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Bipedalism has traditionally been regarded as the fundamental
adaptation that sets hominids apart from other primates. Fossil
evidence demonstrates that by 4.1 million years ago1, and perhaps
earlier2, hominids exhibited adaptations to bipedal walking. At
present, however, the fossil record offers little information about
the origin of bipedalism, and despite nearly a century of research
on existing fossils and comparative anatomy, there is still no
consensus concerning the mode of locomotion that preceded
bipedalism3±10. Here we present evidence that fossils attributed
to Australopithecus anamensis (KNM-ER 20419)11 and A. afarensis
(AL 288-1)12 retain specialized wrist morphology associated with
knuckle-walking. This distal radial morphology differs from that
of later hominids and non-knuckle-walking anthropoid primates,
suggesting that knuckle-walking is a derived feature of the African
ape and human clade. This removes key morphological evidence
for a Pan±Gorilla clade, and suggests that bipedal hominids
evolved from a knuckle-walking ancestor that was already partly
terrestrial.

During knuckle-walking, chimpanzees and gorillas ¯ex the tips of
their ®ngers and bear their weight on the dorsal surface of their
middle phalanges (Fig. 1), permitting them to use their hands for
terrestrial locomotion while retaining long ®ngers for climbing

trees. Cineradiographic experiments show that during the middle
and late propulsive phases of knuckle-walking, the carpus and
metacarpus are slightly extended relative to the radius, and the
proximal carpal joint remains static throughout the propulsive
movement13. These observations indicate that the wrist is held in
a stable, locked position during the support phase of knuckle-
walking.

The mechanism by which the wrist locks into place consists of
several components. The distal radius of African apes exhibits a
distally projecting dorsal margin that gives the joint surface a volar
tilt (Fig. 1)13,14. Along this dorsal margin, a distally facing notch
accommodates a corresponding concavity on the dorsal surface of
the scaphoid (Fig. 1). During wrist extension, the spherical, convex
portion of the scaphoid's proximal articular surface rotates until the
concave portion engages the notch in a close-packed position13 (Fig.
1). This locking mechanism stabilizes the radiocarpal joint by
limiting wrist extension during the support phase of knuckle-
walking. This mechanism is corroborated by data on passive
manipulation in which wrist extension is signi®cantly more
restricted in Pan and Gorilla than in Pongo and Hylobates13,15.
Furthermore, chimpanzees do not consistently recruit the major
¯exor muscles of the wrist during the support phase of knuckle-
walking, suggesting that a passive mechanism exists for limiting
extension16.

Figure 1 The wrist joint during the swing phase (left column) and support phase (right

column) of knuckle-walking. Arrows in b and c denote the dorsal tip of the scaphoid.

a, Outline of a chimpanzee during knuckle-walking. b, Schematic parasagittal slice of the

hand of Pan troglodytes along the third ray. The slight concavity on the scaphoid

accommodates a convexity on the distal radius. This convexity, the scaphoid notch, lies

along the margin of a distally projecting dorsal ridge on the radius. c, Radiograph in

mediolateral view of the wrist of P. troglodytes. Note the close-packed position in the

extended wrist (right).
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Wrist joint function during knuckle-walking differs from that of
other modes of anthropoid pronograde quadrupedalism. Above-
branch quadrupedalism in non-hominoid anthropoids typically
involves more extended wrist postures along with palmigrady and
less extended limbs17,18. Two of the most adept anthropoid terrestrial
quadrupeds differ from one another and from knuckle-walkers.
Patas monkeys extend their wrists considerably during the late
support phase and push-off of terrestrial locomotion18. In contrast,
baboons maintain their wrists near the neutral position when
locomoting on the ground, but employ more extended wrist
postures while travelling on a branch17. Thus, wrist function
during knuckle-walking seems to be unique compared with other
forms of anthropoid quadrupedalism.

