakota, the Lance Formation of Wyo-
ming, and the Scollard Formation of Alberta (all
Upper Cretaceous: Maastrichtian) (Boyd et al.
2009).

The family Ceratopsidae has two subfamilies:
Centrosaurinae and Chasmosaurinae. Before now,
forelimb motion has been studied only in the Chas-
mosaurinae. The inclusion of the centrosaurine S.
albertensis in this study therefore has the potential
to add significantly to knowledge of the evolution of
ceratopsid forelimb posture and movement. A par-
ticular point of contention in previous studies of
ceratopsid forelimb orientation and movement is
the degree of habitual pronation of the forearm
(Paul and Christiansen, 2000; Thompson and
Holmes, 2007; Fujiwara, 2009; Rega et al., 2010).
In tetrapods generally, the distal end of the
humerus has two condyles. The lateral condyle
articulates with the radius, and the medial condyle
articulates with the ulna. Distal to the radius and
ulna are the wrist and manus, with the thumb on
the radial side of the manus and the fifth finger on
the ulnar side of the manus. Locomotion in most
extant quadrupedal tetrapods involves positioning
the manus so that during locomotion, the palm
faces caudally (posteriorly), so that flexion of the
fingers produces a caudally directed force that pro-
pels the animal forward. In most cases, this
requires that the manus be pronated, which means
that the distal end of the radius is crossed over the
distal end of the ulna. Researchers studying fore-
limb orientation in ceratopsids have come to differ-
ent conclusions about whether such was the case
in the ceratopsid forelimb.

Johnson and Ostrom (1995) used manual
manipulation of casts of the pectoral girdle,
humerus, radius, and ulna of the chasmosaurine
Torosaurus latus, to study forelimb posture and
locomotion in that species. They concluded that T.
latus habitually held its humerus out laterally in a
sprawl, which produced the pronation necessary to
orient the palm posteriorly (caudally). However,
their study was flawed in that they incorrectly ori-
ented the pectoral girdle with the costal (medial)
surface of the scapula facing largely ventrally,
which caused the glenoid to face laterally. In con-
trast, articulated ceratopsid specimens show that
the medial surface of the scapula faces medially,
which causes the glenoid to face posteroventrally



(Senter, 2006c; Senter and Robins, 2015). The
incorrect positioning of the pectoral girdle by John-
son and Ostrom (1995) affected the positions of
the rest of the limb bones, which casts doubt upon
the correctness of their orientations as recon-
structed in that study. Lockley and Hunt (1995)
examined ceratopsid tracks and concluded that
during locomotion, the elbows of ceratopsids were
tucked in at the sides, rather than being held out-
ward in a sprawl (here and below, the phrase
“tucked in at the sides” allows for a small amount of
lateral eversion of the elbows, as per Thompson
and Holmes (2007), due to the transverse width of
the ribcage). They suggested that a ceratopsid
could nevertheless sprawl the forelimbs to support
the heavy head when the animal was not in loco-
motion. Paul and Christiansen (2000) combined
information from ceratopsid tracks with examina-
tion of the articular surfaces of the bones of chas-
mosaurine pectoral girdles and forelimbs, and
concluded that locomotion occurred with the
elbows tucked in at the sides, so that the radius
was anterior to the ulna instead of being held in a
pronated position, with the humerus approaching
but not achieving a vertical position when the ani-
mal moved its forelimb forward, and with the
humerus approaching a horizontal position when
the animal moved its forelimb rearward. Fujiwara
(2009) examined an articulated specimen of the
chasmosaurine Triceratops sp. and concluded that
the radius was positioned anterior to the ulna, with
the palmar surface of the wrist facing medially, and
with the first through third metacarpals arranged in
a tight arc, so that most of the palm faced medially
but the first three fingers pointed forward instead of
laterally. Thompson and Holmes (2007) studied
forelimb movement in the chasmosaurine Chasmo-
saurus irvinensis by means of manual manipulation
of scale models of scanned bones, orienting the
bones to make the manus fit its positions in cera-
topsid manus prints. They concluded that during
locomotion, the forelimbs were oriented as recon-
structed by Fujiwara (2009), with the elbows
slightly everted but not sprawled. According to their
reconstruction, the humerus was oriented approxi-
mately 45° to the horizontal in lateral view when
the animal moved its forelimb forward, and the
humerus moved into an approximately horizontal
position when the animal moved its forelimb rear-
ward. Rega et al. (2010) came to the same conclu-
sion regarding forelimb movement in the same
species, based on digital reanimation of the same
set of scanned bones.
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A general consensus has therefore emerged
that in chasmosaurine ceratopsids, the radius was
anterior to the ulna during locomotion, instead of
being pronated, that the palmar surface of the wrist
faced medially, and that the posterior part of the
palm also faced medially, although the arched
shape of the metacarpus oriented the fingers such
that the first three were aimed forward and pro-
duced a rearward push when flexed. However, the
same has not been confirmed with the ceratopsid
subfamily Centrosaurinae. Fujiwara (2009) men-
tioned that he manually articulated of the radius
and ulna of a specimen of the centrosaurine Styr-
acosaurus albertensis and found support for a sim-
ilar forearm orientation in that species, but his
study did not examine movement or humeral orien-
tation in the forelimb of S. albertensis. The study of
forelimb orientation and movement in S. alberten-
sis that is presented here includes those details.

