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In extant birds, the hand is permanently abducted towards the ulna, and the wrist joint can bend exten-
sively in this direction to fold the wing when not in use. Anatomically, this asymmetric mobility of the
wrist results from the wedge-like shape of one carpal bone, the radiale, and from the well-developed con-
vexity of the trochlea at the proximal end of the carpometacarpus. Among the theropod precursors of
birds, a strongly convex trochlea is characteristic of Coelurosauria, a clade including the highly derived
Maniraptora in addition to tyrannosaurs and compsognathids. The shape of the radiale can be quantified
using a ‘radiale angle’ between the proximal and distal articular surfaces. Measurement of the radiale
angle and reconstruction of ancestral states using squared-change parsimony shows that the angle was
small (15°) in primitive coelurosaurs but considerably larger (25°) in primitive maniraptorans, indicating
that the radiale was more wedge-shaped and the carpal joint more asymmetric. The radiale angle pro-
gressively increased still further within Maniraptora, with concurrent elongation of the forelimb
feathers and the forelimb itself. Carpal asymmetry would have permitted avian-like folding of the forelimb
in order to protect the plumage, an early advantage of the flexible, asymmetric wrist inherited by birds.
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1. INTRODUCTION

Extant volant birds possess a highly specialized wrist joint,
in which two proximal carpals articulate with a fused car-
pometacarpus. The proximal part of the carpometacarpus
forms an articular trochlea, comprising two convex ridges
separated by a transverse groove, and is largely homolo-
gous to the structurally similar semilunate carpal (SLC)
of derived non-avian theropods (Ostrom 1976). Taxa
with a well-developed SLC would have been distin-
guished by a wrist with enhanced flexibility in the plane
of the radius and ulna, a characteristic inherited by
crown-group birds (following Gauthier (1986) we use
Aves for this crown-group, and Avialae for the larger,
stem-based clade containing all maniraptorans closer to
Aves than to dromaeosaurids). The mobility of the wrist
contributes to the ability of a flapping bird to partly fold
the wing during the upstroke, greatly improving flight effi-
ciency (Vazquez 1992), and also permits the wing to be
completely folded when not in use. Keeping the wing
folded can make a bird less conspicuous, protect the
feathers from damage, and prevent the wing from inter-
fering with terrestrial locomotion.

Avian wing-folding is a biologically important behav-
iour that depends on a highly flexible wrist joint.
However, this flexibility is exclusively in the ulnar direc-
tion (figure 1), and the typical avian manus is
permanently abducted towards the ulna (Ostrom 1976).
A similar asymmetry in the flexibility of the wrist has
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been explicitly inferred in at least some advanced thero-
pods, including the dromaeosaurid Deinonychus (Senter
2006), and has often been tacitly assumed in discussions
of forelimb evolution on the line to birds. For example,
Padian (e.g. 1985, fig. 3a) has repeatedly presented
reconstructions of the predatory strike of a dromaeo-
saurid theropod that begin with the manus in a position
of considerable abduction and end with the manus and
antebrachium aligned. However, as acknowledged by
Padian (2001), the functional advantage of beginning
the predatory strike with the wrist deflected in this
manner has never been fully elucidated. By contrast,
Sereno & Rao (1992) argued that Archaeopteryx and
non-avialan theropods were in fact limited in their ability
to abduct the wrist joint, at least in comparison with
extant birds and some derived Mesozoic ones. Despite
these differing opinions, the anatomical basis of wrist
asymmetry in derived theropods has been little discussed.

The issue of wrist asymmetry has become particularly
pertinent following the discovery of numerous non-avia-
lan dinosaur specimens, mainly from the Jehol Group of
China (Xu & Norell 2006) that preserve feathers or
feather-like integumentary structures. For brevity, all
such structures are referred to as feathers in this paper.
Some dromaeosaurid, troodontid, oviraptorosaur and
therizinosaur specimens show the presence of what we
term a ‘pennibrachium’, a forelimb bearing long feathers
that form a planar, wing-like surface but are not necess-
arily used in aerial locomotion. For example, a
pennibrachium could have been used by a non-volant
theropod in wing-assisted incline running (Dial 2003)
or as a display structure. It is possible that pennibrachia
were widespread or even predominant among derived
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Figure 1. Left distal forelimb of a turkey, Meleagris gallopavo (IVPP 1222): (a) wrist in minimum abduction; (b) wrist in maxi-
mum abduction; and (¢) radiale. All views are dorsal. sc, articular surface for carpometacarpus; sr, articular surface for radius;
su, articular surface for ulna. Angle of abduction shown in (a,b), radiale angle between ulnar surface and dorsal part of carpo-
metacarpal surface shown in (¢). Note that measuring with respect to the palmar part of carpometacarpal surface would result

in even larger radiale angle.

