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Careful Climbing in the Miocene: 
The Forelimbs of Ardipithecus ramidus
and Humans Are Primitive
C. Owen Lovejoy, Scott W. Simpson, Tim D. White, Berhane Asfaw, Gen Suwa

A
grasping hand and highly

mobile forelimb are defining

characteristics of primates.

The special ability to pick things up

and manipulate them has probably

been a central selective force in mak-

ing primates so unusually intelligent.

It’s something that porpoises can’t do

at all and crows can’t do very well. It

may also be one reason why humans

alone eventually evolved cognition.

The hands of African apes are

specialized in a number of ways that

make them dramatically different

from our own. Apes must support

their large body mass during climb-

ing to feed and nest, especially in the

middle and higher parts of the tree

canopy. Their hands must therefore

withstand very high forces, and this

is facilitated by their elongated palms

and fingers. Our palms are much

shorter and our wrists more mobile.

This allows us to grasp objects and

compress them with great dexterity

and force—something often called a “power grip.” The differences

between ape and human forelimbs become less pronounced going

from the hand to the shoulder. Ape and human elbow joints, for exam-

ple, diverge only moderately in their manner of  load transmission.

The high loads that apes bear during locomotion have required

them to greatly stiffen the joints between their fingers and palms.

Because their thumb has not been elongated in the same way as their

palms and fingers have, thumb-to-palm and thumb-to-finger opposi-

tions are more awkward for them. We are therefore much more adept

at making and using tools. All of these forelimb characteristics in apes

have led them to adopt an unusual form of terrestrial quadrupedality,

in which they support themselves on their knuckles rather than on

their palms. Only African apes exhibit this “knuckle-walking.” Other

primates, such as monkeys, still support themselves on their palms.

It has long been assumed that our hands must have evolved from

hands like those of African apes. When they are knuckle-walking,

their long forelimbs angle their trunks upward. This posture has

therefore long been viewed by some as “preadapting” our ancestors

to holding their trunks upright. 

Until now, this argument was unsettled, because we lacked an ade-

quate fossil record. Even Lucy, the most complete Australopithecus

skeleton yet found, had only two

hand bones—far short of the number

needed to interpret the structure and

evolution of the hand. The Ardipith-

ecus skeleton reported here changes

that. Not only is it more than 1 mil-

lion years older than Lucy (4.4 mil-

lion versus 3.2 million years old), its

hands are virtually complete and

intact. They show that Ardipithecus

did not knuckle-walk like African

apes and that it lacked virtually all of

the specializations that protect great

ape hands from injury while they

climb and feed in trees.

Ardipithecus hands were very

different from those of African apes.

Its wrist joints were not as stiff as

those of apes, and the joints between

their palms and fingers were much

more flexible. Moreover, a large

joint in the middle of the wrist (the

midcarpal joint) was especially

flexible, being even more mobile

than our own. This would have

allowed Ardipithecus to support nearly all of its body weight on its

palms when moving along tree branches, so that it could move

well forward of a supporting forelimb without first releasing its

grip on a branch.

This discovery ends years of speculation about the course of

human evolution. Our ancestors’ hands differed profoundly from

those of living great apes, and therefore the two must have substan-

tially differed in the ways they climbed, fed, and nested. It is African

apes who have evolved so extensively since we shared our last com-

mon ancestor, not humans or our immediate hominid ancestors.

Hands of the earliest hominids were less ape-like than ours and quite

different from those of any living form.

Ardipithecus also shows that our ability to use and make tools did

not require us to greatly modify our hands. Rather, human grasp and

dexterity were long ago inherited almost directly from our last com-

mon ancestor with chimpanzees. We now know that our earliest

ancestors only had to slightly enlarge their thumbs and shorten their

fingers to greatly improve their dexterity for tool-using. 

Two views of the left hand of Ar. ramidus showing primitive features
absent in specialized apes. (A) Short metacarpals; (B) lack of knuckle-
walking grooves; (C) extended joint surface on fifth digit; (D) thumb
more robust than in apes; (E) insertion gable for long flexor tendon
(sometimes absent in apes); (F) hamate allows palm to flex; (G) sim-
ple wrist joints; (H) capitate head promotes strong palm flexion. Inset:
lateral view of capitates of Pan, Ar. ramidus, and human (left to right).
Dashed lines reflect a more palmar capitate head location for Ar.

ramidus and humans, which allows a more flexible wrist in hominids.
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When citing, please refer to the full paper, available at DOI 10.1126/science.1175827.
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Careful Climbing in the Miocene: The
Forelimbs of Ardipithecus ramidus
and Humans Are Primitive
C. Owen Lovejoy,1* Scott W. Simpson,2 Tim D. White,3* Berhane Asfaw,4 Gen Suwa5

The Ardipithecus ramidus hand and wrist exhibit none of the derived mechanisms that restrict
motion in extant great apes and are reminiscent of those of Miocene apes, such as Proconsul. The
capitate head is more palmar than in all other known hominoids, permitting extreme midcarpal
dorsiflexion. Ar. ramidus and all later hominids lack the carpometacarpal articular and ligamentous
specializations of extant apes. Manual proportions are unlike those of any extant ape. Metacarpals
2 through 5 are relatively short, lacking any morphological traits associable with
knuckle-walking. Humeral and ulnar characters are primitive and like those of later hominids. The
Ar. ramidus forelimb complex implies palmigrady during bridging and careful climbing and
exhibits none of the adaptations to vertical climbing, forelimb suspension, and knuckle-walking
that are seen in extant African apes.

