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arboreal habitats, see (30, 37)], perhaps associ-
ated with an expansion of grassland ecosystems
in the South African Plio-Pleistocene (32, 33).
Although there is no doubt that the eventual
expansion of brain size in the genus Homo had a
substantial impact on the functional morphology
of the pelvis (and on the establishment of human
pelvic sexual dimorphism), evidence from Au.
sediba suggests that locomotor rather than ob-
stetric demands drove the emergence of the basic
Homo pelvic bauplan.
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Australopithecus sediba Hand
Demonstrates Mosaic Evolution of
Locomotor and Manipulative Abilities

Tracy L. Kivell,* Job M. Kibii,?* Steven E. Churchill,>? Peter Schmid,*? Lee R. Berger®*®

Hand bones from a single individual with a clear taxonomic affiliation are scarce in the hominin
fossil record, which has hampered understanding the evolution of manipulative abilities in
hominins. Here we describe and analyze a nearly complete wrist and hand of an adult female
[Malapa Hominin 2 (MH2)] Australopithecus sediba from Malapa, South Africa (1.977 million
years ago). The hand presents a suite of Australopithecus-like features, such as a strong flexor
apparatus associated with arboreal locomotion, and Homo-like features, such as a long thumb and
short fingers associated with precision gripping and possibly stone tool production. Comparisons
to other fossil hominins suggest that there were at least two distinct hand morphotypes around
the Plio-Pleistocene transition. The MH2 fossils suggest that Au. sediba may represent a basal
condition associated with early stone tool use and production.

he extraordinary manipulative skills of man evolution, the hand was freed from the con-

the human hand are viewed as a hallmark

tually tool production (2—5). Understanding this
functional evolution has been hindered by the
rarity of relatively complete hand skeletons that
can be reliably assigned to a given taxon, based
on a clear association with craniodental fossils.
Only one fossil—the Olduvai Hominid 7 (OH 7)
hand attributed to Homo habilis (6, 7—had met
these criteria during the interval between the first
appearance of stone tools at 2.6 million years
ago (Ma) (8) and the appearance of derived, es-
sentially human-like morphology by 0.8 Ma (9).
Here we describe an almost complete hand of
Australopithecus sediba at 1.977 Ma (10) from
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straints of locomotion and has evolved primarily
for manipulation, including tool use and even-
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Malapa, South Africa, and discuss, through com-
parisons with other fossils [supporting online
material (SOM) text S1], its implications for un-
derstanding the evolution of human locomotion
and tool use (SOM text S2).

The Au. sediba Malapa Hominin 2 (MH2)
adult female includes an almost complete right
hand in association with the right forelimb
bones, in addition to several bones from the left
hand (Fig. 1 and fig. S1 and tables S1 and S2).
All bones of the MH2 right hand, except the
trapezium, trapezoid, pisiform, and the four distal
nonpollical phalanges, are present and undis-
torted, and most are complete. A third metacarpal
was also recovered from a juvenile, presumably
male individual (MH1) (/). Although in situ stone
tools have not yet been recovered at Malapa,
tools are documented at several South African
hominin sites from the late Pliocene and early
Pleistocene (/2).

The anatomy of the thumb. The MH2 pol-
lical distal phalanx is small both in breadth and
length, but has a mediolaterally expanded apical
tuft like that of contemporary and later hominins
(Fig. 2 and table S3). The overall shape is sim-
ilar to that of StW 294, a fossil that has been
attributed to both Au. afiicanus (13) and Homo
(2). However, the MH2 phalanx has a shaft that
is mediolaterally narrower and dorsopalmarly
taller than those of all other hominins and mod-
em humans. In this way, it is distinctly dif-
ferent from the flat broad shape of the distal
pollical phalanges of Orrorin (14), SKX 5016,
attributed to Au. robustus (15), or OH 7 (6, 16)
(Fig. 2 and table S3). MH2 has a clear ungual
fossa, a well-developed ridge distal to a deeply
excavated proximal palmar fossa, and a distinct
proximal border to the apical tuberosity. Together,
these features indicate that the MH2 thumb had
a well-developed flexor pollicis longus (FPL)
muscle [(/7), but see (3) and SOM text S3] and
a human-like palmar pad with a mobile prox-
imal pulp, all features that have been associated
with stone tool production (2, 3, 5). Such a palmar
pad could have helped the thumb accommodate
objects during firm precision grips (2, 17) (SOM
text S3). The combination of a broad apical tuft,
well-developed FPL, and a narrow, tall shaft in
MH?2 suggests that the tip of the thumb could
incur forceful loading in flexion, but perhaps not
in the same way as in other hominins. Some or
all of this morphology is also present in Orrorin
(14) and Ardipithecus ramidus (18). Thus, the ex-
panded apical tufts and a well-developed FPL
are either the primitive hominin condition or were
convergently developed in multiple hominin taxa
for tool-making and non—tool-making behav-
iors (SOM text S3). However, most of these fea-
tures are absent in the distal pollical phalanx
of H. habilis OH 7 (6, 14, 16).

