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Forearm orientation in Hadrosauridae (Dinosauria: Ornithopoda) 
and implications for museum mounts 

Phil Senter

ABSTRACT

Skeletons of hadrosaurids (“duck-billed dinosaurs”) are usually mounted with
palms facing caudally (posteriorly). To achieve this, the radius is articulated with the
medial (ulnar) condyle of the humerus instead of the lateral (radial) condyle, which
would be unique among vertebrates if it were correct. However, articulated specimens
reveal that in hadrosaurids the radius articulates with the lateral condyle of the
humerus, as in other vertebrates, and the palms face caudomedially, though more
medially than caudally. Active pronation is prevented by the shapes of the radial and
ulnar shafts and by the lack of rolling articulations between radius and ulna. This
makes the caudomedial orientation of the palm permanent. This finding contradicts
many museum mounts but agrees with trackway evidence.
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INTRODUCTION

In most tetrapods the distal end of the
humerus exhibits two condyles: a lateral (radial)
condyle that articulates with the head of the radius
and a medial (ulnar) condyle that articulates with
the proximal end of the ulna. Because the thumb is
aligned with the radius and the fifth finger is aligned
with the ulna, the orientation of the forearm deter-
mines the orientation of the hand. A plethora of
studies have involved examination of forelimb artic-
ulations to determine antebrachial and manual ori-
entation in saurischian dinosaurs (Sereno, 1993;
Gishlick, 2001; Carpenter, 2002; Bonnan, 2003;

Senter and Robins, 2005; Senter, 2006; Senter
and Parrish, 2006; Bonnan and Senter, 2007) and
in ornithischian dinosaurs of the clades Thyreo-
phora (Senter, 2010, 2011) and Ceratopsia (Senter
2007; Fujiwara 2009), but the forelimbs of ornithis-
chian dinosaurs of the family Hadrosauridae have
not received such attention. For this study I exam-
ined antebrachial and manual orientation in Hadro-
sauridae. Hadrosauridae is a clade of herbivorous
dinosaurs from the Late Cretaceous of North and
South America, Europe, Asia, and Antarctica. The
group is characterized by the presence of a com-
plex dental battery and by modification of the snout
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SENTER: HADROSAURID FOREARM
into a laterally broad, toothless bill that has inspired
the nickname “duck-billed dinosaurs” (Horner et al.,
2004; Creisler, 2007). A variety of cranial crests,
engendered by hypertrophy of the bones bounding
the nasal passages, is present in the subfamily
Lambeosaurinae (Horner et al. 2004). Determina-
tion of the correct orientation of the antebrachium
and hand in Hadrosauridae is of particular impor-
tance, because it has been reconstructed differ-
ently by different researchers.

Museum mounts of hadrosaurid skeletons
tend to articulate the hadrosaurid forelimb in one of
two configurations. In one configuration, hence-
forth called RL (“radius lateral”) for concision, the
radial head is articulated with the lateral condyle of
the humerus, as in other tetrapods. The shapes of
the radius and ulna are such that with the hand cor-
rectly aligned with the forearm, this configuration

causes the hadrosaurid palm to face caudomedi-
ally (but more medially than caudally) (Figure 1). In
the other configuration, henceforth called RM
(“radius medial”), the radial head is articulated with
the medial condyle of the humerus, which causes
the palm to face caudally when the hand is cor-
rectly aligned with the forearm (Figure 2).

Early hadrosaurid reconstructions vacillated
between the two configurations. In 1868 the Acad-
emy of Natural Sciences in Philadelphia unveiled a
mounted skeleton of Hadrosaurus foulkii, the
world’s first dinosaurian skeletal mount (Weisham-
pel and Young, 1996), mounted in RM (Lull and
Wright, 1942, pl. 10; Weishampel and Young,
1996, Figure 4.15). In a subsequent reconstruction
by Marsh (1892) of the hadrosaurid currently called
Edmontosaurus annectens (Horner et al., 2004),
the animal’s forelimbs were illustrated in RL. In