T
he grasping hand is a hallmark of all pri-

mates (1), and elaborated forelimb flex-

ibility characterizes all extant hominoids.

Hands have played a central role in human evo-

lution and perhaps even in the emergence of

higher cognition (2). Although we no longer use

our hands in locomotion, our ancestors must

have. Chimpanzees, which knuckle-walk and ver-

tically climb, have long fingers compared to their

thumbs. Gorilla proportions are similar but less

extreme. Did our ancestors also knuckle-walk

and adapt to vertical climbing and suspension as

the modern African apes have, or did our anat-

omy emerge directly from a more generalized

Miocene ancestor, as some mid-20th century

anatomists argued (3)? Answers to these cen-

tral questions are now provided by Ardipithecus

ramidus.

The Aramis Ar. ramidus sample includes all

bones of the forelimb except for the pisiform

and some terminal phalanges (4). Of particular

importance are ARA-VP-7/2, a forelimb skeleton,

and ARA-VP-6/500, a partial skeleton preserving

a lower arm and most of both hands (Fig. 1). We

describe here the salient aspects of the taxon’s

forelimb anatomy and their implications for hom-

inid evolution. These and other data (5–7) show

that Ar. ramidus was both terrestrially bipedal

and arboreally capable.

Medial metacarpus and phalanges. The me-

dial metacarpals (Mc2 to Mc5) of Ar. ramidus

are short (figs. S1 and S2 and table S1) com-

pared with those of African apes. Their heads

lack any traits associated with knuckle-walking,

such as prominent ridges and/or grooves (Fig. 2

and fig. S3). Ar. ramidus metacarpal heads

exhibit marked, proximally located, dorsal in-

vaginations that are associated with their meta-

carpophalangeal (MP) joint’s collateral ligaments

(reflecting routine hyperdorsiflexion at this

joint), as do those of some Old and New World

monkeys and some Miocene hominoids (8–10),

including Proconsul [reviewed in (11)]. Such

constrictions have become minimal in all extant

hominoids but for different functional reasons

(see below) (Fig. 2 and figs. S4 and S5). Ar.

ramidus also lacks the expansion of the meta-

carpal heads that is typical of knuckle-walking

apes (Fig. 2 and figs. S4 to S6).

The basal articulation of the Ar. ramidusMc5

is cylindrical/condyloid. Its articular surface ex-

tends onto the dorsum of the bone (Fig. 2), as it

does in Australopithecus afarensis (12, 13), Homo

sapiens, Proconsul heseloni (14–17), Pierolapithe-

cus catalaunicus, Equatorius africanus, and papio-

nins [this study; see also (10)]. It is entirely unlike

the immobilized, noncondylar, planar homolog

in Pongo, Pan, and Dryopithecus laietanus.

Some GorillaMc5-hamate joints are sufficiently

compliant to allow energy dissipation via their

soft tissues, but they are too angular at their base

to permit substantial motion without cavitation.

In contrast, the dorsal prolongation of the Ar.

ramidusMc5 surface appears to have permitted a

greater range of flexion and extension than in any

extant hominoid (>20° extension and >25°

flexion from a neutral position; Fig. 2). This

may reflect selective modification of underlying

positional information (type 1) (18) and/or chon-

dral modeling (type 4).

The mating surfaces for the Mc4 and Mc5

bases on the Ar. ramidus hamulus lack the an-

gled and distopalmarly extending facets that are

present in Pan, Pongo, and (to a lesser degree)

Gorilla. These are additional reflections of re-

stricted mobility and increased rigidity of the

Mc4- and Mc5-hamate joints in these apes. The

hamate’s primitive state (a hamulus still permit-

ting substantial Mc5-hamate dorsiflexion) in

Sivapithecus parvada (19), Oreopithecus bam-

bolii, Proconsul sp. (14–17), and E. africanus

[(10), this study] implies that a more rigid hamate-

metacarpal articulation emerged in parallel be-

tween early ancestors of African apes and

Pongo. This rigidity was therefore unrelated to

knuckle-walking and may have emerged only in

large-bodied suspensory forms. Mobility in the

Mc5-hamate joint, as seen in Ar. ramidus, fa-

cilitates and/or reflects compliance of the palm

with the substrate during palmigrady, as well as

providing hypothenar opposition to the first ray

during grasping (20). The latter proved to be a

pivotal exaptation for extractive foraging and

eventually tool using and making in both Aus-

tralopithecus (21) and Homo, but especially in

the latter.

The Ar. ramidus phalanges of rays 2 to 5

(figs. S7 to S15 and table S2) are shorter than

those of Pan but longer than those of Gorilla,

relative to body size. However, because of

elongation of the medial metacarpus in African

apes, phalangeal-to-metacarpal length ratios in

Ar. ramidus are more similar to those of Old

World monkeys (figs. S8 and S14). Manual/

pedal phalangeal length ratios are similar in

Ar. ramidus, Pan, and Gorilla and are substan-

tially higher than those in Proconsul (fig. S15).