The morphology of the MH2 proximal pol-
lical phalanx and first metacarpal (Mc1) suggest
that some key intrinsic pollical muscles neces-
sary for forceful thumb flexion and adduction
were enhanced, whereas other muscles were poor-

9 SEPTEMBER 2011

ly developed (79). Centrally placed on the palmar
surface of the Mcl head is a prominent “beak’
flanked by depressions for large sesamoid bones
(Fig. 3). Similar beaked projections have been
identified in SK 84, which has been tentatively
attributed to H. erectus [(20), but see (15)], and
in juvenile first metacarpals possibly belonging
to the H. erectus specimen KNM-WT 15000 (27).
These sesamoid bones are thought to increase
the moment arm during flexion and abduction
for adductor pollicis oblique and flexor pollicis
brevis muscles that insert on the medial and lat-
eral sesamoids, respectively (2). The base of the
MH?2 proximal phalanx is robust (table S4), in-
dicating that these muscles, as well as the
abductor pollicis brevis, were enhanced. The re-
latively tall height of the Mc2 and Mc3 bases is
also thought to alter the moment arm of the ad-
ductor pollicis muscles relative to the trapezio-
metacarpal joint and to enhance flexion of the
thumb (22) (table S5). All of these muscles are
important in modem humans for forceful precision
pinch grips during stone tool production (19, 22).
In contrast, chimpanzees have shorter moment
arms and different planes of movement that make
the thumb musculature function differently dur-
ing grasping (19, 22).

The insertion for the dorsal interosseous ten-
don, a muscle strongly recruited during gripping
of a hammerstone (/9), is distally extended as
in Au. africanus, specimens from Swartkrans, and
modern humans, increasing the moment arm
for thumb adduction (5, 23) (Fig. 3). However,
the minimal muscle scarring in MH2 is similar
to that of Au. afiicanus, indicating that this mus-
cle was poorly developed (23) and provided less
stability at the trapeziometacarpal joint than is
inferred from the rugose scarring of the Swartkrans
specimens (22). Similarly, the insertion site for
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the opponens pollicis tendon is minimally ex-
pressed, as in Au. afarensis (24), suggesting that
this muscle, which is important for opposition of
the thumb to the fingers as well as holding and
manipulating large objects (/9), was also poorly
developed in MH2 (Fig. 3).

The poor development of some of the pol-
lical intrinsic musculature in MH2 may also
be reflected in the gracility of the thumb bones
(Figs. 1 and 3). The shaft of the MH2 first prox-
imal phalanx and the base and shaft of the Mcl
are generally less robust than those in Au. africanus
and later hominins and most similar to that of
Au. afarensis (tables S4, S6, and S7 and fig. S2).
Experimental research on modern humans mak-
ing Oldowan tools has shown that the thumb
incurs large loads during stone tool production
[(19, 22, 25); but see SOM text S2]. If so, the
gracility of the external morphology in the MH2
pollical bones suggests that the Au. sediba thumb
was not subject to the same type or frequency of
loading as that of other contemporary or later
hominins.

The medial metacarpus and comparison to
MH1. As with the first metacarpal, MH2 also
appears to be primitive in the remarkable gra-
cility of the medial metacarpals (Figs. 1 and 4).
Relative to length, the mediolateral breadths of
the Mc2-Mc5 shafts are narrower than even in
Au. afarensis (tables S5, S7, and S8). However,
the proximal bases and distal heads of the meta-
carpals are generally more robust than those
of other australopiths and many later hominins
(tables S5 and S8). The robust base of Mc5 sug-
gests that the extrinsic and intrinsic musculature
to the fifth finger were well developed. A power-
ful flexor carpi ulnaris (FCU) is consistent with
the robust attachment sites on the proximal ulna
(11) and is an important muscle for climbing in

developed =@
FPL B \

expanded

apical tufts _?