FIGURE 1. Mounted skeleton of AMNH 5338, Corythosaurus casuarius, in left lateral view. Note that in the right fore-
limb the radius is mounted in articulation with the lateral condyle of the humerus without distally crossing over the
ulna, and that the palm faces sub-medially. Abbreviations: r, radius; u, ulna.
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1897 Century Magazine published the earliest
fleshed-out reconstruction of a hadrosaurid with
caudally-facing palms; it was a drawing by Charles
Knight, for which he had sought the advice of pale-
ontologist Edward D. Cope (Creisler, 2007). In
1901 Yale University Museum mounted a skeleton
of E. annectens (YPM 2182) with its forelimbs in
RL (Beecher, 1901). In 1904 the United States
National Museum mounted a specimen of E.
annectens (USNM 2414) with the forelimbs in RM
(Lucas, 1904). Under the direction of Henry F.
Osborn, Knight created a painting of a pair of E.
annectens with caudally-facing palms in 1908
(Creisler, 2007). In the same year, the American
Museum of Natural History mounted its two famous
skeletons of E. annectens (AMNH 5730 and 5886)
to match Knight’s painting. To achieve caudal ori-
entation of the palms, AMNH 5886 was mounted in
RM (Figure 2.1), and AMNH 5730 was mounted in
RL with the distal ends of the radii crossed unnatu-
rally over the distal ends of the ulnae (Figure 2.3).
Several subsequent mounts followed the example
of AMNH 5886, using RM configuration to orient
hadrosaurid palms caudally. Such mounts include
Royal Ontario Museum mounts of Parasaurol-

ophus walkeri (ROM 768) (Parks, 1922), Edmonto-
saurus regalis (ROM 5851) (Parks, 1935),
Corythosaurus excavatus (ROM 5505) (Parks,
1935), Kritosaurus incurvimanus (ROM 764) (Lull
and Wright, 1942), and Prosaurolophus maximus
(ROM 787) (Lull and Wright, 1942).

While the RL condition in other tetrapods
seems to rule out RM as a feasible configuration,
the long history of mounting hadrosaurids in RM
makes it advisable to ask whether there is reason
to believe that the antebrachial configuration was
modified from RL to RM in hadrosaurids. This
study was conducted mainly to answer that ques-
tion.

Institutional Abbreviations

AMNH: American Museum of Natural History, New
York City, New York, United States. CMN, Cana-
dian Museum of Nature, Ottawa, Ontario, Canada.
JRF, Judith River Foundation, Malta, Montana,
United States. ROM, Royal Ontario Museum,
Toronto, Ontario, Canada. SC, Italian State Collec-
tions, Italy. YPM, Yale Peabody Museum, New
Haven, Connecticut, United States.

FIGURE 2. Forelimbs of hadrosaurid skeletons mounted with caudally-facing palms; black arrow indicates medial
condyle of humerus, and white arrow indicates lateral condyle of humerus. 2.1. AMNH 5886, Edmontosaurus annect-
ens, anterior view. 2.2. Cast of Edmontosaurus sp. at North American Museum of Ancient Life (Lehi, Utah), anterolat-
eral view. 2.3. AMNH 5730, Edmontosaurus annectens, right lateral view. Note that palms face caudally in 2.1 and 2.2
due to mounting the radius in articulation with the medial condyle of the humerus, and that palms face caudally in 2.3
due to unnatural crossing of the distal end of the radius medially over that of the ulna.
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MATERIALS AND METHODS

Here, I have treated RL and RM reconstruc-
tions of hadrosaurid forelimbs as competing ana-
tomical hypotheses with testable predictions. Each
hypothesis makes three predictions about its
respective configuration: (1) the joint surfaces of
the forelimb bones allow the bones to fit together in
the configuration, (2) the configuration is found in
hadrosaurid specimens that were discovered with
the relevant joints articulated, and (3) the configu-
ration is compatible with ichnological evidence
from hadrosaurid tracks with manus prints.

To test the first prediction I manually rearticu-
lated the forelimb bones of two hadrosaurid speci-
mens in which the bones had been separated for
storage: CMN FV 2289 (Edmontosaurus regalis)
and AMNH 5357 (Hypacrosaurus altispinus) (Fig-
ure 3).

To test the second prediction I examined an
articulated specimen of Edmontosaurus annect-
ens, AMNH (American Museum of Natural History,
New York City, New York, United States) 5060 (Fig-

ure 4), and an articulated specimen of E. regalis,
CMN (Canadian Museum of Nature, Ottawa,
Ontario, Canada) FV 8399 (Figure 5). The hands
and skin of AMNH 5060 have been thoroughly
described (Brown, 1912; Osborn, 1912), as have
the hands of CMN FV 8399 (Lambe, 1913), but
their other bones and articulations have not. AMNH
5060, the famous dinosaur “mummy,” was pre-
served lying on its back with much of its skin intact
and with much of the skeleton—including the
bones of the elbows and hands—articulated. It was
mounted largely in one piece (Osborn, 1912). CMN
FV 8399 was preserved lying on its side with most
of its skeleton articulated. Its forelimbs are fairly
well articulated (Lambe, 1913). Most of the skele-
ton was left in the matrix and mounted as found,
but some missing manual phalanges were restored
in plaster (Lambe, 1913).

To test the third prediction I consulted pub-
lished literature on hadrosaur trackways. Here, the
taxonomy of Edmontosaurus follows Campione
and Evans (2011).