The first ray. Unlike in apes, the Ar. ramidus

first ray is relatively large and robust (Fig. 1,

figs. S16 to S22, and tables S1 to S3). The Mc1

base flares outward with a prominent attachment

for the abductor pollicis longus muscle, as in all

later hominids. In both size and proportions, its

head is robust and dorsally expanded, with well-

defined and asymmetric sesamoid grooves as in

Homo but in distinction to Pan or Gorilla. The

ARA-VP-6/500 Mc1/Mc5 length ratio is close to

that of Proconsul and exceeds those of extant

African apes, largely reflecting elongation of the

medial metacarpus in the latter (fig. S17).

The first ray’s terminal phalanx exhibits a

symmetrically constructed, rugose insertion gable

(22, 23) for the flexor pollicis longus (Fig. 1,

inset), in contrast to African apes in which this

muscle’s tendon is reduced or absent (3). The

first ray’s carpometacarpal, MP, and interphalan-

geal joints are also somewhat larger and more

humanlike in shape than those of African apes,

suggesting greater thenar mobility and/or pos-

sibly greater loading during ontogeny [that is,

types 1 and/or 4 (18)]. The trapezium’s tuberos-

ity is large and projects toward the palm (Fig. 3),

deepening the adjacent groove for the flexor carpi

radialis tendon.

Ardipithecus ramidus
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the University of Tokyo, Hongo, Bunkyo-ku, Tokyo 113-
0033, Japan.
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The central joint complex and midcarpal

joint. Ar. ramidus provides pivotal evidence

about the natural history of the immobile (24) or

fixed unit (25) of the hand (trapezoid/capitate/

proximal Mc2 and Mc3) that we refer to as the

central joint complex (CJC).Most previous analy-

ses have presumed a modern apelike antecedent

of the human CJC, without due regard for the key

anatomy described below. Ar. ramidus shows

that CJC anatomy is pivotal to understanding the

evolution of the hominoid hand.

A suite of derived structures stabilizes the

CJC in extant great apes. These can be sum-

marized as follows: (i) the palmar portion of the

lateral (radial) side of the capitate has been ex-

tended distally to create a novel capitate-Mc2

facet that now allows the Mc2 to act as a buttress

against rotation in the CJC (Figs. 3 to 5), and (ii)

the lateral portion of the capitate’s dorsodistal

surface has been withdrawn proximally. These

novel articular geometries have resulted in a CJC

with a complex polyaxial interface; the dorsal

portions of their joint surfaces are angled op-

posite to their palmar portions (Fig. 5H), creating

a partial screw effect.

This morphology has several extraordinary

advantages. The partial screw effect (26) pro-

vides a route for cartilage-sparing energy dissipa-

tion during loading. In palmar view (Fig. 5H), it

can be seen that external axial rotation of theMc3

upon the capitate causes distention of the joint,

which can then be resisted by tension in greatly

hypertrophied carpometacarpal ligaments. How-

ever, the Mc2 and Mc3 cannot rotate (from a

neutral position) in the opposite direction, be-

cause such internal rotation is now blocked by

the capitate; that is, by the position of the capi-

tate’s palmar process, which has displaced the

(less stable) trapezoid and abuts against the Mc2.

Finally, the overall proximodorsal-to-

distopalmar angulation of the Mc3-capitate in-

terface converts any dorsopalmar shear to tension.

Thus, dorsopalmar shear and torsion acting

in the CJC are both resisted by the greatly en-

larged and axially disposed carpometacarpal

ligaments (see below and Figs. 3 to 5). The topo-

graphically complex (polyaxial) and heavily

buttressed African ape CJCs increase rigidity

and permit energy dissipation during suspension

(Figs. 3 to 5) and vertical climbing (27), and

possibly during knuckle-walking.

The CJC of Ar. ramidus is very different. It

exhibits the simple, planar joint interface shared

with some Old World monkeys and Proconsul

sp. (14–17), in which all four CJC elements meet

one another at nearly a single dorsopalmar axis

(Figs. 3 and 5). This configuration is less com-

petent to restrict torsion and dorsopalmar shear

within the CJC, because it can only resist rotation

and/or shear via its slight subchondral surface

undulations, whose relative translation onlymini-

mally distends the joint.

The configuration of CJC joint geometry can

be assessed visually (fig. S23) and by two met-

rics: angulation of the capitate’s hamate facet

relative to the long axis of the Mc3 (fig. S23)

and mediolateral angulation of the Mc3-capitate

joint’s dorsal surface relative to the Mc3 shaft’s

axis (figs. S24 and S25). Whereas both metrics

record minimal angulation in palmigrade taxa,

such as Papio and Ar. ramidus, both are elevated

in Pan and Gorilla. However, angulation of this

joint is also present in Homo. In the latter, it may

have been associated with transfer of the styloid

anlage (28) from the capitate to theMc3, because

the transfer had not yet occurred in Ar. ramidus,

which also did not yet exhibit any angulation (it

is actually slightly negative). Thus, the transfer

may have either been directly associated with the

introduction of Mc3 ulnar deviation or, alterna-

tively, a pleiotropic consequence of changes in

pattern formation underlying it. But it seems

quite probable that the introduction of this angu-

lation was to enhance the opposition of the me-

dial rays with the hypertrophied thumb (29).