Just as Styracosaurus fills an important taxo-
nomic gap in current knowledge of forelimb func-
tion in ceratopsians, Thescelosaurus does the
same for ornithopods. Thescelosaurus is a basal
ornithopod, outside the ornithopod clade Iguano-
dontia (Boyd et al., 2009; Dieudonné et al., 2020).
The clade Iguanodontia includes the families
Rhabdodontidae, Dryosauridae, and Hadrosauri-
dae, in addition to the ornithopod genera Tenonto-
saurus, Camptosaurus, Uteodon, Iguanodon, and
several other genera (McDonald, 2012). Because
Thescelosaurus is the first non-iguanodontian orni-
thopod for which forelimb ROM has been studied,
the taxonomic gap that it fills is a major one in the
study of ornithischian forelimb function.

In previous studies of limb ROM in Mesozoic
dinosaurs, researchers used the edges of the artic-
ular surfaces of the bones to place limits on the
inferred ROM. However, archosaur limb joint sur-
faces are often capped by substantial amounts of
articular cartilage (Fujiwara et al., 2010; Holliday et
al., 2010; Tsai and Holliday, 2015), and the influ-
ence of such cartilage and other soft tissues on
ROM should be taken into account when studying
fossil archosaur limb ROM. Recent studies have
clarified the influence of soft tissues on archosaur
limb ROM (Fujiwara et al. 2010; Hutson and Hut-
son 2012, 2013, 2014, 2015a, b; White et al. 2016;
Senter and Sullivan, 2019). Here, we apply insights
from such studies, to shed light on the evolution of
forelimb function in ornithischian dinosaurs.
Institutional abbreviations—AMNH, American
Museum of Natural History, New York City, New
York, U.S.A.; CMN, Canadian Museum of Nature,
Ottawa, Ontario, Canada; NCSM, North Carolina
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Museum of Natural Sciences, Raleigh, North Caro-
lina, U.S.A.

MATERIALS AND METHODS
Styracosaurus albertensis

The right scapula, coracoid, and humerus of
the holotype specimen of Styracosaurus alberten-
sis (CMN 344) were used to study shoulder ROM
in this species (Figure 1). The study was con-
ducted in two stages. The first stage employed the
“bare-bones” method of the previous studies cited
above, in which the edges of the preserved articu-
lar surfaces were presumed to define the limits of
motion. At the shoulder joint, this method involves
the assumption that the proximal articular surface
of the humerus (the humeral head) will remain in
articulation with the articular surface of the scapula
+ coracoid (the glenoid cavity) as the humerus is
posed in different positions. The second stage
used the results of a previous study of shoulder
ROM in extant archosaurs, including the differ-
ences in magnitude between bare-bones ROM and
fully fleshed ROM (due to the influence of skin,
muscle, and articular cartilage) (Hutson and Hut-
son, 2013), to infer how the shoulder ROM of a liv-
ing S. albertensis may have differed from the bare-
bones values.

In the first stage of the study, the humerus
was photographed in orthal views while being
posed at three extremes of motion: full depression
in the parasagittal plane (position 1), full elevation
in the parasagittal plane (position 2), and partial
elevation in the transverse plane with simultaneous
full protraction (abduction) in the coronal plane
(position 3). During the posing, the right radius and
ulna were included in articulation with the distal
end of the humerus, with the elbow flexed, to
enable visualization of the entire limb in motion.
During the posing, the scapula and coracoid were
supported from beneath by sandbags on a table
top. In position 1, the humerus was supported from
beneath by sandbags, while the radius and ulna
were supported from beneath by the hands of
human volunteers. In position 2, the three limb
bones were supported from beneath by sandbags.
In position 3, the three limb bones were supported
from beneath by human volunteers’ hands. In each
position, the bones were photographed in lateral
view, dorsal view, and anterior (cranial) view.

To position the bones for photography, the
right scapula and coracoid were placed on a table
as if the animal were lying on its left side, with the
medial surface of the distal half of the scapular

blade parallel to the plane of the tabletop (which
approximated the midsagittal plane of the animal),
because articulated specimens show that in non-
avian dinosaurs the scapula was lateral and not
dorsal to the ribcage (Senter, 2006c; Senter and
Robins, 2015). The long axis of the scapular blade
was oriented at approximately 45° to the edge of
the table. This allowed the edge of the table to
serve as a proxy for the animal’s horizontal antero-
posterior (craniocaudal) axis in photos taken in lat-
eral view. In ceratopsids, the animal’s horizontal
anteroposterior (craniocaudal) axis was parallel
with the sacrum, which was horizontal (parallel with
the surface of the ground) when the animal was
standing (Senter and Robins, 2015).

Senter and Robins (2015) found that the
mean orientation of the scapula relative to the
sacrum in articulated ceratopsid skeletons is 55°
(Senter and Robins, 2015). However, that study
also pointed out that the scapular blade was mobile
in non-avian dinosaurs and that the ceratopsid
scapula is oriented at 41° to 71° to the sacrum in
various articulated specimens. The scapular orien-
tation used in this study is close to that of articu-
lated skeletons of Styracosaurus albertensis
(AMNH 5376) and Centrosaurus nasicornis
(AMNH 5351), in both of which the scapular blade
is oriented at 41° to the sacrum (Senter and Rob-
ins, 2015).