long thumb g

relative to
fingers

well-developed

intrinsic muscles

of the thumb
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Fig. 1. Au. sediba MH2 right hand. Palmar (left) and dorsal (right) views of all MH2 right hand bones
found in association with the right upper limb. Features of the MH2 hand traditionally considered
primitive or australopith-like are labeled in gray (palmar view), and features considered derived are
labeled in white (dorsal view) [(2, 3, 5), but see (14)]. The thumb is pictured in opposition, overlapping

with the second metacarpal.
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apes. The FCU is also strongly active in both
hands during tool-making, when accelerating
the wrist before strike and when stabilizing the
pisiform for effective use of the abductor digiti
minimi (ADM) (19). The base of the fifth prox-
imal phalanx is similar in robusticity to that of
later Homo (table S9), suggesting that the ADM,
which is important for stabilizing the core during
hammerstone strike (79), was also well devel-
oped in MH2. MH2 shares with other australo-
piths and Homo (13, 24, 26, 27) asymmetry of
the metacarpal heads that is associated with the
human-like ability of the fingers to accommo-
date to an object via the metacarpal phalangeal
joints (2, 3) (Fig. 1).

The preservation of a Mc3 associated with
the male MH1 individual (/7) provides a rare
opportunity to look at variation in hand mor-
phology between sexes in an early hominin.
Though MH1 is juvenile, the development of its
Mc3 is nearing completion and is demonstrably
more robust than that of the female MH2 hand
(Fig. 4 and table S10). This variation in the 4u.
sediba hand bones suggests that metacarpal ro-
busticity may at least partly reflect sexual di-
morphism (28), as with other aspects of the
postcranial skeleton (/7), rather than variation in
loading and tool-making ability in either sex in

early hominins (2). If this is the case, sexual di-
morphism in metacarpal robusticity would have
profound implications for the functional interpre-
tation and species attributions of several isolated
hominin hand fossils (13, 15, 20, 28).

The radial carpus. MH2 presents a mosaic
of primitive and derived features in the radial
carpal bones. The scaphoid is dorsopalmarly
short and mediolaterally broad, its capitate
facet is small, and its trapezium facet extends
palmar-laterally onto the tubercle, which is less
palmarly oriented than in Afiican apes (Fig. 5).
Together, these features give the MH2 scaph-
oid a generally human-like appearance that is
clearly distinct from those of Ar. ramidus (18)
and the African ape-like scaphoids of the OH
7 hand (6, 16) and H. floresiensis (29) (Fig. 5 and
figs. S3 and S4). Thus, Au. sediba documents
the only appearance of a derived scaphoid be-
fore H. neanderthalensis (27). However, the
Au. sediba scaphoid tubercle is more robust and
the trapezoid facet more extensive than those
of modern humans. The trapezium articulation
at the base of Mcl remains dorsopalmarly
curved like those in other australopiths (73, 24)
and SK 84 [variously attributed to Au. robustus
and H. cf. erectus (15, 20, 28)] and unlike the
flatter, broader facet of SKX 5020 [attributed to

Fig. 2. Pollical distal phalanx of Au. sediba MH2 hand. (A) Right distal pollical phalanx of MH2 (UW
88-124) shown (from left to right) in medial, dorsal, lateral, and palmar views, compared to (B) StW
294 in medial and palmar views, (C) cast of FLK NN-A of the OH 7 hand in lateral and palmar views,
and (D) SKX 5016 in medial and palmar views. Although portions of the MH2 phalanx are missing, the
apical tuft at the distal end of the bone is expanded (white outline estimated by mirror-imaging
preserved fossil morphology). The presence of an ungual fossa (gray highlighted area in palmar view of
MH2) and a well-developed distal ridge (white arrows) to the proximal palmar fossa imply a well-
developed FPL (17). The overall shape of the bone is most similar to StW 294 (table S3), which has
been attributed to both Au. africanus (13) and early Homo (3), and unlike the flat, broad morphology
of OH 7 (6, 16) or SKX 5016, which is attributed to Au. robustus (15). The distal ridge is less
pronounced in SKX 5016, and all of the morphological features associated with a well-developed FPL

are absent in OH 7 (14). All fossils are to scale.
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Au. robustus (15)] and the inferred morphology
of OH 7 (6, 16) (Fig. 5).