The development of axial ligaments and their

attachment patterns is also an integral part of the

Fig. 1. Digitally rendered composite hand of ARA-VP-6/500 in palmar view. Lateral (bottom left), dorsal
(bottom center), andmedial (bottom right) views are also shown. All carpals except for the trapezium are from
the left side. The trapezium, Mc2, and some phalanges have been mirror-imaged. The first ray’s proximal
phalanx is from ARA-VP-7/2 and has been size-adjusted based on estimated Mc4 length (7) in the two
specimens (estimated in ARA-VP-6/500). Intermediate and terminal phalanges are provisionally allocated to
position and side only, except for ARA-VP-6/500-049, a pollical terminal (inset; cast). Note its clearly marked
insertion gable for the flexor pollicis longus as in modern humans. Imagery is based on computed
tomography (CT) scans taken at 150-mm voxel resolution by a peripheral quantitative computed tomography
(pQCT) XCT-Research SA+ instrument (Stratek, Pforzheim, Germany), and processed by use of software
Analyze 6.0 (Mayo Clinic, Rochester, MN) and Rapidform 2004/2006 (Inus Technology, Seoul, South Korea).
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above CJC functional morphology. In extant

great apes, massive centrally located carpometa-

carpal ligaments pass through deep notches in the

capitate and hamate to attach to Mc2 to Mc4

(Figs. 3 to 5). Thickening of these CJC ligaments,

as indicated by substantial expansion of their

passageways from capitate to Mc2 and Mc3, has

occurred in virtually all hominoids engaged in

suspension, including Pongo, Pan, and Gorilla.

Osteologically, such thickening is expressed as

isolation of dorsal and palmar intermetacarpal ar-

ticular facets separated by deep cylindrical grooves.

Whereas D. laietanus exhibits the extant

great ape condition, similar capitate and Mc base

notching is entirely absent in Proconsul, Ar.

ramidus, Australopithecus, and Homo, reflecting

the absence of similarly robust carpometacarpal

ligaments in these taxa. The CJC’s primitive state

in Ar. ramidus strongly suggests that the earliest

hominids and their immediate ancestors did

not engage in habitual suspension or vertical

climbing.

The proximal part of the Ar. ramidus capitate

also differs from all known hominoid homologs.

Its head and neck lie more palmar to the bone’s

corpus (Fig. 4), and the head’s dorsal articular

surface blends distally into a broad dorsal de-

pression that accommodates the distal edges of

the scaphoid and lunate during midcarpal joint

dorsiflexion (30). In knuckle-walking African

apes, the capitate head’s surface usually bears a

subchondral tidemark recording maximum dor-

siflexion of the scaphoid, which engages only a

portion of the capitate’s dorsal surface (Figs. 3

and 4) (31–33). In Ar. ramidus, the scaphoid’s

distal articular margin is deeply concave. Here,

dorsiflexion did not terminate on the capitate

head, but continued onto the dorsal surface of

the capitate’s anatomical neck (Figs. 3 and 4). In

Ar. ramidus, the scaphoid completely engulfed

the head and thus entered hyperdorsiflexion,

greatly enhancing its capacity for palmigrady at

the midcarpal joint.

The palm of Ar. ramidus is made relatively

narrow by the dominance of its spherical lunate

but mostly by its markedly narrow trapezoid

(Fig. 3). The capitate head’s palmar (and thereby

eccentric) location may have limited midcarpal

rotation in Ar. ramidus. However, its symmetric

lunate, narrow trapezoid (figs. S26 to S29 and

table S3), and more laterally facing scaphoid

may have allowed greater compensatory radio-

carpal axial rotation, and possibly greater radial

deviation (see below), than in extant African

apes and humans (in which the capitate’s head is

broad and less spherical). These changes appear

to have occurred independently in humans for

palmar grasping and in Pan and Gorilla for ver-

tical climbing and knuckle-walking. If so, they

have caused conflation of the functional and

evolutionary history of the midcarpal joint [see,

for example, (32, 33)].

Ar. ramidus establishes that the null hypoth-

esis for evolution of the human hand must be

that hominids have never had modern apelike

CJCs or their attendant behaviors, in contrast to

previous assumptions (32–34). Alteration of

the primitive CJC in later hominids has been

largely restricted to the following: (i) dorsal ele-

vation of the capitate head; (ii) broadening of

the capitate and trapezoid (for greater palmar

span) (Fig. 3, figs. S28 and S29, and table S3);

(iii) reduction of the surface relief in the Mc3-

capitate joint (thereby permitting greater kine-

matic compliance, probably initiated after the

elimination of the forelimb from weight-bearing

locomotion); and (iv) transfer of the os sty-

loideum element from the capitate to the Mc3

(28, 29). Au. afarensis exhibits a more human-

like, albeit intermediate, condition. It shows evi-

dence of all but the fourth of these shifts, each of

which presumably facilitated nonlocomotor palmar

grasping.