non-avialan theropods, despite the fact that direct fossil
evidence is limited to a few Lagerstatte. Any theropod
with both a pennibrachium and an avian-like capacity
for extensive wrist abduction would have been able to
fold the pennibrachium during terrestrial locomotion,
presumably realizing benefits analogous to those of
wing-folding in modern birds.

In the present paper we review the features of the
avian carpus that facilitate a large range of abduction,
and investigate the distribution of similar features
among non-avialan theropods. Finally, we place these
results in phylogenetic context to trace the evolution of
the distinctive avian carpal configuration through incipi-
ent stages prior to the origin of birds, and discuss
implications for the evolution of the forelimb and of
powered flight.

2. MATERIAL AND METHODS
The structure of the carpus was examined in several manirap-
toran and non-maniraptoran tetanuran theropods. Some
specimens were studied firsthand, but in other cases we
relied on photographs or published descriptions (table 1).
We use the terms adduction and abduction rather than
extension and flexion to describe deflection of the manus in
the radial and ulnar directions, respectively. The flexor and
extensor surfaces of the manus are, respectively, referred to
as palmar and dorsal. Although the wrist of a tetrapod con-
tains multiple synovial articulations, we use carpal joint and
wrist joint interchangeably to refer specifically to the joint
between the proximal and distal carpal elements, where
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Table 1. Radiale angles in various theropods.
indicates specimens that we examined directly.)

(Bold

taxon angle specimen/source

Allosaurus fragilis 2° Chure (2001, fig. 2¢)

Huaxiagnathus 18° Hwang ez al. (2004, fig. 8a)
orientalis

Stnosauropteryx 6° Currie & Chen (2001, fig. 8a)
prima

Guanlong wucait 8° IVPP V14531

Alxasaurus 39° IVPP RV93001
elesitaiensis

Utah Museum of Natural
History, Salt Lake City,
USA (UMNH) VP 12294

Falcarius utahensis 26°

Caudipteryx sp. 76° IVPP V12430

Haplocheirus 15° IVPP V15988

Sinovenator changii ~ 35° IVPP V14009

Deinonychus 31° YPM 5208
antirrhopus

Eoconfuciusornis 55° IVPP V11977
zhengi

Meleagris gallopavo  59° IVPP 1222

flexibility of the complex of carpal bones and articulations
as a whole (the wrist or carpus) was almost certainly concen-
trated in non-avian theropods as in modern birds.

We define the radiale angle as the angle between the prox-
imal face of the radiale (in avians, the facet for the ulna; in
other theropods, the facet for the radius) and the facet that
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Figure 2. Evolution of wrist structure and the radiale angle in tetanuran theropods, based on simplified tetanuran phylogeny
after Smith ez al. (2007) and Zanno et al. (2009). Numbers indicate values of radiale angle between proximal and distal articular
surfaces of radiale, in degrees. Values in bold are direct measurements of individual taxa; values in normal italic type are recon-
structed ancestral states. See table 1 and electronic supplementary material, figure S1 for full list of measurements used as the
basis for reconstructing ancestral states. Wrist drawings show positions close to zero abduction (Guanlong, Alxasaurus,
Deinonychus) or minimum abduction (Caudipteryx, Eoconfuciusornis). II-IV, metacarpals II-IV (numbering convention follows
extant birds); d, distal carpal; i, intermedium; R, radius; r, radiale; s, semilunate carpal; U, ulna; u, ulnare. Scale bars: 0.25 cm
in Eoconfuciusornis, 0.50 cm in Caudipteryx, 1.00 cm in all other taxa.