Through the entire ROM at the shoulder, the
glenoid cavity and the head of the humerus are
separated by a gap that corresponds to the space
that articular cartilage occupies in extant archo-
saurs. In extant archosaurs, the shape of the artic-
ular cartilage does not precisely match that of the
underlying bony surface of the glenoid cavity (Holli-
day et al., 2010). However, in S. albertensis, the
glenoid cavity and the humeral head are well-
defined, with clearly demarcated edges, which
allowed the protocol used in previous studies
(Senter, 2005, 2006b; Senter and Robins, 2005;
Senter and Parrish, 2006; Senter and Sullivan,
2019) to be applied in this study, as follows. The
humerus was posed in position 1 with the anterior
edge of the humeral head aligned with the coracoid
lip of the glenoid cavity. It was posed in position 2
with the posterior edge of the humeral head
aligned with the scapular lip of the glenoid cavity. It
was posed in position 3 with the lateral edge of the
humeral head aligned with the lateral edge of the
glenoid cavity at the joint between the scapula and
coracoid. For photography in position 3, a partial
instead of full elevation was chosen, because fully
elevating the humerus through the transverse
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FIGURE 1. Right pectoral girdle and forelimb bones of the holotype of Styracosaurus albertensis (CMN 344) and
motion at the shoulder. A. Right scapula and coracoid in lateral view. B-D. Humerus in lateral (B), posterior (C), and
anterior (D) views, with broken white line indicating edge of humeral head. E-F. Radius and ulna in proximal (E) and
distal (F) views. G. Range of parasagittal motion at the shoulder in lateral view. H. Range of motion at the shoulder in
dorsal view. I. Range of transverse motion at the shoulder in anterior view, with radius and ulna included; the broken
line indicates the humerus in the approximate position of full elevation through the transverse plane, and the unbro-
ken line indicates the humerus in the position that was used for photographing it in position 3. J. Range of parasagit-
tal and transverse motion at the shoulder in lateral view, with radius and ulna included. K-M. Fleshed out
reconstructions of S. albertensis in anterior view in habitual posture for standing and locomotion (K), in anterior view
with forelimbs in sprawling posture (L), and in lateral view with forelimbs in habitual posture for standing and locomo-
tion (M). 1 — 3, positions 1 — 3 (see Materials and Methods for description), ¢, coracoid; g, glenoid cavity; h, humerus;
hh, humeral head; r, radius; s, scapula; u, ulna.
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plane entailed posing the humerus approximately
perpendicular to the table top, with part of the
humerus directly above the rim of the glenoid cav-
ity, and the bone was too heavy to support in that
position without the risk of damaging the glenoid
cavity by having the humerus crush it from above.
During manual manipulation of the humerus, we
visually confirmed that the humeral head remained
in articulation with the glenoid cavity when the
humerus was elevated so that its long axis was
approximately perpendicular to the animal’'s mid-
sagittal plane, but we refrained from holding the
humerus in that position for photography, due to
concern for the safety of the specimen.

The heaviness of the fossil bones may also
have introduced a small amount of imprecision to
the ROM measurements, because it is possible
that muscle fatigue may have caused the support-
ing human hands to move slightly toward the floor
during the time that it took the photographer (PJS)
to move from one spot to the next to take photo-
graphs in the three views (lateral, dorsal, and ante-
rior (cranial)). The resulting measurements of ROM
should therefore be understood as close approxi-
mations with somewhat less precision than was
possible in previous studies. Nevertheless, these
approximations provide useful information on ROM
in S. albertensis that are sufficiently informative to
draw useful inferences about forelimb use in the
animal and about differences in forelimb use
between S. albertensis and other dinosaurs.

To measure the range of parasagittal motion
in lateral view and the coronal range of motion in
dorsal view, photos of the bones at the estimated
extremes of motion were digitally superimposed. A
line was then drawn down the long axis of the
scapular blade and of the humerus, and the ranges
of motion were measured from the angles between
the lines with a protractor. The long axis of the
humerus was considered to be a line connecting
the center of the articular surface of the humeral
head to the center of the distal articular surface of
the humerus.

To determine the correct orientation of the
radius and ulna relative to the humerus and each
other, the radius and ulna were posed in articula-
tion with the humerus, while supported from
beneath on sandbags, with the elbow strongly
flexed (approximately 90°), and the shapes of the
articular surfaces were noted. The range of elbow
flexion and extension was not measured.

Thescelosaurus sp.

We used the right scapulocoracoid and
humerus of a specimen of Thescelosaurus sp.
(NCSM 15728) to study shoulder ROM in this spe-
cies (Figure 2). We employed the same method
used for S. albertensis, with the following differ-
ences. NCSM 15728 is preserved and on public
display lying on its left side, with much of the skele-
ton still in articulation, as originally found, including
the ribcage, the right pectoral and pelvic girdles,
and the vertebral column from the neck to the base
of the tail. The humerus, radius, and ulna are disar-
ticulated from the rest of the skeleton, which
allowed us to pose the humerus in the same three
positions described above for S. albertensis
(except that in position 3, we posed the humerus in
full elevation through the transverse plane), with
one of us (JJM) supporting it from beneath by
hand. The nature of the display area prevented us
from obtaining photos in dorsal view. Other logisti-
cal difficulties with the display area prevented us
from using the protocol that was used in previous
studies to minimize parallax by setting up camera
stands so as to ensure that for each view, the pho-
tos are taken from the same point in space. We
therefore improvised unique protocols for the spec-
imen’s display area. For photos in lateral view, the
photographer (PJS) stood over the skeleton, aimed
the camera’s lens straight down, and centered the
viewfinder over the center of the glenoid cavity. For
photos in anterior (cranial) view, we made use of a
grid for field mapping, composed of a square frame
of plastic tubing 1 m on each side, with decimeters
marked by strings across the frame. We positioned
the frame so that one edge was parallel to the long
axis of the skeleton’s sacrum, a proxy for the ani-
mal’'s horizontal anteroposterior (craniocaudal)
axis, and took photos down a string that was paral-
lel to that axis to the best of our ability in the
cramped space of the display area. In lateral view,
the specimen’s scapula is approximately 60° to the
sacrum, which agrees with the value of 60° that a
previous study found between the scapula and the
sacrum in another articulated specimen of Thesce-
losaurus (Senter and Robins, 2015). Difficulties in
positioning ourselves for photography led to a
small degree of parallax in the lateral-view photos
and a larger degree of parallax in the anterior-view
photos. Our measurements of ROM are therefore
not precise and should be understood only as
close approximations. Nevertheless, these approx-
imations provide useful information on ROM in
Thescelosaurus that are sufficiently informative to
draw useful inferences about forelimb use in the
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FIGURE 2. Right pectoral girdle and forelimb bones of Thescelosaurus sp. (NCSM 15728) and motion at the shoulder.
A. Right scapulocoracoid in lateral view. B-D. Humerus in lateral (B), posterior (C), and anterior (D) views, with broken
white line indicating edge of humeral head. E—F. Radius and ulna in proximal (E) and medial (F) views. G. Motion at the
shoulder in lateral view. H. Transverse motion at the shoulder in anterior view. I-J, Skeletons of Thescelosaurus sp.
NCSM 15728 (1) and CMN 8537 (J), showing that the curvature of the anterior dorsal vertebrae positions the forelimb
such that it can reach the ground when the sacrum is horizontal. K, Tracing of several of the bones of CMN 8537 (ver-
tebral centra, femur, tibia + fibula + proximal tarsals, metatarsus + distal tarsal, scapulocoracoid, humerus, radius +
ulna, and carpus + metacarpus), with corrections of the dislocations at the hip and posterior dorsum in the preserved
skeleton, and with heavy lines representing the long axis of the sacrum and the surface of the ground, showing that the
forelimb can reach the ground and can also be retracted to avoid the ground during bipedal locomotion. L, Fleshed-out
reconstruction of Thescelosaurus sp. posed as in K. 1-3, positions 1-3 (see Materials and Methods for description), c,
coracoid; ca, carpals; g, glenoid cavity; h, humerus; hh, humeral head; r, radius; s, scapula; u, ulna.