The much-discussed lateral orientation of the

capitate’s Mc2 and Mc3 facets [see review in

(35)] in later hominids is probably now best

viewed as a collateral pleiotropic effect [type 2A

(18)] of mediolateral expansion of the radial

wrist associated with increased thenar size and

robusticity, because both the trapezium and trap-

ezoid are enlarged in Homo as compared with

Ar. ramidus. The only possible kinematic signif-

icance of these minor variations of the capitate

[that is, palmar cupping (24)] is most likely a

consequence of cartilage modeling during on-

A

B
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H

Fig. 2. Metacarpus of Ar. ramidus. (A toD) Left Mc4s of amodern human (CMNH-HT-1617), ARA-VP-7/2-G,
and a chimpanzee (CMNH-B1708). Views include medial, proximal, dorsal, and distal. Note the very large
notch on the lateral side of the base of the Pan specimen for transmission of its carpometacarpal ligament (a
much smaller notch is present in the Ar. ramidus specimen) and the deep knuckle-walking sulcus on the
head’s dorsum (see also fig. S3). The latter is absent in hominids. (E toH) Equivalent views of the left Mc5 of
the same extant individuals and ARA-VP-6/500-036. The basal articular surface of the Ar. ramidus Mc5 is
cylindrical and is continued well onto the shaft’s dorsum, unlike either of the other specimens. Its form is
almost identical to its homolog in Equatorius africanus. The Pan surface is virtually flat and nonmobile. (I)
Mc1s of the same extant individuals (Pan, top left; Homo, top right), and two Ar. ramidus [ARA-VP-6/1638
(bottom right) and ARA-VP-6/500-015 (bottom left)]. Note the very broad Mc1 sellar bases in the hominids,
demonstrating that palmar grasping is the probable antecedent condition for extant African apes and humans.
This may have been lost in conjunction with apparent first-ray involution in apes (71, 72). Scale bar, 2 cm.
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togeny (type 4) or is simply inconsequential

inherent variation (type 2B and/or 5). The cap-

itate’s Mc2 and Mc3 angles are close to 90° in

both Ar. ramidus and Au. anamensis (35). This

relationship is evidently the primitive condition

in both hominids and extant African apes and

therefore has limited value in reconstructing man-

ual function.

In retrospect, it appears that subsequent to

their last common ancestor with hominids, the

Gorilla clade (and sometime thereafter the chim-

panzee clade) faced an adaptive conundrum.

Palmar conformity to substrates (primitive and

retained in Ar. ramidus) is obviously beneficial to

climbing. However, this imparts risk of injury to

the hand from insufficient joint integrity and

energy dissipation mechanisms that are appar-

ently required during vertical climbing, suspen-

sion, and/or knuckle-walking. Only Pan appears

to have eliminated substantial joint mobility in

the Mc4- and Mc5-hamate joints entirely, but

both African apes have evolved a sophisticated

stabilizing mechanism in their CJCs.

Scaphoid morphology, ulnar retraction, and

radiocarpal joint. The scaphoid of Ar. ramidus

differs substantially from those of Old World

monkeys, Proconsul, and other Miocene apes

not only by the fusion of the os centrale, but

by the elongation of its tuberosity and palmar

deflection of its distal facet(s) for the trapezi-

um and trapezoid (Fig. 3). These changes prob-

ably accompanied deepening of the carpal

tunnel on the ulnar side of the wrist to prevent

flexor tendon bowstringing by distal prolonga-

tion and increased prominence of the hamulus.

Because the ulna was withdrawn to permit greater

adduction, there was apparently a general

deepening of the wrist’s proximal transverse arch

(25). This was probably also present in Pier-

olapithecus at ~12.5 million years ago (Ma) (36).

Fusion of the os centrale may have been a col-

lateral consequence [nonselected pleiotropic ef-

fect; type 2B (18)] of this reorganization. If so,

ulnar retraction must have occurred indepen-

dently in the ancestors of the hominid–African

ape clade and Pierolapithecus, because the latter

retained a separate os centrale (36). None of these

advanced characters is present in Sivapithecus.

Pongo also exhibits a form of ulnar retraction,

but scaphoid–os centrale fusion is only rarely

seen. Moreover, unlike the extant African

apes, Pongo also exhibits substantial midcarpal

rotation (37).

In extant African apes, the radiocarpal joint

experiences large collision loads during knuckle-

walking. These are shared by the radiolunate

and radioscaphoid articulations and account for

a less proximodistal orientation of the scaphoid

in African apes as compared with those of orang-

utans and Ar. ramidus. A markedly rugose and

heavily buttressed scaphoid tubercle receives

the hypertrophied styloscaphoid ligament in

knuckle-walking apes, which restricts dorsi-

flexion that is imposed by ground reaction

force (GRF) (38) and thereby maintains joint

integrity and potentially contributes to the

dissipation of collision forces. In addition, the

ligamentous attachment area on the scaphoid’s

dorsum for the dorsal radiocarpal ligaments

(that is, its nonarticular area; Figs. 3 and 4) is

also enlarged in these apes.