articulates with the SL.C or carpometacarpus. Radiale angles
were measured for representatives of all the major clades of
coleurosaurian theropods, in each case by visually superim-
posing lines representing the orientations of the articular
surfaces on a photo of the radiale in dorsal or palmar view
(see examples in figure 2). For reasons explained below, a
large radiale angle is an osteological correlate of a wrist that
is asymmetric in the sense that the range of abduction is
greater than the range of adduction, based on a reference
position in which the long axes of the metacarpus and ante-
brachium are aligned. Actual estimation of the range of wrist
movement would not have been possible for most of the taxa
covered in our study, because of a lack of available well-pre-
served, disarticulated distal forelimb material. However, we
measured minimum and maximum angles of abduction in
an extant bird (see below) by estimating axial lines for the
antebrachium and carpometacarpus as shown in photos of
the articulated distal forelimb skeleton (figure 1a,b).
Although the range of motion could have been further
restricted in life by ligaments and other soft tissues, the
range permitted by the skeleton is appropriate for compari-
son with fossil theropods.

We reconstructed ancestral states of the radiale angle in
MEsQuITE (Maddison & Maddison 2009),
squared-change parsimony option.

using the
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3. ASYMMETRY OF THE AVIAN CARPUS

In avians, the functional wrist joint is the articulation
between the two proximal carpals, the scapholunar and
cuneiform, and the trochlea of the carpometacarpus.
The scapholunar is a slab-like bone homologous to
the radiale plus intermedium of non-avialan tetrapods
(Kundrat 2009), but for convenience is referred to as
the radiale hereafter. The cuneiform is probably a neo-
morphic element rather than a homologue of the
primitive ulnare (Gishlick 2007; Kundrat 2009).

A forelimb skeleton of the turkey, Meleagris gallopavo
(Institute of Vertebrate Paleontology and Paleoanthropol-
ogy, Beijing, China (IVPP) 1222), exemplifies the avian
condition (figure 1). The proximal surface of the radiale
is divided into two separate, inclined facets for articula-
tion with the radius and ulna (figure 1lc: sr, su). The
dorsal part of the surface for the carpometacarpus
(figure 1c: sc) faces distally and in the ulnar direction,
and is set at an angle of about 59° to the facet for the
ulna, whereas the palmar part of the surface is even
more deflected towards the ulnar side of the wrist. The
trochlea of the carpometacarpus, which lies approxi-
mately in the radioulnar plane, rotates freely against the
radiale. Adduction of the manus is prevented by contact
between the extensor process of the carpometacarpus
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and the radiale, which in fact occurs at a minimum angle
of abduction of about 5° (figure 1a).

The cuneiform lies palmar rather than distal to the ulna,
and the distal surface of the cuneiform is deeply incised to
accommodate an extension of the palmar ridge of the car-
pometacarpal trochlea. The ridge can rotate within the
incision of the cuneiform to a maximum angle of abduc-
tion of about 123°, at which point the carpometacarpal
shaft contacts the distal surface of the cuneiform dorsal
to the incision (figure 15). It is clear that the great capacity
of the avian carpus for abduction involves three principal
factors: (i) the large radiale angle, reflecting the ulnar—
distal rather than distal orientation of the carpometacarpal
facet; (ii) the strong convexity of the proximal trochlea of
the carpometacarpus; and (iii) the proximal position
and incised topology of the cuneiform. In turn, the large
range of abduction permitted by the carpal joint is
necessary for folding the wing.

The three factors listed above represent osteological
correlates of an asymmetrically mobile wrist with a large
range of abduction. The third correlate is not applicable
to non-avian theropods, which lack a bone homologous
or structurally equivalent to the avian cuneiform. How-
ever, the first two correlates can be used to assess carpal
function and pennibrachium-folding ability in fossil ther-
opods, because the contact between the SLC and radiale
corresponds to the avian condition. Accordingly, a convex
SLC in a fossil non-avialan theropod indicates a large
range of wrist motion in the radioulnar plane, whereas a
large radiale angle gives the radiale a wedge-like shape
and indicates that the range of motion was asymmetrically
distributed with a bias towards the ulnar side of the wrist.
The presence of both features implies that the wrist was
capable of the extensive abduction needed to fold the
carpus in an avian-like manner. Although there are rela-
tively few taxa for which adequate carpal material is
presently available, the evolution of wrist mobility and
asymmetry on the line to birds can be broadly traced
in the fossil record.