Building on published experimental studies13,14, we identify four
skeletal features of the distal radius as components of a morphol-
ogical complex involved in stabilizing the wrist in extension during
knuckle-walking. They are (1) the distal projection of the dorsal
ridge, (2) the orientation of the scaphoid notch, (3) the size of the
scaphoid notch, and (4) the relative orientations of the lunate and
scaphoid articular surfaces (Fig. 2a). The distal projection of the
dorsal ridge limits extension and might resist shearing forces, and
the dorsal position of the notch for the scaphoid ensures that the

radius close-packs with the scaphoid in extension. A relatively large
scaphoid notch reduces stress during weight support by increasing
the area over which joint forces are distributed. In the radio-ulnar
plane, the scaphoid and lunate articular surfaces of the African apes
and non-hominoid anthropoids are roughly co-planar and face
distomedially, presumably to resist stresses in that plane. In con-
trast, these surfaces are angled relative to each other in Asian apes,
and might contribute to a ball-and-socket mechanism13.

A canonical variates analysis (Fig. 2b) based on the distal projec-
tion index, scaphoid notch angle, notch size index and scaphoid±
lunate facet angle demonstrates that all extant taxa differ signi®-
cantly from one another (P,0.001 for all pairwise contrasts except
Papio±Erythrocebus, P,0.015). Notch size index and interfacet
angle are the most in¯uential variables along canonical axis 1, and
the distal projection index dominates canonical axis 2. The Miocene
hominoid Proconsul heseloni resembles extant howler monkeys,
suggesting that the primitive hominoid condition is similar to
that of a generalized anthropoid. The knuckle-walking African
apes (Pan and Gorilla) are distinguished in the analysis by a
combination of features, including a very prominent distally pro-
jecting dorsal ridge, a more dorsally oriented scaphoid notch, and a
scaphoid notch and scaphoid±lunate angle that are small compared
with those of other anthropoid quadrupeds but larger than those of
Asian apes (Fig. 3). A UPGMA clustering diagram of the multi-
variate Mahalanobis D2 distances illustrates the similarity between
the radii of A. anamensis and A. afarensis and those of the knuckle-
walking African apes (Fig. 2c), indicating that these hominids retain
the derived wrist morphology of knuckle-walkers. Thus, the distally
projecting dorsal ridge (Fig. 3) and distinct, dorsolaterally oriented
scaphoid notch found in radii attributed to A. anamensis and
A. afarensis indicate that wrist extension was limited in these
hominids as in knuckle-walkers. The radius attributed to
Paranthropus robustus is most similar to humans but is somewhat
intermediate, and the radius of A. africanus is remarkably human-
like (Figs 2b, 2c, 3). The sampling limitations of the fossil record do
not allow us to assess the signi®cance of variation between hominid
species (except perhaps for the substantial difference between A.
africanus and A. anamensis/A. afarensis). However, the hominids
sort temporally such that the earliest fossils are the most African
ape-like, and the later fossils more closely resemble modern
humans, a pattern consistent with the hypothesis presented here.

Previous studies19 have noted that early hominids lack other
distinctive knuckle-walking features, such as pronounced dorsal
metacarpal ridges, and dorsally expanded and widened articular
surfaces of the metacarpal heads20, that increase the stability and
range of extension in metacarpophalangeal joints. However,
because these features are not always present in extant knuckle-
walkers20, their absence in hominids does not rule out knuckle-
walking ancestry. Rather, the absence of these features in early
hominids, in conjunction with clearly derived morphological evi-
dence for bipedalism1,12,19, suggests to us that early hominids did not
themselves practise knuckle-walking. The total morphological pat-
tern is consistent with the suggestion that the knuckle-walking
morphology in the wrists of A. anamensis and A. afarensis was
retained from a knuckle-walking ancestor. These results support
earlier interpretations5,10 that fusion of the os centrale with the
scaphoid, one of the few derived morphological characteristics
shared by African apes and humans, is an adaptation to resist
weight-bearing stresses and improve the stability of the hand in
terrestrial quadrupedalism. Other traits shared between African
apes and humans, such as robust metacarpals and phalanges and
long middle phalanges relative to proximal phalanges, might also be
retained knuckle-walking adaptations21.

Our results indicate that the behavioural/morphological complex
associated with knuckle-walking is a synapomorphy of the African
ape and human clade. This removes key morphological evidence
uniting chimpanzees with gorillas to the exclusion of humans22, and
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Figure 2 Measurements and canonical variates analysis (CVA) of the distal radius.

a, Illustration of the measurements collected in palmar and distal views. b, Bivariate plot

of canonical scores, based on CVA of four shape measurements (DPI, NSI, SNA and SLA).