The Ar. ramidus scaphoid is unlike its African

ape counterpart. Its nonarticular area is narrower,

A B C

Fig. 3. Articulated wrists (left sides) of hominoids (no pisiform) in maximum dorsiflexion. (A) Pan
(CMNH-B1708); (B) ARA-VP-6/500 (casts; the trapezium of ARA-VP-6/500 is a rapid prototyping
model based on CT scan of the contralateral side); (C) Homo (CMNH-HT-1617). (Top row) Lateral
view (Mc3 surface of capitate is vertical). The scaphoid’s radial surface faces dorsolaterally in ARA-VP-
6/500. It faces slightly more proximal in Homo, but demonstrably more so in Pan. Its more limited
articular extent in Pan allows enlarged radioscaphoid ligaments, which insert into its nonarticular
area (see text, Fig. 4F, and fig. S30). (Second row) Dorsal view aligned with the capitate-hamate
joint plane made vertical. The ARA-VP-6/500 scaphoid completely engulfs the capitate’s head,
advancing into a furrow formed between its articular neck and the proximal surface of the trapezoid.
That of Pan articulates only with the more proximally directed capitate head. Both extant taxa have
substantial mediolateral wrist expansion for palmar grasping in Homo and for knuckle-walking in
Pan. Distally, there is a large styloid element on the ARA-VP-6/500 capitate [see text and (28)]. It has
been transferred to the Mc3 in Homo, leaving behind a broad V-shaped recess. (Third row) Proximal
view (plane of the capitate’s Mc3 surface is vertical). The more proximally oriented radial surface of
Pan is obvious, although that of Homo also faces less medially than that of Ar. ramidus (note the
lunate’s subchondral tidemark of maximum dorsiflexion superiorly as a slight dorsal ridge in Pan).
(Fourth row) Distal view (the capitate-trapezoid joint plane is vertical). The capitate-trapezoid axis is
simple in ARA-VP-6/500, whereas it has become medially concave in Homo, either facilitating or
reflecting compliance within the carpus for palmar grasping. The distal carpal row is generally
broadened in Homo. In Pan, the capitate’s palmar portion has been extended distally, and large
notches allow transit of its massive carpometacarpal ligaments (absent in hominids). Its hamate is
broadened, with a more distally projecting and mediolaterally expanded hamulus. The distal face of
the ARA-VP-6/500 capitate is a simple plane interrupted only by transverse palmar and dorsal
furrows; its trapezoid is mediolaterally slender, whereas it has been mediolaterally expanded in
Homo and Pan. Note the unusually large styloid element in Ar. ramidus [text and (28)].
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and its tuberosity is of small caliber, elongate, and

relatively gracile, exhibiting virtually no expan-

sion where it joins the bone’s corpus. It would

therefore be poorly suited to sustain large loads

applied to its tuberosity by the styloscaphoid

ligament. In humans, the scaphoid has been

further reorganized to accommodate an enlarged

trapezium. Ar. ramidus is near the mean of mod-

ern humans in an index reflecting the scaphoid’s

potential to sustain GRF (fig. S30), confirming

that the Ar. ramidus scaphoid lacks evidence of

high-impact loading.

The Ar. ramidus lunate lies directly proximal

to the head of the capitate, which accounts for

its more spherical form than in humans or extant

African apes. Lunate-hamate contact during dor-

siflexion was minimal in Ar. ramidus, as in Old

World monkeys, Proconsul (16), and humans

(Fig. 3), whereas substantial lunate-hamate con-

tact in Pan and Gorilla appears to be derived by

capitate head expansion and scaphoid reorienta-

tion, probably in response to the collision load-

ing of knuckle-walking, because Pongo lacks

these features.

Lunate position in Ar. ramidus also accounts

for the previously unexplained lunate/scaphoid

facet area ratios on the distal radius of Austra-

lopithecus, which exceed those of both humans

and extant African apes (table S4). However, it

is now clear that scaphoid reorientation occurred

in African apes for knuckle-walking and inde-

pendently in humans for increased palmar span.

The similar ratio in Ardipithecus and Australo-

pithecus therefore represents the primitive con-

dition for both hominid and extant African apes.

In summary, the hand of Ar. ramidus appears

almost entirely primitive relative to the anatom-

ical specializations seen in extant apes (for ex-

ample, metacarpal elongation, elaboration of

CJC articulations and ligaments, novel capitate

geometry, reorientation of the scaphoid’s radial

surface, enlargement of the radioscaphoid liga-

ment, relative diminution of the first ray, etc.).

Ar. ramidus establishes that these changes in the

ape hand are independent specializations for ar-

boreal access and terrestrial travel (vertical climb-

ing, forelimb suspension, knuckle-walking) and

were apparently never established in hominids,

which retained a more generalized, substrate-

conforming, grasping hand.

Radius and ulna. The Ar. ramidus sample

includes a complete radius [ARA-VP-6/500-039;

although damaged, its length is largely preserved

(7)] and a second intact distal radius (ARA-VP-

7/2-B). Both exhibit greater distal articular sur-

face angulation relative to the shaft axis than do

those other early hominids [as previously reported

(39)], which is consistent with the scaphoid’s more

laterally facing radial facet (Fig. 3). This is now

clearly identifiable as a primitive character, as

previously surmised (35), and is not an adaptation

to knuckle-walking [contrary to (40)]. Moreover,

Ar. ramidus indicates that the radiocarpal joints of

African apes and humans have become broadened

mediolaterally in parallel, presumably for knuckle-

walking in the African apes and as a consequence

of elaboration of the pollex for tool-using or

-making and/or for extractive foraging in homi-

nids. Scaphoid expansion and palmar broadening

almost certainly underlie reduced radiocarpal joint

angulation in later humans.Morphometrically based

suppositions attributing these various characters to

a history of knuckle-walking (40) or suspension in

Australopithecus have been critiqued previously on

theoretical grounds (41) and are nowmoot, because

anatomical evidence indicates that Ar. ramiduswas

never reliant on either.