The MH2 capitate is similar to that of
Au. afarensis and Au. africanus (24, 30, 31) in over-
all morphology and unlike those of Ar. ramidus
(18), Au. anamensis (31), or the cf. Au. afarensis
specimen KNM-WT 22944 (32). However, its
combination of primitive and derived features is
distinct (Fig. 5 and figs. S5 and S6). The broad
head is dominated by a relatively large scaphoid
articulation as compared with that for the lunate
(Fig. 5 and fig. S7), which is considered derived
as compared with those of other australopiths
(32). The capitate body shows reduced “waist-
ing” of the neck, similar to that of modermn hu-
mans, and there is both a palmar and a dorsal
facet for the trapezoid (Fig. 5 and fig. S6), which is
a pattern found in H. antecessor (9) and some
modern humans (33). In contrast, the angle be-
tween the Mc2 and Mc3 facets of the capitate is
similar to those of Au. afarensis and Au. afiicanus,
being intermediate between the laterally oriented
facets of Au. anamensis (31) and H. floresiensis
(29) and the more distally oriented facets of
H. antecessor and modern humans (9) (Fig. 5,
fig. S8, and table S11). The more lateral ori-
entation of the Mc2-trapezium articulation is
also similar to that seen in other australopiths
(5, 26, 30, 31) but is derived as compared with
that of OH 7 (5, 33, 34) (fig. S9).

The reorientation of the radial carpal and car-
pometacarpal region typical of later Homo is
considered advantageous for metacarpal rotation
and withstanding large radioulnarly directed forces
across the wrist during tool-making (2, 30, 33, 34).
In comparison with other hominins, MH2 dem-
onstrates that this morphology evolved in a mo-
saic fashion and in multiple ways (3, 33). In
MH?2, the intercarpal articulations of the scaph-
oid and capitate appear better suited to with-
stand compression across the wrist than those
of other earlier and contemporary hominins
(33, 34). However, the carpometacarpal artic-
ulations are australopith-like, suggesting that
the MH2 thumb and index finger did not expe-
rience the same type or frequency of loading as
those of later Homo. As a whole, the radial car-
pal and carpometacarpal complex probably func-
tioned differently in MH2 as compared with the
functional implications of the suite of mostly
primitive features in other australopiths (33) or
the suite of derived features found in later Homo
(9, 27, 33). This mosaic morphology in MH2,
especially when compared with the reverse com-
bination of a primitive scaphoid and presum-
ably derived Mc1-trapezium articulation in OH 7,
adds to the range of morphological variation pre-
viously documented in the hominin carpometa-
carpal joints (3, 24, 29, 30) and to the ambiguity
surrounding the polarity and functional signifi-
cance of some of these features (9).

The medial phalanges and flexor apparatus.
The finger phalanges similarly show a combi-
nation of primitive and derived features related
to both powerful hand flexion and manipulation.
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The distal phalanx from the MH2 left hand,
probably from ray four or five, has an apical tuft
that is more mediolaterally expanded relative
to its length than that of other australopiths
and OH 7 (table S12). Like the broad tip of the
MH?2 thumb, this expansion is associated with
the human-like presence of palmar pads on the
fingers to distribute pressure during forceful grip-
ping and fine manipulation of objects [(2), but
see (3)]. The proximal phalanges (PPs) and in-
termediate phalanges (IPs) are proportionally
much shorter in length as compared with those
of Au. afarensis and OH 7 (fig. S10; table S13).
The mean dorsal curvature of the PPs is less
than that of Au. afarensis, OH 7, and a specimen
tentatively attributed to H. cf. erectus (15) (figs.
S11 and S12). The IPs lack well-developed attach-
ment sites for the flexor digitorum superficialis
tendons, bilateral depressions, and a palmar me-
dian bar that is typical of those of other austra-
lopiths (13, 24) and Homo (6, 9, 16, 21, 27).

In contrast, both the MH2 PPs and the IPs of
rays 2 to 5 have prominent, bilateral flexor sheath
ridges that appear equally or more developed
than those of other australopiths (13, 15, 24)
(Fig. 1). The IPs are smaller, gracile versions
of the PPs and thus unlike those seen in other
hominins. This morphology allows strong flex-
ion of the fingertips. The gracility of the phalan-
geal shafts suggests that the MH2 fingers would
be poorly suited for resisting strong dorsopalmar
bending loads generated during the powerful
flexion involved in arboreal locomotion. In com-
parison, the OH 7 IPs are robust and consistent
with a hand well suited for climbing (6, 16, 35).
However, with relatively shorter phalangeal length
and reduced curvature, the flexor muscles in MH2
may have compensated to retain the forceful flex-
ion of the fingers that is necessary for either
grasping branches or the jaw-chuck and cradle
precision grips used during stone tool production
(SOM text S2).