Observed ranges of extant taxa (polygons), taxon means (crosses) and fossil specimens

(circles) are shown. The two measures for AL 288-1 come from the left and right radii of

this individual. c, UPGMA clustering diagram of the Mahalanobis D2 distances among

groups in multidimensional space (not limited to the axes shown in b). Note in b and c that

the earliest hominid taxa A. anamensis (KNM-ER 20419) and A. afarensis (AL 288-1)

exhibit the derived knuckle-walking morphology, whereas Paranthropus robustus (SKX

3602) and especially A. africanus (Stw 46) more closely resemble modern humans.
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is consistent with other phylogenies based on morphological23 and
molecular24 data that support a Pan±Homo clade. This further
indicates that knuckle-walking did not originate independently in
Pan and Gorilla. Thus, the differences observed between Pan and
Gorilla in the growth of the ulnar side of the carpus25 might be
consequences of kinematic differences related to body size.

The retention of knuckle-walking morphology in the earliest
hominids indicates that bipedalism evolved from an ancestor
already adapted for terrestrial locomotion. However, early austra-
lopithecines also exhibit a number of postcranial traits related to
arboreal locomotion, including a long radial neck, well-developed
brachioradialis insertion11, superiorly directed glenoid fossa, rela-
tively long forelimbs and relatively long, curved ®ngers and toes19.
Although there is some debate about the extent to which hominids
such as A. afarensis continued to practise arboreality10,18,19, the
retention of arboreal morphology in early hominids suggests that
at least their ancestors engaged in arboreal behaviours. Thus, the
wealth of evidence illustrating the biomechanical similarities
between climbing and bipedalism8 might still help to explain the
morphological transition of an ape-like ancestor to an early biped.
However, the present study does not support hypotheses in
which the ancestor was completely committed to orthograde
arboreality3,6,7.

Pre-bipedal locomotion is probably best characterized as a
repertoire consisting of terrestrial knuckle-walking, arboreal climb-
ing and occasional suspensory activities9, not unlike that observed
in chimpanzees today. This raises the question of why bipedalism
would evolve from an ancestor already adapted to terrestrial
locomotion, and is consistent with models relating the evolution
of bipedalism to a change in feeding strategies26 and novel non-
locomotor uses of the hands4,9,27,28. M

Methods
Measurements were collected on distal radii attributed to Proconsul heseloni (KNM-RU
2036)29, Australopithecus anamensis (KNM-ER 20419)11, Australopithecus afarensis (AL
288-1q,v)12, Australopithecus africanus (Stw 46)30 and Paranthropus robustus (SKX 3602)30

to those of 19 Hylobates specimens (pooled H. syndactylus, H. klossi, H. lar and H.
concolor), 13 Pan troglodytes, 17 Gorilla gorilla, 17 Pongo pygmaeus, 20 Homo sapiens, 19
Papio anubis, 3 Erythrocebus patas and 18 Alouatta palliata.

The distal projection (DP) of the dorsal ridge, maximum radial breadth (MRB) and
scaphoid±lunate facet angle (SLA) were measured in palmar view, which was de®ned as
the plane of the ¯attened anterior surface on the distal radial shaft just proximal to the
epiphysis. In all anthropoids examined here this plane is roughly perpendicular to the

plane of the ulnar notch, which is oriented parasagittally during fully pronated and fully
supinated hand postures, and approximates the plane in which the hand moves during
wrist extension. Measurements were collected by digitizing high-resolution video images.
In palmar view, each radius was positioned so that the midpoint of the palmar margin of
the articular surface lay in the centre of the perpendicularly oriented video camera, and
rotated until the lateral shaft margin lay superoinferiorly. Scaphoid notch breadth (NB)
was de®ned as the length of the portion along the dorsal margin of the distal radial
articular surface that is bevelled (indicated by shading in Fig. 2a) to articulate with the
scaphoid. The scaphoid notch angle (SNA) was measured as the angle between the
scaphoid and ulnar notches. The notch size index (NSI) was calculated as NB/MRB, and
the distal projection index (DPI) as DP/MRB.
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Population viability analysis (PVA) is widely applied in conserva-
tion biology to predict extinction risks for threatened species and
to compare alternative options for their mangement1±4. It can also
be used as a basis for listing species as endangered under World
Conservation Union criteria5. However, there is considerable
scepticism regarding the predictive accuracy of PVA, mainly
because of a lack of validation in real systems2,6±8. Here we
conducted a retrospective test of PVA based on 21 long-term
ecological studiesÐthe ®rst comprehensive and replicated
evaluation of the predictive powers of PVA. Parameters were