4. CARPAL MORPHOLOGY IN DERIVED
NON-AVIALAN THEROPODS

(a) Non-maniraptoran tetanurans

A trochlear SLC broadly resembling the proximal-most
part of the avian carpometacarpus is present in nearly
all tetanuran theropods, although the degree of proximal
convexity is sometimes small (Chure 2001; Rauhut
2003). It is possible that the SLC is not homologous
throughout Tetanurae, in that different distal carpal
elements may contribute to forming the SLC in different
taxa or at least contribute to varying degrees (Chure
2001). For purposes of this study, however, the mor-
phology of the SLC and its effect on the range of
motion of the wrist are more important than its
homologies.

Among basal (i.e. non-coelurosaurian; see figure 2)
tetanurans, Allosaurus has an SLC with a definite trochlea
(Chure 2001) that is only slightly convex, and probably
permitted little abduction or adduction at the wrist. In
coelurosaurs, by contrast, an SLLC with a more strongly
convex trochlea is a widespread feature, and is well exem-
plified by the basal tyrannosauroid Guanlong (IVPP
V14531). The strong convexity of the palmar ridge of

Proc. R. Soc. B (2010)

the trochlea, in particular, implies that this type of SLC
permitted the wrist joint to rotate through a large range
of motion in the radioulnar plane.

The wedge-shaped radiale has a more restricted phylo-
genetic distribution (figure 2). In Allosaurus, the articular
surface formed by the radiale for the SLC is approxi-
mately distally directed, resulting in a low radiale angle
(Chure 2001; see table 1). Although relatively few basal
tetanuran radialia are known, a distally directed surface
for the SLC probably represents the primitive tetanuran
condition, since this configuration also occurs in the
non-tetanuran theropod Coelophysis (Colbert 1989). The
low radiale angle would have ensured that the limited
flexibility of the basal tetanuran carpus was almost sym-
metrically distributed between abduction and adduction.

In at least some non-maniraptoran coelurosaurs, the
SLC facet of the radiale is also approximately distal
rather than ulnar—distal. In Guanlong, the radiale is par-
tially fused to an element that presumably represents
the intermedium (figure 2), and the two together form a
transversely concave distal facet for articulation with the
SLC. The radiale is minimally wedge-shaped, with a
radiale angle of only 8° (figure 2 and table 1).

Among compsognathids, the radiale is at least some-
what wedge-shaped in Huaxiagnathus from the Lower
Cretaceous of China. The left radiale of a specimen illus-
trated by Hwang er al. (2004, fig. 8) has a carpal angle of
18° (table 1); the angle appears even greater in the right
radiale, but this element may have been rotated out of
its natural orientation. In Stnosauropteryx (Currie &
Chen 2001), the carpal angle is much smaller (table 1).

In ornithomimids, up to six carpals are present
(Makovicky et al. 2004) but there is little consensus as to
their identification. It seems clear that the ornithomimid
wrist displays an unusual, autapomorphic architecture,
best documented in Struthiomimus (Nicholls & Russell
1985). In this taxon the radiale angle is very small, and
the wrist probably had little capacity for radial or ulnar
deflection. Variation in carpal structure clearly exists
among non-maniraptoran coelurosaurs, but indications
of wrist asymmetry are incipient at best.

(b) Therizinosauroidea
Therizinosauroids are probably the most basal manirap-
toran theropods (Zanno et al. 2009). In a well-preserved
left carpus of Alxasaurus (IVPP, RV93001), the SLC is
strongly convex and distinctly trochlear, despite being
made up of two separate ossifications (figure 2). The
radiale, in contrast to that of Guanlong, is distinctly
wedge-shaped. The distal surface is divided into two por-
tions, a non-articular area on the radial side and an
inclined facet for the SLC on the ulnar side. The surface
for the SLC is set at a radiale angle of 39° to the proximal
surface for the radius, so that abduction would have been
favoured over adduction. However, the extent of the
asymmetry was probably less than in avians, because of
the smaller radiale angle in Alxasaurus. An ossified inter-
medium and ulnare are also present in Alxasaurus
(Russell & Dong 1993), although these elements cannot
presently be located. They are proximodistally thinner
than the radiale (figure 2) and are unlikely to have greatly
restricted abduction.

The Early Cretaceous therizinosaur Falcarius has an
SLC similar in form to that of Alxasaurus (Zanno 2006).
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The radiale (UMNH VP 12294) is wedge-like in shape
but extends further in the ulnar direction than
in Alxasaurus, with a radiale angle of about 26°.