The MH2 carpal tunnel was probably mod-
erately deep (Fig. 5). If so, MH2 would have re-
tained stronger wrist and hand flexion than most
species of later Homo. The length of the scaphoid
tubercle is shorter than in H. neanderthalensis
and in the upper range of variation in modern
humans, and less palmarly extended than that of
African apes (fig. S13). The hamate hamulus is
less distally extended than in earlier australopiths,
whereas its palmar extension is intermediate be-
tween those of Au. afarensis and H. neandertha-
lensis (but falling within the range of modern
humans) (figs. S14 and S15). The ape-like long,
oval pisiform facet on the triquetrum (Fig. 5)
suggests that the pisiform was rod-like, which
would enhance the flexor moment arm of the
FCU (30). However, the correlation between the
shape of the pisiform articulation and the pisiform
itself is not known. The remainder of the MH2
upper limb retains primitive, australopith-like
morphology (17), suggesting that Au. sediba still
engaged regularly in arboreal locomotion (17, 36).
Taken together, the flexor apparatus of Au.
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Fig. 3. First metacarpal (Mc1) of Au. sediba MH2 hand. (A) MH2 right Mc1 (UW 88-119) in (from left
to right) dorsal, mediopalmar, lateral, and medial views compared to palmar (left) and medial (right)
views of (B) SK 84 and (C) SKX 5020, both of which are possibly Au. robustus or Homo (15, 20, 28). (D)
Au. africanus StW 418 and (E) a female modern human. The projecting sesamoid beak (white asterisks)
is found on the palmar surface of the Mc1 head in MH2 and SK 84 (2, 20). Like the other fossil hominin
Mc1s depicted here, MH2 displays a human-like, distally extended muscle marking for the insertion of
the dorsal interosseous tendon on the medial shaft (white brackets), but the muscle scarring is less
prominent. The insertion area for the opponens pollicis tendon on the lateral shaft (gray brackets) is
poorly developed in MH2 as compared to the other hominins. SK 84 and StW 418 are from the left side
and have been mirror-imaged for easier comparisons. All bones are to scale.

Fig. 4. Relative size of third metacarpals in Au. sediba. Third metacarpals of (A) a female modern human in
palmar view; (B) Au. sediba adult female MH2 (UW 88-116) and (C) the juvenile male MH1 (UW 88-112)
(11) in palmar (left) and lateral (right) views; palmar views of (D) Au. africanus StW 68, (E) Au. africanus
StW 64, and (F) proximal portion of SKX 3646 of an unidentified taxon from Swartkrans. Although the
juvenile MH1 metacarpal is missing its epiphyseal head, the estimated age of the skeleton [12 to 13
human years (11)] suggests that its development is close to completion (metacarpal fusion in chimpanzees
occurs at 9 to 10 years of age and in humans at 14 to 16 years of age; table $10). Compared to MH2, the
MH1 Mc3 is only slightly shorter in length despite missing the epiphyseal head, and the proximal base
and shaft are substantially more robust (table $10). The MH1 metacarpal robusticity is comparable to StW
68 and SKX 3646, whereas MH2 is similar to StW 64. All bones are to scale.
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sediba is best described as being reduced as
compared with that of Au. afarensis and the
OH 7 hand, but one that remained well suited
for arboreal behaviors.

Intrinsic hand proportions. Modern humans
differ from other apes in having a relatively long
thumb as compared to their fingers (Z, 30), which
facilitates our pad-to-pad precision grip ability