SENTER & MACKEY: FORELIMB FUNCTION

animal and about differences in forelimb use
between Thescelosaurus and other dinosaurs.

To determine the correct orientation of the
radius and ulna relative to the humerus and each
other, the radius and ulna were posed in articula-
tion with the humerus while supported by hand,
and the shapes of their articular surfaces were
noted. This was hampered by the current configu-
ration of the radius, ulna, and carpals. The radius
and ulna are currently maintained in articulation
with the radius slightly displaced proximally, so that
when the radius is correctly articulated with the
humerus, the ulna is not, and vice versa. In their
current configuration, the distal end of the radius is
slightly and unnaturally crossed over that of the
ulna, and carpal bones are attached to the distal
ends of the radius and ulna, partly obscuring the
shapes of the distal ends of the radius and ulna
(Figure 2F). Despite these challenges, the articular
surfaces of the radius and ulna are sufficiently
exposed to draw conclusions about their natural
configuration and motion. The range of elbow flex-
ion and extension was not measured.

RESULTS
Styracosaurus albertensis (Bare Bones)

The humeral head of S. albertensis is more
extensive and bulbous on the posterior side of the
humerus than on the anterior side (Figure 1B-D).
This allows the humerus to be retracted to a sub-
horizontal position but limits depression through
the parasagittal plane, so that the humerus cannot
approach a vertical orientation (Figure 1G). When
swung laterally, the humerus can be abducted up
to 32° anterior (cranial) to a position perpendicular
to the anteroposterior (craniocaudal) axis of the
body (Figure 1H). Manual manipulation confirmed
that the humerus can be elevated laterally up to
about 90° from the horizontal in anterior (cranial)
view (Figure 11).

When articulated with the humerus, the radius
and ulna are parallel to each other, without the dis-
tal end of the radius crossing medially over the
ulna. When the elbows are tucked in at the sides
(positions 1 and 2), the entire radius is anterior
(cranial) to the ulna, so that the palmar surface of
the wrist faces medially (Figure 1J). When the
elbows are swung out laterally so that the forelimb
is sprawled (position 3), the radius is medial to the
ulna, so that the palmar surface of the wrist would
face posteriorly (Figure 11, J). A lack of mutually
opposed rolling surfaces at the distal ends of the

radius and ulna (Figure 1F) prevents active supina-
tion and pronation.

Styracosaurus albertensis (Implications for
ROM in the Intact Animal)

In the American alligator (Alligator mississippi-
ensis), the ROM at the shoulder estimated from
intact cadavers, in all dimensions, is similar to but
slightly greater than that estimated using the bare-
bones method (Hutson and Hutson, 2013).
Because this animal represents one of the two
major lineages of extant archosaurs, we can tenta-
tively infer that the same may have been the case
for Styracosaurus albertensis, another archosaur.
This inference cannot be drawn with complete cer-
tainty, because the relationship between Styraco-
saurus and extant archosaurs is distant. However,
if it is correct, the shoulder ROM as found with bare
bones is a close approximation of the ROM in the
shoulder of the live animal, which is only slightly
greater.

Long-axis rotation of the humerus occurs in
walking alligators and lizards (Baier and Gatesy,
2013), and the avian tibiotarsus and tarsometatar-
sus regularly undergo long-axis rotation during
locomotion (Kambic et al., 2014, 2017). It is possi-
ble that long-axis rotation of the humerus took
place also in Styracosaurus in some circum-
stances. If so, it would have influenced the posi-
tioning of the radius and ulna. The shapes of the
bony articular surfaces at the shoulder joint of Styr-
acosaurus do not entirely preclude long-axis rota-
tion of the humerus. However, the semicircular
shape of the glenoid cavity of Styracosaurus would
not have allowed as great a degree of humeral
long-axis rotation as the saddle-shaped glenoid
cavity of an alligator or lizard allows.