The proximal ulna exhibits substantial differ-

ences among extant hominoids (42, 43). Some

Miocene hominoid ulnae, as well as those of

colobines, generally exhibit both long olecra-

nons and anteriorly facing trochlear notches, a

combination that is consistent with pronograde

above-branch quadrupedality. Two proximal

ulnae (ARA-VP-6/500-051 and ARA-VP-7/2-C)

were recovered at Aramis and show that the

trochlear notch in Ar. ramidus faces anteriorly

(table S5 and figs. S31 and S32). A cranially

oriented trochlear notch with a retroflexed olec-
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Fig. 4. Hominoid capitates and scaphoids. (A to E) Left capitate. Top, lateral (radial) view; bottom,
distal capitate surfaces. (A) Pan (CMNH-B1718); (B) Homo (KSU-02234); (C) Au. afarensis [A.L. 333-40
(reversed)]; (D) Ar. ramidus (ARA-VP-7/2F); (E) Ar. ramidus (ARA-VP-6/500-058). (Bottom row) Hominid
Mc3 surfaces exhibit only shallow dorsal and palmar transverse furrows. In Pan, the palmar capitate
surface extends distally (toward the viewer), providing a buttress against the Mc2 [angled arrow in (A)]
(see also Fig. 5H) that prevents Mc3-capitate rotation. Angled white arrows point to broad, shallow,
nonblocking Mc2 facets in hominids. The Homo and Au. afarensis capitates are mediolaterally
expanded by a beveled Mc2 surface (dotted lines); it is much narrower in Ar. ramidus. A white asterisk
marks a subchondral defect on (B) of no functional significance. The styloid element is marked by a
black asterisk in each specimen except the human, in which it is instead fused to the Mc3 (Figs. 3 and
5). (Top row) Vertical arrow in (A) points to a large carpometacarpal ligament canal (as does horizontal
arrow in bottom row). Hominids exhibit only uninterrupted cartilage surfaces. The Ar. ramidus capitate
head is palmar, permitting marked dorsiflexion (see also Fig. 3). The head is more dorsal in apes and
intermediate in Australopithecus and Homo. In Pan, the edge of the capitate’s scaphoid articular
surface is sharply delimited (horizontal arrow). In Au. afarensis and Homo, the head and neck blend
imperceptibly, but a subchondral tidemark indicates maximum dorsiflexion (horizontal arrows). (F to H)
Left scaphoids, trapezoid/trapezium surface faces superior; tuberosity is to the right, and the radial surface
faces down to the left. (F) Pan (CMNH-1718), (G) Homo (KSU-12202), and (H) ARA-VP-6/500-062. Pan
scaphoids often exhibit much shallower capitate notches (if present) (white asterisks) than hominids.
Human scaphoid notch depth varies, but it is not typically as great as in Ar. ramidus (n = 2; the human
scaphoid notch shown is exceptionally deep). (I) Location of the capitate head in Ar. ramidus [for method,
see (73)]. Scale bar, 2 cm.
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ranon, as in African apes, enhances the triceps

moment arm in full elbow extension. A more

anteriorly facing notch favors triceps leverage at

mid-flexion (42).

Although a substantially foreshortened olec-

ranon is shared among hominids, Pan, and

Gorilla, as well as with other middle and late

Miocene hominoids that exhibit ulnar withdraw-

al at the wrist, a proximally oriented trochlear

notch must be reflective of habitual suspension,

because it is also found in Pongo. Retroflexion

of the trochlear notch has, until now, been re-

garded as primitive, because the last common

ancestor was presumed to have been adapted to

some form of suspension. Instead, we conclude

that an anteriorly facing notch is primitive, as-

sociated with an adaptation to careful climbing

and bridging (44). Its presence in Ar. ramidus

further supports the hypothesis that hominids

have never been adapted to either suspension or

vertical climbing and that human and ape proxi-

mal ulnar morphology converged for different

reasons. The data for Ar. ramidus are consistent

with arguments that early hominid ulnar mor-

phology might reflect substantial manipulative

skills (42), and that early hominids might have

been involved in activities such as extractive

foraging. In any case, ulnar morphology is con-

gruent with transarticular force being generally

greatest in full extension in both humans and

great apes: during suspension in Pongo, suspen-

sion and knuckle-walking in extant African

apes, and myriad possible manipulative activ-

ities unrelated to locomotion in hominids.