Fig. 5. Au. sediba MH2 wrist bones. Top, the Au. sediba MH2 articulated right wrist in (A) palmar
(with the triquetrum’s pisiform facet outline in white), (B) dorsal, (C) lateral, and (D) proximal views.
Middle, (E) the MH2 right scaphoid (UW 88-158) in (from left to right) medial, proximolateral, distal,
and palmar views compared with (F) a cast of FLK NN-P of the OH 7 hand attributed to H. habilis (6, 7)
and (G) a female modern human. MH2 represents the earliest appearance of a derived scaphoid in the
hominin fossil record, with a trapezium-trapezoid facet (outlined in white) that extends onto the tu-
bercle as in humans and a slightly reduced capitate facet. MH2 is distinctly unlike the African ape-like
scaphoid of OH 7, which has trapezium facet restricted the scaphoid body and an expansive capitate
facet. The OH 7 scaphoid tubercle is not preserved (missing portion is highlighted with a white bracket).
Bottom, (H) the MH2 left capitate (UW 88-105, which is more complete than the right) in (from left to
right) distal, lateral, proximal, medial, palmar, and dorsal views compared to distal (left) and dorsal
(right) views of (1) P. troglodytes, (J) Au. africanus TM 1526 (with right capitate mirror-imaged), and (K) a
female modern human. MH2 displays a primitive, more laterally facing Mc2 facet (white arrows) than the
distally oriented facet of modern humans. However, Au. sediba is derived in having a palmar (in addition
to the primitive dorsal) trapezoid facet (outlined in black on the lateral view; palmar is at the top),
minimal “waisting” of the capitate body (black dotted line in dorsal views) like that of modern humans,
and a relatively large scaphoid articulation as compared to that of the lunate (lunate facet outlined in
proximal view). All bones are to scale.
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(1, 2). Inferring the relative length of the thumb
in fossil hominins has been challenging because
it requires the preservation of several elements
from the same individual (3, 37). Estimates of
the intrinsic hand proportions based on the un-
associated bones from multiple individuals sug-
gest that the hands of Au. afarensis (30, 38) and
Au. africanus (39) were generally human-like, but
perhaps with less precision or efficiency (30).
The MH2 thumb is long (length of Mc1 + PP1 =
6.4 cm), whereas its fingers are short (length
of Mc3 + PP3 + IP3 = 10.5 cm), so that its rel-
ative thumb-to-finger length is greater than those
in earlier or later hominins and is even greater
than the upper range of variation in modern hu-
mans (Fig. 6, fig. S16, and tables S7 and S14).
Relative to hand size and biepicondylar breadth
of the distal humerus, MH2 also has a long thumb
and short fingers as compared to other hominins
(figs. S17 and S18 and table S15). Relatively
short fingers might suggest that Au. sediba was
less adept at arboreal locomotion than earlier
hominins; however, the long thumb would com-
pensate somewhat during grasping. A long thumb
also enhances opposability to the fingers, facil-
itating the manipulation of objects.

Discussion. Although stone tools appear in
the archaeological record at 2.6 Ma (8), and there
is possible evidence of tool use by 3.4 Ma (40),
we have a poor understanding of when and how
tool-making evolved, which hominins were able
to make tools, and how posited tool-making mor-
phology may coexist within the same hand with
features functionally advantageous for locomo-
tion. Based on current evidence, the hominin
fossil record can be generally divided into three
stages of hand evolution, based on the retention
of morphological features related to arboreal lo-
comotion and the appearance of morphology
thought to be associated with human-like tool-
making ability (2, 5) (table S16). The first stage
reflects morphological features that culminated
in Au. afarensis by ~3.0 Ma and are commonly
considered to be driven primarily by a reduction
in the use of the hand in arboreal activities as
compared with the last common ancestor (26).
Though these early hominins retained curved fin-
gers, gracile digits, and generally primitive car-
pal and carpometacarpal articulations, the finger
lengths were reduced and consequently the thumb
was relatively longer (24, 30, 26, 38). Because
Au. afarensis and earlier hominins are not associated
with stone tool technology, other features posited to
be related to modern human tool-making ability,
such as a well-developed FPL, probably evolved
for other behaviors, manipulative or otherwise,
and were exapted by later tool-making hominins
or convergently evolved (/4, 38). MH2 shares with
these early hominins primitive carpometacarpal
joint orientations, including the trapezium-Mcl
joint, gracility of the metacarpal shafts (but see
MHI1), and asymmetric metacarpal heads.

The second stage is represented between ~3.0
and 1.5 Ma in Au. africanus, isolated specimens
attributed to either robust australopiths or early
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Fig. 6. Relative length of the thumb in
the Au. sediba MH2 hand. Shown is a box-
and-whisker plot of the relative length of
the thumb calculated as a ratio of the total
length of the Mc1 and first proximal pha-
lanx to the total length of the Mc3 and
third proximal and intermediate phalanges
within the same individual (bones high-
lighted in dark gray in outline of MH2 hand)
in all taxa apart from Au. afarensis, for which
that ratio is derived from multiple individ-
uals from different sites (30, 38). MH2 has
a relatively longer thumb than that of other
hominins and falls outside the range of
variation in modern humans (highlighted
by shaded box). See table S14 for sample
and methods.