In extant archosaurs, it is not possible to
achieve active pronation by crossing the distal end
of the radius over the distal end of the ulna, unlike
in many mammals, which are able to actively pro-
duce such motion. A lateral expansion of the proxi-
mal ulna prevents passive radioulnar mobility in
ostriches and other extant birds (Hutson and Hut-
son, 2015b), whereas soft and bony anatomy allow
passive radioulnar mobility in the alligator (Hutson
and Hutson, 2015b). In S. albertensis, as in birds, a
lateral expansion of the proximal ulna is present,
preventing passive radioulnar mobility. Therefore,
as in birds, S. albertensis was unable to achieve
active or passive pronatory movement of the distal
radius over the distal ulna.



Thescelosaurus sp. (Bare Bones)

The humeral head of Thescelosaurus sp. is
more extensive and bulbous on the posterior side
of the humerus than on the anterior side (Figure
2B-D). This allows the humerus to be retracted to
a sub-horizontal position but limits depression
through the parasagittal plane, so that the humerus
cannot approach a vertical orientation (Figure 2G).
When swung laterally, the humerus can be
abducted up to a position approximately perpendic-
ular to the anteroposterior (craniocaudal) axis of
the body (Figure 2G). When perpendicular to the
anteroposterior axis of the body, the humerus can
be elevated laterally between 50° and 60° from the
horizontal in anterior (cranial) view (Figure 2H).

When articulated with the humerus, the radius
and ulna are configured such that the palmar sur-
face of the wrist faces medially when the elbows
are tucked in (positions 1 and 2), and the palmar
surface of the wrist faces caudally when the elbows
are swung forward (cranially) through the trans-
verse plane (position 3). There are no mutually
opposed rolling surfaces at the proximal or distal
ends of the radius and ulna. A broad, flat articular
surface between the radius and ulna at the proxi-
mal end (Figure 1E) prevents both active and pas-
sive supination and pronation of the bones.

Thescelosaurus sp. (Implications for ROM in
the Intact Animal)

As with Styracosaurus, we can tentatively
infer that shoulder ROM in intact Thescelosaurus
was similar to but slightly greater than that esti-
mated using the bare-bones method, because
such is the case in extant Alligator mississippien-
sis, another archosaur (Hutson and Hutson, 2013).
As with Styracosaurus, this inference cannot be
drawn with complete certainty, because the rela-
tionship between Thescelosaurus and extant
archosaurs is distant. However, if it is correct, the
shoulder ROM as found with bare bones is a close
approximation of the ROM in the shoulder of the
live animal, which is only slightly greater.

As with Styracosaurus, the shapes of the bony
articular surfaces at the shoulder joint of Thescelo-
saurus do not preclude a small degree of long-axis
rotation of the humerus, which would have influ-
enced the positioning of the radius and ulna. As
with Styracosaurus, the semicircular shape of the
glenoid cavity of Thescelosaurus would not have
allowed as great a degree of humeral long-axis
rotation as the saddle-shaped glenoid cavity of an
alligator or lizard allows. The shapes of the articu-
lar surfaces of the radius and ulna also indicate
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that without long-axis rotation of the humerus, the
forearm is configured such that the palm faces
medially when the elbows are tucked in at the
sides (positions 1 and 2).

The lack of rolling articular surfaces between
the radius and ulna was not conducive to pronation
and supination. Furthermore, the flat shape of the
proximal articular surface between the two bones
prevented both active and passive radioulnar
mobility. The palms could be aimed posteriorly only
by means of humeral motion at the shoulder.

DISCUSSION

Quadrupedal ability was achieved differently
in ceratopsians and ornithopods. Skeletal morphol-
ogy indicative of moment arms for different mus-
cles shows that the achievement of quadrupedal
ability involved evolutionary changes to different
sets of forelimb muscles between the two groups
(Dempsey et al., 2023). In ceratopsians, the transi-
tion was accompanied by osteological changes
that shifted pectoral and forelimb muscles so as to
decrease the moment arm for humeral retraction
(Maidment and Barrett, 2012; Barrett and Maid-
ment, 2017) and to decrease the moment arm for
humeral abduction (Barrett and Maidment, 2017).
In ceratopsids, an increase in the moment arm for
elbow extension suggests more splaying of the
elbows than in other ornithischian taxa, although
not a habitual full sprawl (Dempsey et al., 2023). In
ornithopods, the moment arms of several postur-
ally important pectoral and forelimb muscles under-
went no major change (Maidment and Barrett,
2012), and the ancestral ornithischian moment arm
for humeral abduction was retained in hadrosaurs
(Barrett and Maidment, 2017). In both ceratopsians
and ornithopods, an increase in the moment arm
for humeral adduction occurred during the transi-
tion to quadrupedal ability (Dempsey et al., 2023).
Iguanodon differs from other quadrupedal ornitho-
pods in having undergone a reduction in the
moment arm of humeral adduction and an increase
in the moment arm for humeral abduction
(Dempsey et al., 2023). In Styracosaurus and
Thescelosaurus, osteological data and the results
of this study additionally provide the following
insights.