FIGURE 3. Manually rearticulated forearm bones of hadrosaurid specimens, with red arrows indicating concave sur-
faces on ulna that hold radius in place and thereby prevent active pronation. 3.1. CMN FV 2289 (Edmontosaurus
regalis), proximal view. 3.2. CMN FV 2289, distal view 3.3. AMNH 5357 (Hypacrosaurus altispinus), proximal view.
3.4. AMNH 5357, distal view. 3.5. AMNH 5357, oblique distal view. 3.6. CMN FV 2289, lateral view, with distal end
moved out of place to show concave surface on ulna. 3.7. AMNH 5357, lateral view. 3.8. AMNH 5357, medial view.
Abbreviations: r, radius; u, ulna.
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RESULTS

When I manually rearticulated the forelimb
bones of CMN FV 2289 and AMNH 5357, I found
that the best fit occurs in the RL configuration. In
this configuration the shapes of the bones do not
allow the radius to cross over the ulna. In both
specimens, concave surfaces on the ulna cradle
the radius and prevent it from moving out of posi-
tion (Figure 3.5 – 3.8) Also, the proximal and distal
radio-ulnar joints lack rolling surfaces (Figure 3.1 –

3.4). These data show that distal radial crossover
is unnatural in hadrosaurids and that the two bones
were fixed in position relative to each other, with no
active pronation or supination possible.

Examination of AMNH 5060 revealed that its
radius articulates with the lateral condyle of the
humerus in both forelimbs, supporting the interpre-
tation that RL is the correct configuration (Figure
4). In both forelimbs the radius is parallel to the
ulna with no distal crossover. The humeral heads
moved craniolaterally out of the glenoids as the

FIGURE 4. AMNH 5030, mummified Edmontosaurus annectens, showing articulations between forelimb bones;
black arrow indicates medial condyle of humerus, and white arrow indicates lateral condyle of humerus. 4.1. Anterior
end of specimen in dorsal view. 4.2. Anterior end of specimen in right ventral view. 4.3. Right hand in dorsal view.
4.4. Left forearm and hand in oblique (part palmar, part pollucal) view. 4.5. Right forearm in palmar view. 4.6. Right
hand in palmar view. Abbreviations: c, coracoid; h, humerus; m, mandible; r, radius; sc, scapula; sk, skull; st, ster-
nal plates; u, ulna. Roman numerals indicate metacarpals, and Arabic numerals indicate phalanges of the digit indi-
cated by each numeral (e.g., all phalanges of digit II are indicated by “2”).
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corpse lay on its back, so that the shoulders
became dislocated (Figure 4.2). This has created
an unnatural humeral sprawl, causing the palms to
face ventrally. The orientation of the elbows, wrists,
and hands reveals that the palms would have
faced sub-medially were the shoulders not dislo-
cated.

In CMN FV 8399 the right elbow is not visible
(Figure 5). In the left elbow the radius articulates
with the lateral condyle of the humerus (Figure
5.3), again supporting the interpretation that RL is
the correct configuration. The distal ends of the
radius and ulna are articulated with each other dif-
ferently in the two forelimbs. The two bones lie par-
allel in the right forearm, so that the distal end of
the radius is not crossed over that of the ulna,
whereas the distal end of the radius is crossed
medially all the way over that of the ulna in the left
forelimb (Figure 5.4). As a result, the palms face
different directions in the two forelimbs. The right
palm faces sub-medially, with the fourth and fifth
digits in a caudal position, while the left palm faces
caudally, with the fourth and fifth digits (the latter of
which is caudally displaced) in a lateral position
(Figure 5.2). That the distal radial crossover in the
left forelimb of this specimen is unnatural is con-

firmed by the condition in its right forelimb, by the
condition in both forelimbs of AMNH 5060, and by
the manual rearticulations described above. It is
also confirmed by the condition in articulated had-
rosauroid skeletons that I did not examine but for
which photographs have been published: JRF 115
(Brachylophosaurus canadensis) (Murphy et al.,
2007) and SC 57021 (Tethyshadros insularis)
(dalla Vecchia, 2009). In both cases the RL config-
uration is present, and the radial and ulnar shafts
are parallel, with no distal radial crossover. The
caudal orientation of the left palm of CMN FV 8399
is due to the hand’s having been dragged into such
an orientation as the distal end of the radius moved
post-mortem into its current, unnatural position.