Relative length of the thumb

Homo from Swartkans, and the OH 7 hand
attributed to H. habilis (5). Features of the hand
include more human-like thumb-to-finger pro-
portions, a more mobile trapezium-Mc1 articula-
tion, and increased robusticity of the metacarpals,
which are thought to reflect better and more force-
ful manipulation of objects than in earlier hominins
(2, 3, 5, 13). Although the tool-making ability of
early hominins has been debated (2, 3, 20, 28),
few have questioned this ability in OH 7 since
its discovery in the early 1960s in direct asso-
ciation with Oldowan tools [(2, 3, 7, 16); but see
(6, 14, 34, 35)]. Yet OH 7 also preserves a well-
developed flexor apparatus for arboreal climb-
ing and several primitive australopith-like features
(6, 16). MH2 shares with many of these hominins
well-developed thumb and fifth-digit flexor and
abductor musculature, expanded apical tufts, and
a well-developed flexor pollicis longus, all of which
are associated with tool-making ability. The MH2
hand also shares with some of these hominins poor
development of other aspects of the thumb mus-
culature, moderate phalangeal curvature, and at
least a moderately well-developed flexor apparatus.

The third stage is represented by the absence
of arboreal features and the appearance of es-
sentially modern human-like morphology by
0.8 Ma in H. antecessor (9) and later hominins
(27), which together reflect committed stone
tool production and a lack of arboreal locomo-
tion (5, 33). Au. sediba demonstrates that some
of the derived stage-three features of the radial
carpals had appeared by 1.977 Ma (10). The
MH2 hand has a derived reorientation of the
scaphoid and capitate intercarpal articulations as
compared with earlier hominins, which is con-
sidered well suited for resisting compressive loads
from the thumb during tool-making (5, 33, 34).
In addition, the high thumb-to-finger length pro-
portions and strong sexual dimorphism in the
hand robusticity of Au. sediba may broaden the
range of morphologies associated with tool-making
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and may complicate associating stone tool pro-
duction in early hominins with specific morpho-
logical features. Although arboreal features do
not necessarily preclude the ability to make stone
tools (6, 16), the retention of arboreal features in
MH2, together with its primitive australopith-like
upper limb, suggest that Au. sediba still regularly
engaged in arboreal behavior. Thus, Au. sediba
does not have all of the morphological features
commonly considered necessary to demonstrate
a clear commitment to stone tool production (table
S16). However, the direct association of the prim-
itive African ape-like wrist of H. floresiensis (29)
with a well-established sequence of Oldowan-
like stone tools (47) suggests that the morpholog-
ical criteria used to define stone tool production
in hominins may need to be reevaluated.

The association of the OH 7 fossils with
Oldowan stone tools (6, 7) has led many research-
ers to accept that the hand is that of H. habilis (7),
and the morphology is that of a tool-making hominin
(2,3, 6, 7). Au. sediba, with an overall more derived
morphology than OH 7, although older, should
therefore also be considered a tool-maker. If so,
Au. sediba and OH 7 demonstrate that there may
have been at least two distinct morphotypes of
the hominin tool-making hand during the Plio-
Pleistocene transition. The OH 7 hand is derived
in some morphologies in which 4u. sediba may
be comparatively primitive (such as the extremely
broad and flat trapezium-Mcl joint), and con-
versely, OH 7 is primitive in morphologies for
which Au. sediba is derived (such as strongly
curved and robust phalanges, an African ape—like
scaphoid and carpal-Mc2 articulations, and poor-
ly developed FPL) (6, 16) (table S16). In this
view, the OH 7 hand was adapted to tool-making
in a distinctly different way than Au. sediba and
later hominins.

Alternatively, other researchers have ques-
tioned the taxonomic affiliation of the OH 7
hand fossils [(5, 14, 33, 34), see review in (39)]

and the tool-making implications of its morphol-
ogy (14, 34, 35). The primitive morphology of
OH 7 suggests both that these fossils might be
better attributed to Au. boisei (14, 35) and that
hominin tool-making ability should be based
on the functional morphology of the hand and
not solely on direct association with stone tools
(6, 20, 35). Au. sediba reveals that many of the
manual morphological features commonly as-
sociated with stone tool production—even if
Au. sediba itself was not a tool-maker—were
present by 1.977 Ma (10), and most of these
features are not present in OH 7. In this light,
Au. sediba may provide a better potential mor-
photype for basal Homo hand morphology than
the hand fossils originally used to define the spe-
cies H. habilis (7).
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The Foot and Ankle of
Australopithecus sediba

Bernhard Zipfel,*** Jeremy M. DeSilva,3 Robert S. Kidd,* Kristian ]. Carlson,**

Steven E. Churchill,™® Lee R. Berger’