(¢) Alvarezsauroidea

In the derived parvicursorine alvarezsauroid Mononykus,
the SLC is incorporated into a fused carpometacarpal
block, as in avians (Perle er al. 1994). A proximal trochlea
is present, but the ulnar portion of the proximal surface of
the carpometacarpus forms relatively flat articular sur-
faces that might have severely limited the range of
motion at the carpal joint. No parvicursorine radiale has
so far been described, but the carpus clearly resembles
the rest of the highly reduced parvicursorine forelimb in
showing a distinctive, specialized morphology.

The distal articular facet of the radiale is slightly
deflected in the ulnar direction in the basal Jurassic alvar-
ezsauroid Haplocheirus IVPP V15988). The radiale angle
is 15° (table 1), comparable to Huaxiagnathus but
considerably less than in Alxasaurus and Falcarius. The
SL.C has a highly convex trochlea, indicating a consider-
able range of motion in the radioulnar plane, but
the carpal joint is evidently less asymmetric than in
therizinosaurs.

(d) Oviraptorosauria

A number of well-preserved oviraptorosaur specimens
show that a convex, trochlear SLC is present. In the rela-
tively derived taxa Hagryphus (Zanno & Sampson 2005)
and Heyuannia (La 2002), the SLC facet of the radiale
faces almost in the ulnar direction, and this is also true
of the well-preserved left radiale of the basal oviraptoro-
saur Caudipteryx (IVPP V12430). The radiale angle in
this specimen is 76° (figure 2 and table 1), greater than
in Meleagris (figure 1¢) or the Early Cretaceous confuciu-
sornithid Eoconfuciusornis (figure 2). The extreme
deflection of the SLC facet in oviraptorosaurs strongly
suggests that the carpal joint was asymmetric to a
degree comparable to that seen in avians, with great
capacity for abduction and very little for adduction.

(e) Dromaeosauridae

The carpus is well known in dromaeosaurids, and par-
ticularly in the large dromaeosaurid Deinonychus
(Ostrom 1969). As in Alxasaurus, the distal surface of
the radiale is divided into a non-articular surface on the
radial side and an inclined SLC facet on the ulnar side.
In a well-preserved left radiale of Deinonychus (Yale
Peabody Museum, New Haven, USA (YPM) 5208), the
radiale angle is 31° (figure 2 and table 1).

The proximal face of the SLC is strongly convex and
trochlear. This morphology, and the ulnar—distal orien-
tation of the SLC facet on the radiale, ensure a large,
asymmetric range of motion in the radioulnar plane.
Senter (2006), manipulating casts of Deinonychus fore-
limb material, estimated that the carpal joint was
virtually incapable of adduction but capable of 62° of
abduction. He obtained similar results for the dromaeo-
saurid Bambiraptor.

(f) Troodontidae
Two available specimens of the troodontid Sinovenator
from the Lower Cretaceous of China (IVPP V14009,

Proc. R. Soc. B (2010)

V12583) each display a well-preserved SLC, and the
former specimen also includes a disarticulated left radiale.
The radiale (figure 2) is very similar to that of Deinony-
chus, although in Sinovenator the facet for the SLC is
more transversely concave. The overall radiale angle is
approximately 35° (table 1). The proximal surface of
the SLC is trochlear and strongly convex, and the
carpal range of motion was probably similar to that
seen in Deinonychus. A convex SLC is also present in
Sinornithoides (IVPP V9612), and the radiale of this
taxon is wedge-shaped as in other maniraptorans.

5. DISCUSSION

An increase in the ability of the wrist to undergo both
adduction and abduction almost certainly accompanied
the appearance of the SLC at an early stage of tetanuran
evolution. The original selective advantage of this
enhanced mobility is not clear, but cannot have related
to pennibrachial folding unless relatively basal tetanurans
had elongated feathers on the forelimb. Such a possibility
should not be dismissed entirely. Specimens representing
this grade of evolution have not been recovered from sedi-
ments that preserve extensive soft tissue, and filamentous
integumentary structures have recently been reported in a
basal ornithischian (Zheng er al. 2009). However, it is
likely that mobility of the wrist was initially associated
with other functions, such as predation (Padian 2001).