estimated from the ®rst half of each data set and the second half
was used to evaluate the performance of the model. Contrary to
recent criticisms, we found that PVA predictions were sur-
prisingly accurate. The risk of population decline closely matched
observed outcomes, there was no signi®cant bias, and population
size projections did not differ signi®cantly from reality. Further-
more, the predictions of the ®ve PVA software packages were
highly concordant. We conclude that PVA is a valid and suf-
®ciently accurate tool for categorizing and managing endangered
species.

PVA is a way to predict the probability of population (or species)
extinction, by inputting actual life-history information and project-
ing it forward using stochastic computer simulation1±4. PVA is
commonly used in a comparative way, to evaluate the effectiveness
of different management options; because of this it has been argued
that PVA predictions do not need to be precise2,9,10. However, there is
no clear dichotomy between relative and absolute predictionsÐas
conservation actions entail costs, management decisions are based
not only on whether the proposed strategy is suf®cient to achieve
recovery, but also on whether the likely bene®t will justify the
expenditure. These considerations require PVA predictions to be
quantitatively reliable. Uncertainties surrounding its predictive
reliability have led to conclusions drawn from PVA being rejected
in the law courts11. It is therefore essential that the predictions of
PVA be compared and tested12±14. Here we assess the predictive
accuracy of PVA, and determine whether different generic PVA
computer packages differ in their predictive capabilities.

Historical data have been used to test and improve the predic-
tions of complex climatic15, economic16, geological17 and ecological18

models. As PVA models have important stochastic components, the
conclusions of past studies based on a single test13,19 lack power, and
are prone to case-speci®c peculiarities20. Consequently, a valid test
of PVA predictions must incorporate a large number of data sets to
obtain representative assessments. We conducted retrospective
analyses on 21 wildlife populationsÐ8 avian, 11 mammalian
(representing 9 species), 1 reptilian and 1 piscine.

The 21 data sets used were the only long-term studies we
identi®ed that presented data of suf®cient duration and quality to
be suitable for retrospective testing (see Methods). Five of the most
commonly applied `generic' PVA packages (GAPPS, INMAT,
RAMAS Metapop, RAMAS Stage and VORTEX) were used. These
packages are all suitable for generic, single-population risk assess-
ments. They offer the most realistic prospects for improving PVA as
they are subject to wide scrutiny, are repeatedly used and are
frequently revised and updated. All have been used in the manage-
ment and conservation of endangered species. The key features and
differences between the ®ve PVA packages are given in the Supple-
mentary Information.

To avoid circularity, the total data available for each population
was split. The ®rst half was used to develop and parameterize the
models; the latter half was reserved for testing the accuracy of the
PVA predictions. To ensure that the two time periods were kept
completely separate, no information from the second half of the
population history was used in formulating or parameterizing the

Table 1 Comparison of actual versus predicted quasi-extinction risks

Expected number GAPPS* INMAT R META R STAGE VORTEX

No. N�actual� , N�Q 90%� 18.9 17 16 19 17 17
G-test P 0.48 0.07 0.94 0.21 0.21

No. N�actual� , N�Q 50%� 10.5 11 10 8 11 8
G-test P 0.65 0.83 0.27 0.83 0.27

No. N�actual� , N�Q 10%� 2.1 3 1 3 4 3
G-test P 0.48 0.38 0.54 0.21 0.54

...................................................................................................................................................................................................................................................................................................................................................................

The number of actual populations that declined below the predicted population size corresponding to quasi-extinction probabilities of 90%, 50% and 10%, for the population viability analysis software
packages GAPPS, INMAT, RAMAS Metapop, RAMAS Stage and VORTEX. The sample is based on 21 retrospective studies. None of the PVA packages' predictions differed signi®cantly from the expected
outcome based on goodness of ®t (G) tests.
* GAPPS crashes at very large population sizes because of memory limitations, so the ®sh was not modelled with this package (expected numbers adjusted to 18, 10 and 2).
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