A well-preserved and articulated partial foot and ankle of Australopithecus sediba, including an
associated complete adult distal tibia, talus, and calcaneus, have been discovered at the Malapa
site, South Africa, and reported in direct association with the female paratype Malapa Hominin 2.
These fossils reveal a mosaic of primitive and derived features that are distinct from those seen in
other hominins. The ankle (talocrural) joint is mostly humanlike in form and inferred function, and
there is some evidence for a humanlike arch and Achilles tendon. However, Au. sediba is apelike in
possessing a more gracile calcaneal body and a more robust medial malleolus than expected. These
observations suggest, if present models of foot function are correct, that Au. sediba may have
practiced a unique form of bipedalism and some degree of arboreality. Given the combination of
features in the Au. sediba foot, as well as comparisons between Au. sediba and older hominins,
homoplasy is implied in the acquisition of bipedal adaptations in the hominin foot.

critical evolutionary specializations that

define our species, being central to the
evolution of arguably the most critical defin-
ing character of the Hominini: bipedalism (/-5).
The increasing number of pedal elements in the
hominin fossil record and the morphological di-
versity that they display have led some to conclude
that there may have been greater diversity in
early human bipedalism than previously thought
(6). Foot and ankle elements of Australopithecus

The human foot is thought to be one of the
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sediba shed light on the evolution of foot struc-
ture, giving a surprising look at a foot config-
uration with both primitive and derived characters
that together have implications for our under-
standing of hominin bipedal diversity.

Well-preserved foot and ankle elements re-
covered from the Malapa site, South Aftica (7, §),
include an articulated distal tibia, talus, and calca-
neus directly associated with the female paratype
skeleton, Malapa Hominin 2 (MH2); two frag-
mentary metatarsals; and a calcaneal apophysis
associated with the holotype juvenile male (MH1),
as well as a distal tibia provisionally associated
with MH1 (7) but now thought to probably ori-
ginate from another individual (Fig. 1) (9).

Tibia, talus, and calcaneus. University of the
Witwatersrand (U.W.) 88-97, 98, and 99 is the
only associated complete adult partial (distal)
tibia, talus, and calcaneus known in the early
hominin fossil record (Fig. 2). The fossils were
found in articulation and remain imprisoned in
matrix (7). An attempt to physically separate the
three elements in contact with one another would
almost certainly result in damage to the speci-

mens, risking destruction of delicate articular
morphology (i.e., subchondral bone). Therefore,
we sought an alternative preparation strategy: We
used medical computed tomography (CT) to scan
the specimen, removed the matrix digitally, and
produced renderings of each element (7). De-
scriptions of U.W. 88-97, 98, and 99 are based
on both the conjoined fossils and casts produced
from high-resolution three-dimensional (3D) print-
outs of the digitally separated elements (Figs. 1A
and 2) (10).

The U.W. 88-97 right tibia has an anteropos-
teriorly expanded metaphysis relative to the an-
teroposterior dimensions of the articular surface,
a feature typical of bipedal hominins (fig. S1). In
the coronal plane, the tibial plafond is perpendic-
ular to the shaft, similar to that found in modern
humans and fossil hominins (fig. S2), indirectly
suggesting a valgus knee (11, 12). In the sagittal
plane, the posterior rim of the tibial plafond pro-
jects more inferiorly than the anterior rim, pro-
ducing an anteriorly directed set of 6.7° to the
ankle joint, suggesting arching of the foot (fig. S3)
(13). The articular facet for the talus is slightly
wedged in the inferior view and deeply curved in
the lateral view, unlike the trapezoid-shaped and
flat joint surface often found in apes (figs. S4 and
S5). Discriminant function analysis clusters the
MH?2 tibia, as well as that originally associated
with the MH1 skeleton, with humans and other
fossil hominin tibiae [Fig. 3, supporting online
material (SOM) text S1 and S2, and table S1].
However, both tibiaec are dominated by an ex-
tremely robust medial malleolus, unlike the more
gracile medial malleolus in modern humans and
other fossil hominins, including Au. afiricanus
(figs. S4 and S6).

U.W. 88-98 is a right talus with a humanlike
moderately wedged trochlea. The trochlear body
is ungrooved mediolaterally, similar to the con-
dition in modern humans and some hominins
such as A.L. 288-1 (Au. afarensis) and unlike many
deeply grooved tali from other Plio-Pleistocene
hominins such as that of OH 8 (Homo habilis)
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