Forelimb Function in Styracosaurus
albertensis

Skeletal proportions indicate that the manus
of S. albertensis reached the ground when the
hindlimbs were upright (Senter and Robins, 2015).
Limb proportions and the front-heavy nature of the
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animal precluded habitual bipedal locomotion. The
animal was therefore a habitual quadruped. During
quadrupedal locomotion, the elbows were most
likely tucked in at the sides, rather than sprawled
outwards laterally. This is because the orientation
of the forearm was such that with the humeri
sprawled out to the sides, the forearms would have
moved in the transverse plane, so that they would
have produced a side-to-side rocking motion
instead of forward propulsion. Only with the elbows
tucked in at the sides would the forearms have
moved in the parasagittal plane, producing forward
motion. This interpretation agrees with trackway
data (Lockley and Hunt, 1995; Lockley and Tem-
pel, 2014) and with reconstructions of chasmosau-
rine ceratopsids (Thompson and Holmes, 2007;
Fujiwara, 2009; Rega et al., 2010). Tucking the
elbows in at the sides would also have produced
the narrow spacing between left and right ceratop-
sian manus tracks that is present in ceratopsian
trackways (Lockley and Hunt, 1995; Lockley and
Tempel, 2014), whereas a pose in which the
humeri were sprawled out to the sides would have
produced wider spacing between the left and right
manus prints. These findings are consistent with
the previous finding that the moment arm for
humeral adduction is greater in ceratopsians than
in bipedal ornithischians (Dempsey et al., 2023),
because a greater moment arm for humeral adduc-
tion would have facilitated the tucking in of the
elbows.

Forelimb Function in Thescelosaurus

The anterior dorsal vertebrae in Thescelosau-
rus articulate in a downward curve that positions
the shoulder sufficiently near the ground for the
manus to contact the ground when the animal’s
sacrum is horizontal and its hindlimbs are upright
(Figure 2I-L). Its manus could therefore have con-
tacted the ground during standing or walking. How-
ever, it is unlikely to have used its manus in
locomotion. When the elbows are tucked in at the
sides, the palms face medially, and finger flexion is
not caudally but medially directed, because the
metacarpus of Thescelosaurus lacks the tight arc
on the pollucal side that is present in ceratopsids
and orients the first three fingers of the ceratopsid
hand anteriorly. The orientation of the fingers of
Thescelosaurus would not have been conducive to
forward propulsion during locomotion. To orient the
palms such that the fingers flexed in a posterior
(caudal) direction, producing forward propulsion,
the humerus would have had to swing forward
through the coronal plane, so that the elbows were
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held out from the body in a sprawl. In such a posi-
tion, elbow flexion and extension would have
occurred through the transverse plane, not the
parasagittal plane, and would therefore not have
produced a posteriorly directed force that gener-
ated forward propulsion.

Evolution of Forelimb Function in Ornithischia

A limited range of motion at the shoulder
appears to be plesiomorphic for the Dinosauria.
During movement of the humerus through the
parasagittal plane, an inability to swing the
humerus forward beyond a sub-vertical position is
present in basal (non-coelurosaurian) theropods
(Carpenter, 2002; Senter and Robins, 2005; Senter
and Sullivan, 2019), sauropodomorphs (Bonnan
and Senter, 2007; Langer et al., 2007), and basal
(non-ceratopsid) ceratopsians (Senter, 2007). As
shown here, the same is the case in the basal orni-
thopod Thescelosaurus. During movement of the
humerus through the transverse plane, an inability
to laterally elevate the humerus to a horizontal
position is present in basal (non-coelurosaurian)
theropods (Carpenter, 2002; Senter and Robins,
2005; Senter and Sullivan, 2019), sau-
ropodomorphs (Bonnan and Senter, 2007; Langer
et al., 2007), and Psittacosaurus (Senter, 2007). As
shown here, the same is the case in the basal orni-
thopod Thescelosaurus. This indicates that the
greater ability to protract the humerus in Dromaeo-
sauridae (Senter, 2006b), as well as the greater
ability to laterally elevate the humerus in Paraves
(Senter, 2006b), Ornithomimosauria (Senter,
2006c), and quadrupedal ceratopsians (Senter,
2007; this study), represent derived conditions.
The increases in maximal humeral protraction and
elevation in Paraves, Ornithomimosauria, and
basal (non-ceratopsid) quadrupedal ceratopsians
are due to an extension of the glenoid cavity onto
the lateral surface of the scapula and coracoid
(Senter, 2006b, 2006c, 2007). As shown here,
these abilities are maintained in Styracosaurus
albertensis, due to an increase in size and bulbos-
ity of the humeral head, despite its loss of the lat-
eral extension of the glenoid. The morphology of
the glenoid and humeral head in other members of
the Ceratopsidae resembles that of S. albertensis
(Paul and Christiansen, 2000; Thompson and
Holmes, 2007; Fujiwara, 2009; Mallon and Holmes,
2010). It is therefore plausible that in the Ceratopsi-
dae generally, as in S. albertensis, the humerus
could be swung into a subhorizontal position both
by being swung posteriorly through the parasagittal



plane and by being swung laterally through the
transverse plane.

Orientation of the forearms such that with the
elbows tucked in at the sides, the radius is anterior
to the ulna, without pronation, so that the palms
face medially, appears to be plesiomorphic for the
Dinosauria. It is present in non-avian theropods
(Sereno, 1993; Carpenter, 2002; Senter and Rob-
ins, 2005; Senter, 2006b; Senter and Sullivan,
2019), basal (non-sauropod) sauropodomorphs
(Bonnan and Senter, 2007; Langer et al., 2007;
Mallison, 2010), the basal (non-ceratopsid) cera-
topsians  Psittacosaurus and Leptoceratops
(Senter, 2007), and the basal ornithopod Thescelo-
saurus (this paper). Changes in the orientation of
the manus are present in quadrupedal ceratop-
sians. In Leptoceratops, the metacarpus is arched
in proximal view such that the first two fingers are
aimed forward, so that during flexion they produce
a rearward push that provides forward propulsion
(Senter, 2007). In Protoceratops, the distal radius
is crossed over the ulna, pronating the entire
manus, so that all fingers produce a rearward push
that provides forward propulsion during flexion
(Senter, 2007). In chasmosaurine ceratopsids, the
metacarpus is arched in proximal view such that
the first three fingers are aimed forward, so that
during flexion they produce a rearward push that
provides forward propulsion (Fujiwara, 2009). The
configuration of the centrosaurine metacarpus has
not been studied, but it is plausible that it matches
the configuration in the Chasmosaurinae. As
shown in this study, the configuration of the radius
and ulna in the centrosaurine Styracosaurus alber-
tensis matches that of chasmosaurine ceratopsids.
Changes in the orientation of the manus are also
present in Iguanodon and hadrosaurid ornithopods
of the family Hadrosauridae. In these ornithopods,
the first finger is held off the ground (/guanodon) or
lost (Hadrosauridae), and the second finger is
reoriented such that it flexes toward the third finger
instead of toward the palm, as revealed both by
skeletal anatomy (Norman, 1980; Senter, 2012)
and by trackway evidence (Wright 1999; Lockley
and Wright 2001).