The RL configuration, which causes the palm
to face caudomedially, agrees with hadrosaurids
manus prints. Most of the plethora of known track-
ways attributable to hadrosaurids lack manus
prints (Currie and Sarjeant, 1979; Alonso, 1980;
Lockley et al., 1983; Carpenter, 1992; Lim et al.,
1995; Milner et al., 2006), which suggests that had-
rosaurids usually moved bipedally. In the few had-
rosaurids trackways with manus prints, the palms
face caudomedially (Currie et al., 1991; Lockley et
al., 2001, 2006) (Figure 6).

FIGURE 5. CMN FV 8399, articulated skeleton of Edmontosaurus regalis, showing articulations between forelimb
bones. 5.1. Anterior end of skeleton in lateral view. 5.2. Right hand (left side of 5.2) in palmar view and left hand (right
side of 5.2) in palmolateral view. 5.3. Articulations between bones of left elbow. 5.4. Articulations between bones of
the right forearm (left side of 5.4) and of the left forearm (right side of 5.4). Abbreviations as in Figure 4.
6
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DISCUSSION

A strongly medial orientation of the palms is
unusual in a quadruped. In most quadrupeds the
palms face caudally and the fingers flex toward the
palm so as to produce a caudally-directed propul-
sive force during locomotion (Muybridge, 1957;
Jenkins and Goslow, 1983). Anteaters (Myrme-
cophagidae) are exceptional in that they walk qua-
drupedally with palms facing medially (Orr, 2005).
In anteaters the fingers curl up into the palm during
locomotion so that the animal walks on its knuckles
and the propulsive force is provided at the wrist,
elbow, and shoulder but not the fingers (Orr, 2005).
Hadrosaurids were not knuckle-walkers and there-
fore had to solve the problem of quadrupedal loco-
motion with medially-facing palms in another way.
Iguanodon, a close relative of Hadrosauridae,
engaged in quadrupedal locomotion with its palms
facing caudomedially as in hadrosaurids (Wright,
1999). In Iguanodon the leading digit of the hand
(digit II, because digit I is reduced in Iguanodon
and lost in hadrosaurids) is reoriented so that it
flexes caudally, toward the hind digits, rather than
toward the palm (Norman, 1980), thereby produc-
ing a caudally-directed force even with sub-medi-
ally facing palms. The same may have been true of
hadrosaurids, because the flexor surface of digit II
faces the hind digits in AMNH 5060 (Figure 4.4,
4.6), CMN FV 8399 (Figure 5.2) and other hadro-

saurid specimens found with articulated hands
(Parks, 1919, 1922; Prieto-Marquez, 2007; dalla
Vecchia, 2009) (Figure 7).

Manual orientation in some articulated hadro-
saurid specimens appears to contradict the conclu-
sion that the palms faced sub-medially. As found,
the palms faced caudally in articulated specimens
of Kritosaurus (ROM 764) and Parasaurolophus
(ROM 768) (Parks, 1920, 1922). However, in both
specimens this is due to postmortem rotation of the
forearm bones. This is shown by the fact that in
each of these specimens, as found, the olecranon
process of the ulna was on the lateral side of the
forelimb rather than in its natural position on the
caudal side of the forelimb (Parks, 1920, 1922).

The sub-medial orientation of palm in hadro-
saurids and Iguanodon was likely inherited from
the common dinosaurian ancestor, because the
palms plesiomorphically face medially in bipedal
saurischians (Sereno, 1993; Gishlick, 2001; Car-
penter, 2002; Senter and Robins, 2005; Bonnan
and Senter, 2007) and in ceratopsian ornithischi-
ans (Senter, 2007; Fujiwara, 2009). In bipedal sau-
rischians and in ceratopsians, as in hadrosaurids
and Iguanodon, this is due to a lack of distal radial
crossover (Sereno, 1993; Gishlick, 2001; Carpen-
ter, 2002; Senter and Robins, 2005; Senter, 2007;
Bonnan and Senter, 2007; Fujiwara, 2009).

FIGURE 6. Overlay of several manus-pes pairs in hadrosaur trackways, after Lockley and Wright (2001). 6.1. Tracks
from the Gething Formation (Lower Cretaceous, Canada). 6.2. Tracks from the Saint Mary River Formation (Upper
Cretaceous, Canada).
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The practice of forcing the palms of bipedal
dinosaurs to face ventrally by incorrectly mounting
the radius in articulation with the medial humeral
condyle is not limited to Hadrosauridae. It some-
times occurs in mounts of the bipedal sau-
ropodomorph Plateosaurus (Mallison, 2010) and in
mounted theropod skeletons (e.g., AMNH 5664:
Gorgosaurus libratus; AMNH 5753: Allosaurus fra-
gilis; personal observation, 2008). Correct articula-
tion of the radius with the lateral condyle of the
humerus is necessary for achieving the correct,

sub-medial orientation of the palms in these taxa
as well as Hadrosauridae.
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