Another ulnar character in extant African

apes, here termed the “flexor expansion,” is a

typically prominent, proximomedial enlarge-

ment adjacent to the posterior subcutaneous

surface of the olecranon. This is created by the

latter’s juncture with a markedly deep excava-

tion of the proximal-most origin of the deep

digital flexor (fig. S33). When the ulna is

viewed anteriorly, this medial projection reaches

great prominence only in African apes (45) and

is not present in Ar. ramidus. It probably

reflects the expansion of the mesenchymal

territory of the flexor muscles’ enthesis. This

flexor expansion is derived and uniquely as-

sociable with knuckle-walking based on the

role of the digital flexors (eccentric contraction

and/or passive tension in their connective tis-

sue capsules) and the enlarged relative muscle

mass in Pan and Gorilla (38), as well as the

tubercle’s absence in orangutans and all homi-

nids, including Ar. ramidus. The hypertrophy

in extant African apes may have also been

accompanied by myological reorganization in

the forearm that resulted in gracilization or loss

of the flexor pollicis longus tendon’s attach-

ment on the first ray.

Humerus. The Ar. ramidus humerus sample

includes a well-preserved proximal humerus

with shaft (ARA-VP-7/2-A), a well-preserved

humerus shaft (ARA-VP-1/4) (39) (fig. S34),

and multiple distal humeral shafts lacking most

or all of their distal articular surfaces (total n =

7). Distal humeral morphology is largely con-

served among hominoids, which vary only min-

imally in a variety of minor phenetic characters

associated with full extension at the elbow (46),

including a deep zona conoidea with a pos-

teriorly extended lateral wall and a spherical

capitulum with a short radius of curvature. Both

are present in Ar. ramidus (ARA-VP-7/2-A) (47).

The Ar. ramidus proximal humerus (39) exhibits

equally typical hominid characters, including

an elliptical head and shallow bicipital groove

(48). It exhibits only minimal torsion (fig.

S34).

The deltopectoral crest of ARA-VP-1/4 is

elevated and rugose (39). The common assump-

tion that this reflects differentially powerful arm

musculature can be rejected for two reasons.

First, the morphotype is shared among mod-

ern humans, cercopithecoids, P. heseloni (14),

Sivapithecus indicus (49), Ar. ramidus, and

Au. afarensis. Second, the crest is consistently

less developed in apes and virtually absent in

brachiating gibbons. It is therefore a trait dic-

tated primarily by positional information rather

than loading (type 1 and/or 2) (18, 50, 51). A

rugose deltoid crest is clearly primitive (52),

retained in hominids but substantially modified

in suspensory, vertical-climbing, and knuckle-

walking apes—an observation made more than

75 years ago (53). A possible explanation of

crest reduction in apes is that it reflects increased

intermuscular fusion, as has occurred in gibbons

(54), which also use suspension and exhibit al-

most no deltopectoral cortical surface manifesta-

tions. Deltopectoral morphology may therefore

serve as a key indicator of locomotor habitus in

other fossil hominoids.

Conclusions. The forelimb has played a de-

finitive role in most chronicles of human evolu-

tion since Huxley’s and Keith’s original accounts

(55, 56). Most recent narratives of its anatomical

and behavioral evolution have emphasized a her-

itage of suspensory locomotion, vertical climbing,

and knuckle-walking in the common ancestors

that humans shared with extant African apes.

Encouraged by human and chimpanzee genetic

similarity and cladistic analyses, such views have

come to dominate recent explications of early

hominid evolution (27, 40), although alternative

interpretations based on classical comparative anat-

omy have long differed (3, 57, 58). Ar. ramidus

now permits resolution of these controversies. It

indicates that, although cranially, dentally, and

postcranially substantially more primitive than

Australopithecus, these known Late Miocene to

Early Pliocene hominids probably all lacked the

numerous, apparently derived, forelimb features

of extant African apes. The most probable hy-

pothesis to explain these observations is that

hominids never passed through adaptive stages

Fig. 5. (A to D) Schematic of the
articular geometry of the left CJC in
hominoids. (A) Primitive planar con-
dition of the CMc2 and CMc3 joints
as seen in Ar. ramidus (and Homo).
(B) The primitive CJC cannot resist
shear or torsion (pronation/supination)
except by distention by joint surface
irregularities. (C) In African apes, the
palmar capitate is insinuated distally
into the interface between the Mc2
and Mc3, blocking CJC rotation (as-
terisk). (D) Dorsal schematic view of
the Mc3-capitate portion of the CJC
shown in (C). The dorsal and palmar
portions of the capitate-Mc3 joint are
oriented oppositely, creating a screw
mechanism. Supination (26) of the
Mc3 results in joint distention resisted by its hypertrophied carpometacarpal
ligaments (red springs) (the location and lateral orientation of the capitate’s
Mc2 facet are indicated by ⊥). (E to H) Medial, dorsal, lateral, and palmar views
of an exploded right CMc3 joint in Pan CMNH-B1758. An asterisk indicates

the capitate’s palmar Mc2 facet, and red springs/arrows the carpometacarpal
ligaments. The dorsal surface of each bone is angled opposite its palmar sur-
face. This causes distention within the joint whenever it is supinated from a
neutral (anatomical) position.
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that relied on suspension, vertical climbing, or

knuckle-walking. Further fossil remains from the

Late Miocene, including those before and after

the African ape–hominid phyletic divergences,

will test this hypothesis derived from our analysis

of Ar. ramidus.
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