Locomotion and Combat in Ceratopsians

The results of this study have implications for
locomotion in the Ceratopsidae. As previous stud-
ies have shown, chasmosaurine locomotion
occurred with the radius anterior to the ulna, with-
out pronation, and with the propulsive force from
the manus provided by the first three fingers
(Thomson and Holmes, 2007; Fujiwara, 2009; Mal-
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lon and Holmes, 2010), a conclusion that is consis-
tent with data from ceratopsid tracks (Lockley and
Hunt, 1995; Lockley and Tempel, 2014). This study
is the first to confirm with manual manipulation of
bones that the same was the case in the Centro-
saurinae. Articulated skeletons of the centrosau-
rines Centrosaurus apertus (AMNH 5351) and
Styracosaurus albertensis (AMNH 5372) provide a
further line of evidence that the radius was anterior
to the ulna, without pronation, when the elbows
were tucked in at the sides (figure 3 of Senter and
Robins, 2015). It is plausible that both ceratopsid
subfamilies inherited their identical forearm config-
uration from the common ceratopsid ancestor. It is
also plausible that among ceratopsians, the fore-
arm pronation that is present in Protoceratops is a
trait that is unique to the protoceratopsid lineage
and therefore not an evolutionary stage through
which quadrupedal ceratopsians passed on the
way to becoming ceratopsids.

In ceratopsid specimens for which the com-
plete manus is known, the first three fingers have
hoof-like unguals and unreduced phalangeal
counts (two phalanges in the first finger, three in
the second, and four in the fifth), and the fourth and
fifth fingers have reduced phalangeal counts (three
phalanges in the fourth finger, and two in the fifth),
lack unguals, and have an ovoid nub as the termi-
nal phalanx (Brown, 1917, 1937; Fujiwara, 2009;
Mallon and Holmes, 2010)—although exceptions in
which the fifth finger has an unguliform terminal
phalanx are known (Rega et al, 2010). The
reduced phalangeal counts and degenerate finger-
tip morphology in the fourth and fifth fingers are
consistent with vestigialization (Senter, 2010),
which in turn is consistent with a lack of use in
locomotion. Furthermore, in the specimens for
which the original position of the fifth finger (as
originally found in articulation) has been main-
tained and is therefore known, its position suggests
that it may have been held off the ground (Fuiji-
wara, 2009; Mallon and Holmes, 2010), which is
further consistent with locomotor propulsion by the
first through third fingers only.

Fossil tracks confirm that the palm of the cera-
topsid manus was oriented caudomedially (Lockley
and Hunt, 1995; Milner et al., 2006; Lockley and
Tempel, 2014). The relative locations of the manus
and pes prints in these tracks indicate that the fore-
limbs were not sprawled during locomotion, and
that instead the elbows were tucked in at the sides.

The results of this study also have implica-
tions for combat behavior in the Ceratopsidae. As
previously mentioned, quadrupedal ceratopsians,
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including ceratopsids, were capable of moving their
forelimbs into a sprawling position. In this position,
elbow flexion and extension did not generate for-
ward propulsion but instead raised and lowered the
torso and head if done simultaneously on both
sides, and rocked the torso and head left and right
if done alternately on both sides. Many extant liz-
ard species raise and lower the torso and head
during agonistic displays (Carpenter and Fergu-
son, 1977), and it is possible that ceratopsians
engaged in similar behavior. It is also possible that
ceratopsians used their ability to sprawl the fore-
limbs for lateral head-shoving contests, in which
side-to-side rocking would have been important.
The motive power in such movement would have
been provided by elbow extensors, which is con-
sistent with the increase in the moment arm of
elbow extension musculature that is present in cer-
atopsid forelimbs (Dempsey et al., 2023). The head
is enlarged in quadrupedal ceratopsians and espe-
cially in ceratopsids. This enlargement is consis-
tent both with a display function and with the use of
the head as a weapon and a shoving instrument in
dominance contests. The ability to sprawl the fore-
limbs and rock the torso from side to side would
have facilitated the latter use. Previous research-
ers have noted that the heads of ceratopsians were
suited to combat involving head shoving, with or
without horn locking (Farlow and Dodson, 1975;
Molnar, 1977; Farke, 2004; Krauss et al., 2010),
and that a sprawling posture would have facilitated
stability during head-shoving contests (Farlow and
Dodson, 1975). The increase in the moment arm of
the musculature for elbow extension that is present
in ceratopsids and facilitates sprawling (Dempsey
et al., 2023) would have been conducive to such
behavior. Such contests need not have resulted in
punctures caused by horns. Few pathologies that
are attributable to horn punctures are known in cer-
atopsids (Tanke and Rothschild, 2010). This is con-
sistent more with attempts to shove opponents
laterally with the head than with attempts to gore
opponents with the horns. Furthermore, the loca-
tions of most combat-attributed cranial lesions in
Triceratops are consistent with head-shoving con-
tests involving horn-locking, rather than with
attempts to gore each other with the horns (Farke,
2004). Likewise, cranial lesions in Centrosaurus
are inconsistent with the use of the nasal horn in
goring attempts (Farke et al., 2009). An example of
a Triceratops frill that appears to have been punc-
tured by a horn approaching from the rear (D’Anas-
tasio et al.,, 2022) is consistent with a goring
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attempt, but a goring attempt is not the only possi-
ble scenario.