Squared-change parsimony reconstruction of the
ancestral states of the radiale angle (figure 2) suggests
that an angle of 15° was primitive for Coelurosauria,
implying slight asymmetry of the wrist joint comparable
to the compsognathid Huaxiagnathus. By contrast, the
ancestral value for maniraptorans was 25°, only slightly
less than in Deinonychus. Although a degree of secondary
reduction in the asymmetry of the wrist apparently took
place in alvarezsauroids, assuming they are indeed as
deeply nested within Maniraptora as shown in figure 2,
a wedge-shaped radiale and a bias towards abduction is
clearly the norm within Maniraptora as a whole. Further-
more, reconstructed ancestral states demonstrate a
general trend towards larger radiale angles in more
derived maniraptorans, culminating in the avian con-
dition. However, the measured value of 76° in
Caudipteryx suggests that the oviraptorosaur wrist may
have independently evolved an even greater abductor
bias than that existing in avialans.

The evolution of greater abductor mobility proceeded
in association with two separate trends affecting the
theropod forelimb (electronic supplementary material,
table S1): progressive elongation of the forelimb, and
elaboration of the plumage. The most basal theropods
known to possess feathers are compsognathids (e.g.
Huaxiagnathus: Hwang et al. 2004) and the tyrannosauroid
Dilong (Xu et al. 2004), but in these taxa the feathers are
typically very short. In the therizinosauroid Beipiaosaurus
the feathers on the forearm and manus are elongated rela-
tive to the rest of the plumage (with the exception of some
unusual elongate filaments along the spine: Xu et al.
2009) and relative to the feathers of non-maniraptoran
theropods, initiating a trend that continues in more
derived taxa. The oviraptorosaur Caudipteryx, while
showing evidence of plumage over much of the body,
has distinctly elongated feathers on the manus as well
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(@)

Figure 3. Effect of abduction through angle of 60° in the dromaeosaurid Microrapror gui: (a) whole-body reconstruction show-
ing the position of the left-hand relative to the body in straight (black) and abducted (grey) configurations; (b) left wrist in
anatomically dorsal view, showing carpus in straight (left) and abducted (right) configurations. Abbreviations as in figure 2.

Image modified from Hu ez al. (2009).

as at the tip of the tail. A similar condition occurs in
Protarchaeopteryx, in troodontids (e.g. Anchiornis) and
in dromaeosaurids (e.g. Microraptor).

Whether the pennibrachium was used primarily for dis-
play, wing-assisted incline running (Dial 2003) or some
other function, it was clearly a biologically significant
structure. Damage to the pennibrachium would probably
have been costly. Wrist abduction offers a means of pro-
tecting a pennibrachium from damage (such as abrasion
on the substrate or snagging on vegetation). Additional
potential benefits include preventing the pennibrachium
from interfering with locomotion and other activities,
and permitting the animal to reduce its profile. However,
it is an open question whether the development of longer
feathers originally necessitated an abducted wrist to pro-
tect the pennibrachium, or the evolution of a deflected
wrist in response to some other functional need created
an opportunity for the subsequent development of
longer pennibrachial feathers on a longer arm.

Unless the fossil record eventually reveals that wrist
asymmetry definitely preceded or definitely followed the
evolution of longer feathers in theropods, determining
whether protection of the pennibrachium or some other
functional advantage drove the evolution of the asym-
metric wrist may be very difficult and will require
careful analysis and modelling of the alternative scenarios.
Such an analysis would have to encompass the relatively
basal tetanurans in which carpal asymmetry first
appeared, and not focus solely on paravians or even man-
iraptorans. Nevertheless, it is clear that carpal asymmetry
would have permitted pennibrachial folding, even if
asymmetry initially evolved for some other reason.
With the humerus retracted and the elbow flexed, the
ability to rotate the wrist through even the 60° of
abduction that was probably possible in dromaeosaurids
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(Senter 2006) would have changed the orientation of
the primary feathers from approximately ventral (i.e.
towards the ground) to nearly posterior (figure 3;
electronic supplementary material).

Partial folding of the wing during the upstroke in
extant birds, which requires significant abduction of the
wrist (Vazquez 1992) could then be seen as an exaptation
of a capability that originally evolved in non-volant, non-
avialan maniraptorans. In any case it should be recog-
nized that wing-folding ranks alongside flapping and
gliding as a specialized capability of the avian forelimb,
and the evolution of wing-folding should not be omitted
from discussions of the transition from non-volant teta-
nurans to birds.
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