Locomotion in Ornithopods

It is uncontroversial that limb proportions in
basal ornithischians and basal ornithopods sug-
gest bipedal carriage (Norman et al., 2004; Butler
and Barrett, 2012). In Thescelosaurus, the forelimb
is sufficiently short to have been clear of the
ground when the humerus was swung posteriorly
through the parasagittal plane (Figure 2K, L). Thes-
celosaurus was therefore capable of bipedal loco-
motion. As previously mentioned, its forelimb joint
orientation was not ideal for quadrupedal locomo-
tion. It did not preclude quadrupedal locomotion,
but quadrupedal locomotion would have been awk-
ward, with the fingers pointing laterally while the
distal metacarpus contacted the ground and the
elbow flexed and extended through the parasagittal
plane, so that finger flexion did not contribute to
locomotion. Instead, the fingers would have been
held in hyperextension, so as to avoid flexion,
because their flexion would have been medially
directed and would therefore have impeded loco-
motion.

A similar situation is present in the iguanodon-
tian ornithopod Uteodon aphanoecetes, a basal
member of the iguanodontian clade Styracosterna
(McDonald, 2012). Its forelimb could reach the
ground, and its elbow flexed and extended in the
parasagittal plane when the elbows were tucked in
at the sides. In that position, its palms faced medi-
ally, and finger flexion occurred through the trans-
verse plane instead of the parasagittal plane
(Carpenter and Wilson, 2008), as in Thescelosau-
rus. A previous study attributed quadrupedal loco-
motion to the species (Carpenter and Wilson,
2008). If Uteodon engaged in quadrupedal locomo-
tion, it would have been as described above for
Thescelosaurus, with the fingers pointing laterally
and being held in hyperextension, because their
flexion would have been medially directed and
therefore would not have contributed to locomo-
tion.

In later members of the clade Styracosterna,
such as Iguanodon and hadrosaurids, the manus is
reconfigured such that digit | (when present) is held
off the ground, and digit Il flexes toward digit IlI
instead of toward the palm (Norman, 1980; Senter,
2012). This would have produced forward propul-
sion when the palms were facing sub-medially, as
indicated by trackways from the Cretaceous Period
(Wright, 1999; Lockley et al., 2003; Senter, 2012).
These later ornithopods therefore solved the prob-



lem of quadrupedal locomotion with sub-medially
facing palms in a way similar to the ceratopsid
solution: reorientation of the leading finger(s).
When forelimb configuration in Thescelosau-
rus and Uteodon are considered along with the
known record of ornithopod tracks (e.g. Lockley
and Wright, 2001; Lockley et al., 2003, 2009; Diaz-
Martinez et al., 2015; Salisbury et al., 2016), it is
evident that a substantial portion of the ornithopod
footprint record has yet to be discovered. Manus
prints in these two taxa, and possibly an array of
ornithopods outside the clade Hadrosauroidea,
would most likely have shown clawed fingers that
pointed laterally during locomotion. Instead, the
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known manus prints of Cretaceous ornithopods
usually indicate a manus with the fingertips con-
tained within a mitten-like pad of flesh (Figure 3),
as in hadrosaur “mummies” (cf. figure 7.8 of Mur-
phy et al., 2007; figure 4 of Senter, 2012). The ich-
nogenus Neoanomoepus shows clawed fingers but
is currently known only from the Berriasian (Lock-
ley et al.,, 2009). The ichnogenus Hypsiloichnus
shows clawed fingers but is currently known only
from the Albian (Stanford et al., 2004). The pres-
ence of basal ornithopods such as Thescelosaurus
as late as the Maastrichtian suggests that ornitho-
pod traces with clawed fingers were made through
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FIGURE 3. Stratigraphic distribution of ornithopod and basal ornithischian ichnogenera (after Lockley et al., 2003,
2009; Stanford et al., 2004; Diaz-Martinez et al., 2015; Salisbury et al., 2016), with time-calibrated phylogeny of Orni-
thopoda (after McDonald, 2012; Dieudonné et al., 2020; Kobayashi et al., 2021). Blue parts of the cladogram and blue
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the Late Cretaceous. If any survive, they still await
discovery.

CONCLUSIONS

Forelimb orientation and shoulder motion in
the centrosaurine ceratopsid Styracosaurus alber-
tensis resembled that of chasmosaurine ceratop-
sids. Locomotion was accomplished with the
elbows tucked in at the sides, with the radius ante-
rior to the ulna, and without pronation. The shapes
of the glenoid cavity and the bulbous humeral head
enabled ceratopsids to rock the torso left and right
with the forelimbs sprawled, possibly during head-
shoving contests.

The ornithopod Thescelosaurus was most
likely a habitual biped. The humerus could be
swung forward only as far as a position perpendic-
ular to the animal’s anteroposterior axis in dorsal
view, and it could be elevated through the trans-
verse plane somewhat but could not thereby
achieve a horizontal position.

This study encountered logistical difficulties
but nevertheless produced useful information
about ceratopsid and ornithopod forelimb function.
It therefore shows that an experimental setup with
problems that preclude the precision that was pos-
sible in previous studies can still provide a useful
contribution toward the filling of major blanks in

current knowledge of forelimb function in dino-
saurs.
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